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Kurzfassung

In letzter Zeit gewinnen Metallhalogenid-Perowskit-Halbleitermaterialien zunehmend an
Aufmerksamkeit, was auf ihre faszinierenden Eigenschaften und vielversprechenden
optoelektronischen Anwendungen zurlickzufiihren ist. Die meisten der ersten Studien
konzentrierten sich auf Volumenmaterial dieser Perowskite, wéhrend die aufkommenden
kolloidalen Perowskit-Nanokristalle aufgrund ihrer einzigartigen Eigenschaften weiteres Interesse
auf sich zogen. In dieser Arbeit werden die optischen Eigenschaften von verschiedenen kolloidalen
Metallhalogenid-Perowskit-Nanokristallen untersucht und mit ihrer Form, GroéRe und
Dimensionalitét korreliert.

Zum einen kann die Photolumineszenz von kolloidalen Metallhalogenid-Perowskit-Nanokristallen
durch eine Verringerung ihrer Dimensionalitdt abgestimmt werden. Zweidimensionale
Methylammonium-Bleihalogenid-Perowskit-Nanoplattchen wurden mit unterschiedlichen Dicken
synthetisiert und deren Quanten-GroReneffekte werden hier quantitativ untersucht. Durch das
Ersetzen des Methylammonium-lons mit einem Cé&sium-lon, kdnnen komplett anorganische
kolloidale Céasium-Bleihalogenid-Perowskit-Nanokristalle erhalten werden und ihre optischen
Eigenschaften werden durch die Anderung der chemischen Zusammensetzung sowie der
Dimensionalitat effektiv abgestimmt. Die Exzitonenbindungsenergie nimmt mit abnehmender
Dicke von Nanokristallen zu. Dartiber hinaus kénnen die Photolumineszenz-Quantenausbeuten
von kolloidalem Casium-Bleibromid-Perowskit-Nanoplattchen signifikant durch Zugabe einer
PbBr2-Liganden-Losung erhoht werden, welche die Oberfléchendefekte repariert.

AuRerdem wurden andere Perowskit-Nanokristalle mit verschiedenen Formen, einschlie3lich von
Césium-Bleibromid-Nanodrahten und  Superkristallen, hergestellt und ihre optischen
Eigenschaften untersucht. Es wurde festgestellt, dass Casium-Bleibromid-Nanodréhte durch eine
orientierte Anlagerung von Nanowdrfeln in kolloidalen Ldsungen gebildet werden. Die
Nanodréhte zeigen eine rotverschobene Photolumineszenz mit einer Polarisations-Anisotropie
aufgrund ihrer langlichen Geometrie. Im Vergleich zu Nanowdrfeln weisen die Nanodréhte auch
eine viel geringere Photolumineszenz-Quantenausbeute auf, da der strahlungslose Zerfall durch
die Ladungstragermobilitat entlang des Drahtes an Bedeutung gewinnt. Des Weiteren kénnen sich
Césium-Bleibromid-Nanowdirfel in kolloidaler Ldsung selbst anordnen und sogenannte
Superkristalle bilden. Diese Superkristalle zeigen eine offensichtliche Rotverschiebung in der
Photolumineszenz infolge einer interpartikuléren elektronischen Kopplung durch den hinreichend
kleinen Abstand zwischen den benachbarten Nanowdirfeln. Inzwischen bleibt die hohe
Photolumineszenz-Quantenausbeute der Nanowdurfel-Untereinheiten in den Superkristallen
erhalten.

Zusammenfassend stellt diese Arbeit einen Einblick in die Dimensionalitat abhangigen optische
Eigenschaften von kolloidalem Bleihalogenid-Perowskit-Nanokristallen.






Abstract

Recently, metal halide perovskite semiconductor materials are gaining increasing attention owing
to their fascinating properties and promising optoelectronic applications. Most of the initial studies
focued on the bulk-like perovskite materials, while the emerging colloidal perovskite nanocrystals
attract further interest due to their unique properties. In this thesis, the optical properties of various
colloidal metal halide perovskite nanocrystals are explored and correlated with their shape, size
and dimensionality.

Firstly, the photoluminescence of colloidal metal halide perovskite nanocrystals can be tuned by
decreasing their dimensionality. Two-dimensional methylammonium lead halide perovskite
nanoplatelets with different thicknesses are synthesized and their quantum size effects are
quantitatively investigated. By replacing the methylammonium ion with a cesium ion, all-
inorganic colloidal cesium lead halide perovskite nanocrystals are obtained and their optical
properties are effectively tuned by changing chemical composition as well as dimensionality. The
exciton binding energy is found to increase with decreasing thickness of nanocrystals. In addition,
the photoluminescence quantum yields of colloidal cesium lead bromide perovskite nanoplatelets
can be significantly increased by adding PbBr2-ligand solution to repair the surface defects.

Furthermore, other perovskite nanocrystals with different shapes including cesium lead bromide
nanowires and supercrystals are prepared and their optical properties are investigated. Cesium lead
bromide nanowires are found to be formed through an oriented attachment of nanocubes in
colloidal solution. The nanowires show a redshifted photoluminescence with a polarization
anisotropy due to their elongated anisotropic geometry. The nanowires also exhibit a much lower
photoluminescence quantum yield compared to nanocubes due to nonradiative decay causued by
charge carrier mobility along the wire. In addition, cesium lead bromide nanocubes can self-
assembly into supercrystals in colloidal solution. The supercrystals show an obvious redshift in
photoluminescence due to an interparticle electronic coupling enabled by the sufficiently small
spacing between neighboring nanocubes. Meanwhile, high photoluminescence quantum yield of
the nanocube subunits is retained in the supercrystals.

In summary, this thesis provides an insight into dimensionality-dependent optical properties of
colloidal lead halide perovskite nanocrystals.
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1. Introduction

As a class of semiconductors, metal halide perovskites have attracted drastically increasing
attention in recent years due to their success in photovoltaic applications. This material has a
perovskite crystal structure with a general chemical formula of ABXs. Normally the B site is lead
(Pb) or tin (Sn) and the X site is a halide, being CI, Br, | or a mixture of those. The A site can be
an organic molecule such as methylammonium ion (CHsNHs* or MA in short) or an inorganic ion
such as cesium (Cs*). The first type is called organic-inorganic hybrid perovskite and the latter is
an all-inorganic perovskite. Although these metal halide perovskite materials attracted tremendous
attention only after 2009, actually their history can be dated to more than a century ago [1]. CsPbXs
was found to crystallize in a perovskite-type lattice and exhibit photoconductivity in the 1950s [2,

3], while the synthesis and crystal structures of MAPbX3 were introduced in 1978 [4].

The electronic properties of conventional perovskites attracted broad interest after the
demonstration of ferroelectricity in BaTiOs in the mid-1940s [5]. Thereafter, the first study of
metal halide perovskite electronic properties was reported in CsPbXs compounds in 1950s, which
revealed a frequency-dependent photoconductive response [2, 3]. Similar to the conventional oxide
perovskites, metal halide perovskites also tend to form layered structures where the layered
inorganic metal halide sheets are separated by monovalent organic or inorganic A-site cations.
These two-dimensional (2D) famillies of A2MX4, AsM2X7, and AsMsXi1o compounds were also
under investigation due to their interesting ferro- and antiferromagnetic characteristics. Significant

efforts were devoted on elucidating their underlying structural properties [6].

Metal halide perovskite optoelectronics began with the pioneering work on the layered organic-
inorganic hybrid perovskite systems. The natural self-assembly of layered perovskite structures
with molecularly precise structural tunability offers the possibility for tunable optical properties.
The organic interlayers provide dielectric confinement effects that can substantially increase the

exciton binding energy and the oscillator strength [7, 8]. A transition from semiconducting to
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metallic behavior as a function of the number of adjacent inorganic layers in layered tin-based
hybrid perovskites highlighted the electronic tunability of these materials [9, 10]. Due to the unique
optical and electronic properties, these perovskite materials were introduced as active layers in
organic-inorganic light-emitting diodes and as semiconducting channels in thin film field-effect
transistors [11, 12].

However, despite the above mentioned work on investigating the electronic and optical properties
of metal halide perovskites, an actually new era for these materials started only recently due to
their successful application in photovoltaics. In 2009, for the first time, MAPbX3 (X = Br, I)
perovskite was employed as a sensitizer to replace the common dye in a dye-sensitized solar cell
(DSSC) by Miyasaka et al [13]. The working principle of these perovskite solar cells is similar as
the DSSCs, and the power conversion efficiencies (PCE) were 3.1% for X = Br and 3.8% for the
X =1 case. Afterwards, efforts were made to improve the efficiency and long-term stability of
these solar cells based on the perovskite sensitizer. In 2012, a fist nonsensitization type perovskite
solar cell was demonstrated by Snaith et al. [14] and a high PCE of 10.9% was achieved by using
MAPDI3xClx perovskite embedded in the mesoporous insulator Al20s instead of the common n-
type TiO2 semiconductor. The insulating Al203 served as only a scaffold layer because electron
injection from perovskite to Al20s was not allowed. This result implied that the sensitization
concept is not necessarily required for perovskite solar cell design and suggested that electron
transfer can occur in the perovskite layer. Within only two years, rapid progress occurred in
perovskite solar cells and a high efficiency exceeding 15% was achieved [15, 16]. Perovskite solar
cell technology was selected as one of the biggest scientific breakthroughs of 2013 by Science and
Nature [17, 18].

Accompanied with the advances of perovskite solar cell technology are the efforts to understand
the origin for the exceptional performance of perovskite solar cells. It has been shown that for the
most commonly used CHsNH3sPbls perovskite, the bandgap is relatively small and the absorption
coefficient is large, enabling an efficient absorption of incident solar light. On the other hand, a
balanced electron and hole transport with large diffusion lengths was reported in MAPbIs and
MAPbIs-xClx perovskite [19, 20]. Moreover, the defect density of the perovskite film can be

remarkably reduced by improving the quality of perovskite film [21], favoring an effective
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transport of charge carriers through the perovskite layer, providing the importance for high
performance photovoltaics.

The success in photovoltaics and a better understanding of the underlying physics also boosted the
development of other perovskite optoelectronics including light emitting devices and lasers, etc.
[22, 23]. Initially, the main focus was on the bulk-like perovskites until the first report of colloidal
MAPbBr3 nanocrystals (NCs) with bright fluorescence in 2014 [24]. The emergence of colloidal
perovskite NCs further broadened the interests in the metal halide perovskite since colloidal
semiconductor NCs generally show unique properties compared with their bulk counterparts. For
example, efficient photoluminescence (PL) and tunable emission color by controlling the size of
the colloidal NCs. Therefore, colloidal semiconductor NCs are an interesting system for both
fundamental studies and optoelectronic applications. It has been shown in several semiconductor
systems that the electronic and optical properties can be controlled by changing the size, shape and
dimensionality of the NCs [25, 26]. However, for this new class of perovskite colloidal NC, there
is still a lack of studies correlating their optical properties with their morphologies. This has
motivated my PhD study on the relationship between the optical properties of perovskite NCs and

their shape, size and dimensionality.

This thesis is structured in seven parts. After this general introduction of the metal halide
perovskite material, the background related to the thesis is briefly introduced. Since the metal
halide perovskites are a class of semiconductors, some basic semiconductor fundamentals are
given, including low-dimensional semiconductor materials and colloidal semiconductor NCs.
Afterwards, the characteristics of metal halide perovskites are discussed and the emerging colloidal
perovskite NCs are also introduced. Chapter 3 shows the synthesis of the colloidal metal halide
perovskite NCs studied in this work and chapter 4 describes the related experimental setups.
Chapter 5 and 6 present the main results of this work. Chapter 5 discusses the optical properties of
perovskite NCs with different dimensionalities, starting with the organic-inorganic lead bromide
perovskite, MAPbBTr3, and then focusing on the all-inorganic CsPbXs perovskite. The quantum
size effects in perovskite NCs with reduced dimensionality are studied in details. In Chapter 6, the
optical properties of CsPbBrs perovskite nanowires (NWSs) and supercrystals are studied and

compared with the corresponding nanocubes. This thesis ends with a brief conclusion and an
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outlook is given showing the potential contribution of my work to the current and future scientific

landscape.



2. Background

This chapter gives an overview on the background related to the work presented in this thesis. As
the colloidal lead halide perovskites NCs studied in this thesis are a class of semiconductors,
semiconductor fundamentals are first discussed, including the electronic band sructure, excitons,
low-dimensional semiconductors and colloidal NCs. Afterwards, metal halide perovskites are
introduced, their crystal structure and electronic band structure are discussed. Then the
characteristic optoelectronic properties of metal halide perovskites and their applications are

discussed. Finally, the emerging colloidal metal halide perovskite NCs are introduced.

2.1 Fundamentals of semiconductors

Semiconductors play a crucial role in our everyday life. The development of modern electronic
and optoelectronic devices strongly relies on semiconductor materials. The modern understanding
of the properties of a semiconductor relies on quantum physical theories. In the following, the

fundamentals of both bulk and low-dimensional semiconductors are presented.

2.1.1 Energy bands in semiconductors

Semiconductors are generally solid materials consisting of a large number of periodically arranged
atoms or molecules. As schematically shown in figure 2.1 (a), the electrons of a single free atom
occupy discrete energy levels. In contrast, when a large number of atoms come close to form a
solid crystal lattice, the wavefunctions of electrons in different atoms overlap and the atomic

energy levels split thus forming quasi-continuous energy bands.

The band structure can be determined considering the periodic nature of a crystal lattice. In a

crystal lattice, a periodic potential U (r) appears because the atoms are arranged with a periodicity

of their Bravais lattice, given by lattice vector R , described as
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U(F+R)=U(r). (2.1)

This potential is included in the the Schrddinger equation thus the wavefunction y (r) of electrons

in lattice can be determined by solving the time independent Schrédinger equation for a single

electron, i.e.

2

Ew(F) = (—j—mvz +U (F)jl//(F) , (2.2)

where E represents the system energy, i is the reduced Plank constant, m is the electron mass and

Vv? is the Laplacian.

Tt 1 ) % 5
(a)i Energy (b}

r s

Conduction band

Energy levels  Energy bands
in free atoms  in solid crystals

Valence band

Semiconductor Insulator

Figure 2.1: (a) Schematic illustration of the electronic energy levels of free atoms and the formation of
energy bands in the solid crystals consisting of many atoms. (b) Scheme showing the position of Fermi
level with respect to the electronic energy bands in a semiconductor, insulator and metal. The figure is
based on a book written by C. Kittel [27].

Considering the Born-von Karman boundary condition, the wavefunction of the electron in the
crystal lattice is a Bloch wave which has the form of the free electron wavefunction multiplied by

a periodic function with the lattice periodicity, i.e.

v (F)=e“"u_(F),u_(F)=u_(F+R). (2.3)
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This fact is called Bloch's theorem and the electrons are hence called Bloch electrons.

The wavevector k takes on any value inside the first Brillouin zone, which is a polyhedron in

reciprocal space that is related to the crystal lattice. For each value of k , there are multiple

solutions to the Schrodinger equation labelled by n, the band index, which simply numbers the
energy bands. For each band an energy function En(IZ) can be defined, which is the dispersion

relation for electrons in that band.

The distribution of electrons in a semiconductor obeys the Fermi—Dirac distribution function,
which describes that at thermodynamic equilibrium, the probability of an electron having energy
E is given by

1

f(E)= 14 e EEKT

(2.4)

Here, ks is the Boltzmann constant, T is the system temperature and Er is the Fermi energy.

As depicited in figure 2.1 (b), for semiconductors and insulators, the conduction band (CB) and
valence band (VB) are separated by a bandgap Eg, and the Fermi level lies inside the bandgap. At
0 K, the probability of electrons having energy larger than Er is zero. With increasing tempeature,
the probability to find electrons located above the Fermi level is increased according to equation
2.4. Since the bandgap of a semiconductor is relatively small, electrons can be thermally excited
to the CB thus making the semiconductor electrically conductive. The electrical conductivity of a
semiconductor will increase with the tempereature increasing due to an enhanced thermal
excitation. Addtionally, the electrons in the VB can also be optically excited by absorbing photons
with energy larger than Eg. This photoexcitation is a common phenomenon for semiconductors

and occurs in metal halide perovskite.

2.1.2 Excitons in semiconductors

As mentioned above, electrons in the CB and holes in the VB can be created by photoexcitation.
Since the electron and hole have opposite electronic charge, there can be an attractive force

between them resulting from the Coulomb potential
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e2

2reg,r

U(r)=- (2.5)

with r being the distance of electron and hole and ¢ being the dielectric constant of the material.

A strong Coulomb interaction will make the electron and hole form a bound state instead of

existing as free carriers, this bound electron-hole pair is called an exciton as schematically shown

in figure 2.2 (a).
{a] CB (b]. ® ® ™ {C] L] . . --_.-___:h“._ - .
. . ; -4 . ., -Q\ . =
2 (-] e . ° . ° . :.6' o of -aaa‘s .
' ' L] [- L] @ ® - -

]
®
®
L ]
. %
.
-
.
[ ]
S
.

VB [ ] ® ® ® *« s % ® ® & &
Frenkel exciton Wannier-Mott exciton

Figure 2.2: (a) Coulomb interaction between a negatively charged electron in the CB and a positively
charged hole in the VB in a semiconductor. (b) A Frenkel exciton and (c) a Wannier-Mott exciton based on
ref [27].

There are two basic types of excitons in solids: Frenkel excitons [28] and Wannier-Mott excitons
[29] as depicted in figure 2.2 (b) and (c), respectively. Frenkel excitons are typically found in alkali
halide crystals and organic molecular materials. In these materials with small dielectric constants,
the Coulomb interaction between the electron and hole is strong and the exciton Bohr radius (as)
is small. Frenkel excitons are also known as “tightly bound excitons” which are generally localized

at a specific atom or molecule.

In contrast, Wannier-Mott excitons are found in many semiconductor materials. The dielectric
constant is generally large in these materials and a strong dielectric screening will reduce the
Coulomb interaction between electrons and holes. Additionally, the small effective mass of
electrons in semiconductors also favors a large as and a Wannier-Mott exciton is generally much
larger than the lattice spacing in a semiconductor. A Wannier-Mott exciton is usually delocalized

and it can move inside the material, so it is also called “free exciton”.
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In metal halide perovskites, both free carriers and Wannier-Mott excitons are reported [30, 31].
Figure 2.3 (a) shows the excitation of an electron in the one-particle picture and the two-particle
picture highlighting the exciton concept is depicited in figure 2.3 (b). The linear dispersion relation
of the excitation light is also included to show the possible interactions between photons and

excitons at the intersection of the two dispersion relations.

m
m

(@ .c8 (b) CB A

» K=K_ + K,

Figure 2.3: Excitation of an electron-hole pair in (a) one particle picture with VB and CB and (b) in the

exciton two particle picture. The pictures are based on ref [32].

The quantum mechanical description of Wannier-Mott excitons in metal halide perovskites is
similar to that of a hydrogen atom and the wavefunction of the exciton can be determined by
solving the Schrodinger equation considering the attractive interaction between the electron and
the hole. Similarly as in the hydrogen atom, the energy of the exciton is quantized (figure 2.3 (b)),
The ground state of exciton is the state with the quantum number n=1, (1s exciton), while n=2 is

the 2s exciton state, n=3 represents the 2p exciton state and so on.

For the 1s exciton, the Bohr radius of the hydrogen-like exciton is given by

Areh?
B~ 2

e

(2.6)

Here, ¢ is the dielectric constant of the medium and [ is the reduced mass given by
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/’l: r?emh*'
m, +m,

(2.7)

where M, and M, are the effective mass of the electron in the CB and hole in the VB, respectively.

The exciton binding energy, Eb, is the difference between the energy of the 1s exciton and the

continuum band edge as shown in figure 2.3 (b). It can be written as

u (€ n?
E = = .
P (4;ng 2} (28)

The quantization effect of this energy is given by

E,=LE,, 2.9)

E =E —E . (2.10)

Quantized exciton states in semiconductors have been observed from optical absorption
spectroscopy [33, 34]. Exciton binding energy of bulk-like MAPDIs perovskites are found to be
several tens of meV [35-38] .

2.1.3 Low-dimensional semiconductors

In bulk semiconductors, the material size is considered to be infinite thus not restricting the carrier
wavefunction. However, if the material size is reduced to the nanometer scale, quantum
confinement effects need to be considered [39]. The system can be confined in one, two or three
dimensions, resulting in a 2D quantum well, 1D quantum wire or OD quantum dot structure,
respectively [40]. Quantum size effects have significant impacts on the behavior of charge carriers
in semiconductors, and will dramatically modify the electronic and optical properties of low-
dimensional semiconductor system with respect to their bulk counterparts [41-44]. The density of
states (DOS) for electrons in low-dimensional semiconductors show significant difference from

3D bulk semiconductors as illustrated in figure 2.4.

10
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Figure 2.4: Density of states (DOS) for electrons in a 3D crystal, a 2D quantum well, a 1D quantum wire

and a 0D quantum dot according to ref [40].

The dimensionality of a semiconductor not only affects the properties of free carriers but also
influence the Coulomb interaction between the electrons and holes. Accordingly, the properties of
excitons can be changed in low-dimensional semiconductors compared with the corresponding

bulk semiconductors [45].

Excitons in metal halide perovskites are generally hydrogen-like Wannier-Mott excitons, and the
excitonic impact on the absorption spectrum can be modeled by using the Elliott equation [33]. In
Elliott’s theory, single particles states form the basis of the pair states with an envelope function
expressing the pair correlation. The motion of the exciton can be split into the motion of the center
of mass and the relative motion of the electron-hole pair. This approximation is only valid for
Wannier-Mott excitons and can be used to extract the exciton binding energy and band gap energy
of a material. The reduced dimensionality from 3D to 2D impacts the absorption spectra of a
semiconductor and the theoretical absorption according to the Elliott formula is different for the
3D and 2D case.

In the 3D case, the Elliott formula is given by

11
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oty (heo) = [A-G)(ha)— E,)- DY (hw)]{%}

+A- EbZi—Zé(hw—Eg +%)

n=1

(2.11)

where a is the absorption coefficient, A is a constant related to the transition matrix, ® is the

Heaviside step function and D3Y represents the joint density of states in the 3D case. x is given
by x = (E, (hwo—E,) ) [33].
In the 2D case, the Elliot formula needs to be modified using the 2D hydrogen-like model [46],

given by

cosh(zx)

) (2.12)
+A-E Z [ha)—Eg+%J.
n+2) 4-(n+1)

The first part of equation 2.11 and 2.12 corresponds to the continuum absorption including the

Ay (h@) =[ A-©(hw—E,)- D (hw)].{L}

Sommerfeld enhancement [47], and the second part is attributed to the excitonic absorption with
n representing the discrete exciton levels.
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Figure 2.5: The calculated absorption spectrum for 3D (d=3) and 2D (d=2) semiconductors according to

the Elliott formula. The dotted lines represent the absorption without considering Coulomb interaction and

12
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Sommerfeld enhancement. The figure is taken from a book written by S. Glutsch [45].

Figure 2.5 shows the theoretical absorption spectra of a 2D and 3D semiconductor according to
the Elliott formula. The dotted lines show the absorption without including the electron-hole
interactions. It can be seen that in the 3D case, without these interactions, the absorption spectrum
is essentially shaped by the energy-dependent DOS of electrons which is depicted in figure 2.4.
Once including the interactions, a peak arises at « smaller than zero, followed by an absorption
band. This peak corresponds to the 1s exciton (n=1) according to equation 2.11 However, further
excitonic peaks (n>1) can hardly be identified as the oscillator strength decreases due to its
proportionally to n. The Coulomb interactions are accounted for and result in a strong
Sommerfeld enhancement of the absorption of the continuum states. In the 2D case, the relative
intensity of the excitonic peak is enhanced and the shape of the continuum absorption is also
changed. According to equation 2.11 and 2.12, the absorption area of the exciton is increased by a
factor of four for 2D compared to 3D case [48]. Additionally, since the DOS of electron in 2D
system shows a step-like function depending on the energy (figure 2.4), the continuum absorption
becomes flatter.

The above discussion is mainly focused on the comparison beween 2D and 3D semiconductors as
the 2D and 3D perovskite NCs are the major systems investigated in this thesis. In fact, owing to
the progress in the fabrication technology of low-dimensional semiconductors since the 1980s, the
physical properties of free electrons and excitons in various low-dimensional semiconductor
systems with different dimensionalities have been extensively investigated [43, 49-53]. Moreover,
the anisotropic geometry of low-dimensional semiconductors also makes them important systems

for studying anisotropic electronic and optical properties [54-57].

2.1.4 Multiple quantum wells and superlattices

As discussed, quantum confinement effects have significant impacts on the electronic and optical
properties of low-dimensional semiconductors. One of the most elementary problems in quantum
mechanics is that of a particle confined to a 1D rectangular potential well. This can be
experimentally achieved by making a 2D quantum well structure where carriers are confined only
in one direction. A typical example of these quantum well structures is a thin GaAs layer

sandwiched between two GaAlAs layers. In this structure, GaAs with a small bandgap acts as the

13
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well and GaAlAs with a larger bandgap acts as barriers [53]. Multiple quantum well (MQW)
structures consist of a series of quantum wells, i.e. a series of alternating layers of wells and barriers
[58]. If the barrier layer is thick enough to prevent significant electronic tunneling, then each well
can be considered to be electronically isolated. Alternatively, if the barrier thickness is sufficiently
thin to allow electronic tunneling and coupling, a superlattice can be formed [58, 59]. In the
superlattice, there is a significant overlap of the electronic wavefunctions thus that the electronic
charge distribution can become delocalized along the well layer direction normal. This electronic

coupling leads to a broadening of the quantized electronic states of the wells, which are termed

minibands.
(a) quantum well (b) superlattice
A | ] » [ ] A
&) >
@ o K_J.t
A L5 . - . /_ & =2A .
E,° _g w Density of Density of
_v_s states states
—b —_— — -
§ ‘\_I T2 5 ;ZA’
Q
Gy a [ Ll &
Lz I—B LZ

Figure 2.6: Potential and subband energy diagrams of (a) a single quantum well and (b) a superlattice.
Quantized states in isolated quantum well expand to form minibands in a superlattice. The figure is taken
from a book wirten by H.T. Grahn [60].

Figure 2.6 shows the potential and subband energy diagrams of a single quantum well and a
superlattice. In the case of an isolated single quantum well, quantized states are formed due to the
quantum size effect and localized in the particular region in the well. In the superlattice, tunnelling
of electrons through the thin barriers results in an electronic coupling and the original quantized

states expand to form minibands.

The width of the miniband, 2 A, depends on how much the wavefunction can penetrate into the
barrier and it can be calculated based on the Kronig-Penney model using the effective mass

approximation [61]. The eigenvalue of energy can be determined from
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cos[K(L, + L)) =1[”\E’H —mT;kjsin(kLz)sinh(@LB)+cos(kLZ)cosh(49LB), (2.13)
2 mgk m,é
2m, E 2m. (V -E
with k* = n};”zv and 02:%.

Here, V is the band offset between the quantum well and the barrier, Lz and Ls are the thickness of
the quantum well and barrier, respectively, k is the wave vector, M, and M, are the effective

masses of electrons in the quantum well and barrier materials, respectively.

In this thesis, stacked perovskite nanoplatelets (NPIs) and and closely packed perovskite NC
assemblies are considered as superlattices and the role of electronic coupling on affecting their

optical peropeties of perovskite NCs is investigated.

2.1.5 Colloidal semiconductor nanomaterials

Low-dimensional semiconductors are of significant importance for both fundamental physics and
advanced applications [62-64]. In the studies of low-dimensional semiconductors including 0D
guantum dots, 1D quantum wires and 2D quantum wells, the nanostructures are usually fabricated
by epitaxial growth or lithography [42, 53, 65-68]. Since the 1980s, the solution synthesis of
colloidal semiconductor quantum dots has become an important supplementary to solid-state
fabrication methods [69-72].

Colloidal semiconductor NCs are typically synthesized in solution using capping ligands to control
the reaction. The obtained NCs generally have a good dispersity in solvent and can form colloidal
dispersions [72]. The difference between semiconductor quantum dots obtained by epitaxial
growth and colloidal synthesis is sketched in figure 2.7 (a). The solution synthesis of colloidal
semiconductor NCs is relatively easy and cost-efficient in comparison with the traditional solid
state methods. Moreover, as shown in figure 2.7 (b), narrow and efficient PL with tunable color
can be achieved by controlling the size of the colloidal quantum dots and make core-shell
heterostructures [25, 73-76]. These advantages of the colloidal semiconductor quantum dots make

them excellent candidates for light emitting applications [77-79].
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Figure 2.7: (a) Sketch showing a semiconductor quantum dot fabricated by epitaxial growth (top) and
colloidal synthesis (bottom). (b) Tunable PL of colloidal semiconductor NCs by changing the size.
Reprinted with permission from [73]. Copyright 2016 Royal Society of Chemistry. (c) TEM images of
colloidal semiconductor NCs with various shapes. Reproduced with permission from [25]. Copyright 2009

American Chemical Society.

Another important feature of colloidal semiconductor NCs is the controllability of shape and
dimensionality. Even though earlier studies of semiconductor NCs mainly focused on 0D sphere-
like quantum dots, with the increasing interest in these colloidal nanomaterial system, synthesis
approaches of colloidal NCs with different shapes and dimensionalities were broadly explored and
a variety of colloidal semiconductor NCs with different shapes have been obtained (figure 2.7 (c))
[25, 80-82].

Particularly, 2D colloidal semiconductor nanomaterials have attracted tremendous interests and
various colloidal 2D semiconductor NCs have been synthesized and studied [82-85]. These
colloidal 2D NCs are generally surrounded by organic capping ligands. Due to the large Eq of the
organic ligand and a consequent larger barrier energy according to figure 2.6 (a), there is a stronger
quantum confinement in the colloidal 2D semiconductor NCs in comparison with the traditional
quantum wells. Additionally, as schematically illustrated in figure 2.8, the organic ligands
normally have relatively small dielectric constants compared to that of the AlGaAs barriers in a
traditional quantum well, i.e. &2 < 1. The smaller dielectric constant leads to a weaker screening

effect on the Coulomb interaction according to:
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U screen (E) = U non_i?reen (k) ' (2- 14)
ek, w)

where Uscreen(IZ) and Unon_screen(lZ) represent the Coulomb potential with and without screening

effect, respectively and ¢ is the dielectric constant of the material.

AlGaAs U

Figure 2.8: Schematic illustration of the Coulomb interaction between an electron and a hole in (a) a
traditional GaAs quantum well and (b) a 2D colloidal semiconductor NC. In colloidal 2D semiconductor
NCs, the Coulomb interaction is strong due to a weak dielectric screening effect resulting from the small

dielectic constant of the surrounding ligands.

The strong quantum confinement and strong Coulomb interaction between electrons and holes in
colloidal 2D semiconductor NCs make these colloidal NCs ideal systems to study 2D electronic
and excitonic properties [83, 85-87]. In this work, a new class of 2D colloidal semiconductor
material, namely the colloidal lead halide perovskite NPIs are synthesized and their optical

properties are studied.
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2.2 Metal halide perovskite

As a class of semiconductor, metal halide perovskites have been studied for a long time, but only
in recent years they attract significant attention due to their extraordinary performance in
photovoltaic applications. Great effort has been devoted to uncover the origin for the high
efficiency of perovskite solar cells as well as to continuously optimize the solar cells. In this section,
major characteristics of metal halide perovskites are presented and the emerging colloidal

perovskite NCs are also introduced.

2.2.1 Perovskite crystal structure

Metal halide perovskites belong to the perovskite family which possesses the general ABXs
stoichiometry. The perovskite mineral was first discovered by Gustav Rose in 1839 (oxide
perovskite CaTiOs) and named after Russian mineralogist Lev Perovski [88]. More than half a
century after the initial identification of oxide perovskites, a series of inorganic metal trihalide
perovskites with the chemical formula of CsPbX3s (X = ClI, Br, and 1) were reported [1]. The highest
symmetry phase of perovskite is the cubic phase with a Pm3m space group. The cubic crystal
structure of ABXs perovskites is schematically shown in figure 2.9 (a). The B-site element is
octahedrally coordinated in a BXs configuration and the A component is situated in the
cuboctahedral cavity formed by the 8 nearest-neighbor units of BXe octahedra. However, a phase
transition lowering this symmetry generally occurs through octahedral rotations that can be
described using Glazer’s notation [89-91]. The phase transition can be induced by temperature,
pressure, and/or chemistry, and it will strongly influence the electronic structure and consequent

optical and optoelectronic properties [92-96].

3D bulk perovskite crystals are formed through a periodical arrangement of the cubic units and
exibit cubic shape, as shown in figure 2.9 (b). SEM image of cubic shaped CsPbBrs perovskite
crystals is also given in figure 2.9 (c). The formability of general bulk perovskite structure can be
predicted as the A-site component is under size constraints caused by the corner-sharing BXs
octahedra [91, 97]. A semiempirical geometric parameter, known as the Goldschmidt tolerance

factor [98], is used to predict the formability of metal halide perovskite and it is given as
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f=_tatfx (2.15)
V2(t +13)
where ra, rs and rx are the ionic radii of the corresponding components. Empirically, the majority
of bulk metal halide perovskite forms in the approximate range of 0.81<t <1. A second constraint
is the octahedral factor, pu= re/rx, a parameter determining the octahedral stability and typically
lies in the range of 0.44<t <0.9 [97]. The combination of these two factors provides a parameter

space for perovskite formability.

Figure 2.9: (a) Scheme showing that in perovskite crystal, A-site component is in the center of
cuboctahedral voids formed by eight BXs octahedra. (b) Schematic illustration of a 3D cubic perovskite
crystal and (c) SEM image of cubic shaped CsPbBr; perovskite crystals. (d) Schematic illustration of layerd

perovskite structures and (e) SEM image of layered MAPbI; perovskite structures.

Generally, a larger size of A-site component will favor a 2D layered perovskite crystal structure
as shown in figure 2.9 (d). SEM image of MAPDI3 perovskite consisting 2D layered structures is
given in figure 2.9 (e) as an example. In addition to the 2D layered perovskite structures, other
lower-dimensional structures such as 1D chained structure and OD isolated octahedra are also
important extensions to 3D bulk-like perovskites [99]. Furthermore, subtle chemical modifications

in perovskite materials can dramatically change their electronic and optical properties [100, 101].

In this thesis, the optical properties of both 3D and 2D lead halide perovskite NCs are studied.
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2.2.2 Metal halide perovskite band structure

Typical metal halide perovskites which are of optoelectronic interest, for example, the most
common ones with A-site as Cs or MA and B site as Pb, are direct bandgap semiconductors with
strong band edge optical absorption and luminescence. The electronic structures play an important
role in governing their properties. It has been reported that the electronic structure near the band
edge is primarily dictated by the basic BXs clusters [99, 102, 103]. Therefore, orbital diagrams of
PbXe clusters provide a foundation for understanding band structures of lead halide perovskites
[104].

(a) (i)Pb 6p—15s * (b)
Pb6p-15p *

(iv) Pb 6p —1 55
Pb 6p — 1 5p

Energy (arb. units)

(v) Pb 6s—15p
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Figure 2.10: (a) Bonding diagram of a [Pbls]*" octahedra without considering spin orbital coupling. (b)
Calculated electronic band structure of MAPDIs. Orbital contributions are indicated by | 5p (green), Pb 6p
(red), and Pb 6s (blue). Reproduced with permission from [95], copyright 2016 American Chemical Society.

Figure 2.10 (a) shows the bonding diagram of [Pble]* units, a Pb 6s—1 5p s-antibonding orbital
comprises the highest occupied molecular orbital (HOMO), while Pb 6p—I 5p z-antibonding and
Pb 6p—1 5s g-antibonding orbitals constitute the lowest unoccupied molecular orbital (LUMO)
[102]. Comparable electronic character is retained in the bulk MAPDbIs perovskite as shown in
figure 2.10 (b). The large halide contribution at the VBM makes it easier to be modulated by the

halide composition whereas the large Pb character in the CB makes it relatively insensitive to
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halide chemistry states [95]. In many metal halide perovskite materials, the band gap of metal
halide perovskite follows the tendency of Eq(Cl)> E¢(Br)> Eg(1) [105, 106].

Metal halide perovskite is considered as a special class of sp semiconductors since they exhibit an
inverted electronic structure compared with conventional I1I-V compounds like GaAs, which has
substantial As 4p character in the VB and Ga and As 4s character in the CB [107-110]. The unique
electronic structure at the band edge of metal halide perovskite gives rise to a positive deformation

potential described by

OE,

a, = PYRY >0, (2.16)
with V representing the unit volume. Such a relationship has been probed by monitoring changes
in PL as a function of temperature or pressure [95, 111]. Upon lattice contraction, covalent
interactions between Pb 6s and | 5p at the VBM are enhanced, causing an increase in the energy
of these states. In contrast, the CBM is less significantly affected by lattice deformations. Therefore,
a raised VBM and relatively constant CBM will result in a redshifted absorption upon lattice
contraction, contrary to what is typically observed in conventional semiconductors [112].

Another feature of the perovskite band structure shown in figure 2.10 (b) is the comparable
parabolicity of the VB and CB near the R point, indicating comparable effective masses of

electrons and holes according to the dispersion relation

(2.17)

It has been calculated that for bulk-like MAPbIs perovskite, m; =0.19m, and m, =0.25m, (m,

is the mass of free electrons) [113], in close agreement with the values determined by high-field
magneto absorption spectroscopy [35]. While in contrast, in other typical semiconductors, there is

a large difference between the effective masses of the electron and hole. For instance, in GaAs, the
effective masses of electrons and holes are m; = 0.07m, and m, = 0.50m,, respectively [95]. The

similar effective mass of electrons and holes in MAPbIs perovskite is a main reason for the
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balanced electron and hole drift/diffusion lengths in MAPbIs perovskite have been observed in a
number of experimental studies [19, 20].

The similar effective masses of electrons and holes of metal halide perovskite materials will lead
to a comparable quantum confinement effect on electrons and holes in low-dimensional perovskite

NCs, which will be discussed in chapter 5.

2.2.3 Metal halide perovskites optoelectronics

As already mentioned, efforts have been made on studying the physical properties of metal halide
perovskite and seeking for their optoelectronic applications since over fifty years ago [2-4].
However, the attention on metal perovskite only drastically increases in recent years due to its
promising application in photovoltaics, particularly the organic-inorganic hybrid perovskite
MAPDI3. Here, more details about the physical properties of metal halide perovskite such as carrier

diffusion, are discussed based on the perovskite solar cells.

The first perovskite solar cell was reported in 2009 and the power conversion efficiency (PCE)
was lower than 4% at that time. However, in the following years, the PCE of perovskite solar cells
has experienced a rapid increase and quickly reached more than 16%, as shown in figure 2.11 (a)
[114]. The high PCE of perovskite solar cells is already comparable to commercial silicon solar

cells and surpasses most organic solar cells.

There are two main different architectures for perovskite solar cells. Figure 2.11 (b) shows the
architecture of a perovskite-sensitized solar cell, which was used at the early stages of the
development of perovskite solar cells. The structure is similar to the solid-state dye-sensitized solar
cells, and the working principle is also shown in figure 2.11 (b). Perovskite, like other dye
sensitizers, attaches to the surface of the mesoporous electron transport material (ETM) such as
TiO2, forming an ultrathin layer between the hole transporting material (HTM) and the ETM. The
photogenerated carriers in the sensitizer enter the HTM and ETM where they transport to the
corresponding electrodes. However, it was discovered later that the mesoporous structures are not
necessary. Planar perovskite solar cells showed high efficiency and their PCE can be effectively
increased by improving the quality of the perovskite film [115-117]. As depicted in figure 2.11 (c),

for planar perovskite solar cells, a flat perovskite film is sandwiched between the HTM and ETM
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layers. The carriers generated by photoexcitation diffuse through the perovskite layer to reach the
HTM or ETM layer and subsequently the corresponding electrode.
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Figure 2.11: (a) Evolution of power conversion efficiency of metal halide perovskite based solar
cells as a function of year. (b) Architecture and working principle of a perovskite solar cell with
the same structure as a dye-sensitized solar cell. (¢) Architecture and working principle of a planar

perovskite solar cell. The figure is based on ref [95].

Several reasons are believed to be responsible for the high performance of perovskite solar cells.
First, the optical absorption coefficient of the metal halide perovskite is high, enabling an efficient
absorption of photons thus generating a large number of charge carriers [118]. Additionally, the
large diffusion length of the carriers and low trap-state density in perovskite film facilitate an
effective transport of photogenerated charge carriers through the perovskite film to reach the
electrodes, thus yielding a high photovoltaic performance [19, 119, 120].

The diffusion length of charge carriers (Lp) is a crucial parameter for solar cell since it directly
influences the efficiency of charge collection in a solar cell film. Lp is the average distance that a
charge carrier is able to travel due to diffusion before recombination occurs. Lo can be calculated
according to

L, =~/Dr, (2.18)
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where D is the diffusion coefficient, and z is the lifetime of charge carriers before they recombine.
The D of electron or hole in a perovskite layer can be determined according to the diffusion
equation [19, 121]

on(xt) D a’n(x,t)
ot Ox?

—k(t)n(x,t), (2.19)

where n (X, t) is the number and distribution of excitations in the perovskite film and k (t) is the PL
decay rate. It has been reported that the electron and hole in the perovskite have comparable large
diffusion lengths, which is around 200 nm for MAPDbIs and even larger in MAPDI3-xClx film (~1
um). The large diffusion length suggests that the photogenerated charge carriers in the perovskite
film can efficiently transport through the perovskite layer to reach the charge transport layers so
that mesostructures are not necessary for highly efficient charge generation and collection,

supporting the high PCE achieved in planar perovskite solar cells [16, 23, 115].

In fact, in perovskite NCs, excitons can also transport by diffusion. The diffusion of excitons and

its effect on the optical properties of perovskite NCs will be discussed in chapter 6.

2.2.4 Colloidal metal halide perovskite nanocrystals

The huge success in photovoltaics makes metal halide perovskites also candidates for other optical
and optoelectronic applications. Lasers and light emitting diodes (LEDs) based on metal halide
perovskites have been reported [22, 23, 122, 123]. However, the early studies of perovskites
mainly focused on bulk-like films or crystals. It is known that colloidal semiconductor NCs exhibit
unique properties and advantages compared with bulk materials such as narrow PL spectra with
broad tunability and high PLQYs [78]. Therefore, attemps were made to synthesize colloidal metal
halide perovskite NCs and the first non-template synthesis of colloidal MAPbBr3 perovskite

nanoparticles was reported in 2014 [24].

It is demonstrated that the the obtained colloidal MAPDbBr3 nanoparticles exhibit a size of ~6 nm,
as shown in figure 2.12 (a). The Bohr radius of exciton in MAPbBFr3 perovskite is estimated to be

~1.4 nm according to
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e m,
ag =——2a,, (2.20)
& M
where o and ¢ are the dielectric constants of vacuum and the material, respectively, mo is the mass
of free electron, u is the reduced mass of the exciton given by equation 2.7, and ay is the Bohr

radius [99, 124].
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Figure 2.12: (a) Colloidal MAPbBr; perovskite nanoparticles obtained by a non-template synthesis
approach, the scale bar is 2 nm. (b) Absorption (left) and PL (right) spectra of colloidal MAPbBr;
nanoparticles. The insets are the corresponding photographs. Reproduced with permission from ref [24],
copyright 2014 American Chemical Society.

As the size of the colloidal MAPDbBrs nanoparticles is comparable to as, a weak quantum
confinement was observed. The absorption and PL spectra of colloidal MAPbBrs perovskite
nanoparticles presented in figure 2.12 (b) show a blueshift in comparison with the bulk-like
MAPbBr3 perovskite. The PLQY of the colloidal nanoparticles is relatively high, around 20%.

The emergence of colloidal perovskite NCs not only broadens the optoelectronic application of

perovskite but also attracts a deeper exploration into the optical and other fundamental properties
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Chapter 2. Background

of these NCs. In this thesis, the shape, size and dimensionality of the colloidal metal halide
perovskite NCs are controlled and their optical properties are studied.
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3. Materials and sample preparation

This chapter presents the preparation of metal halide perovskite NCs with various shapes.
Essentially, two different methods are used in this work, first is the two-step reprecipitation method
and second is the single-step ultra-sonication method. Details of the sample preparation using these

two methods are given in the following.

3.1 Reprecipitation method

Reprecipitation is acommon method for NC preparation which involves two steps as schematically
shown in figure 3.1. In brief, in the first step, the precursors are dissolved in good solvent mixed
with capping ligand. The adding of bad solvent will induce the precipitation of crystals from the
solvent due to a change in solubility. The growth of the crystal is restricted by the long-chain ligand

thus forming NCs with smaller size or lower dimensionality.
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Figure 3.1: Schematic illustration of reprecipitation method for the synthesis of colloidal metal halide

perovskite NCs.

3.1.1 Organic-inorganic perovskite nanocrystals

27



Chapter 3. Materials and sample preparation

Organic-inorganic perovskite (MAPbBr3) NCs were synthesized through reprecipitation method
and the thickness of the NCs can be controlled to obtain thin sheets. Methylammonium and
octylammonium bromide (MABr and OABr) precursor powders were prepared by reacting
methylamine or octylamine solution with HBr in methanol, followed by a removal of solvent using
rotating evaporation. To synthesize MAPDbBr3 perovskite NCs, first, PbBr2 and a same molar
amount of MABr powders or MABr/OABr mixture were dissolved in dimethylformamide at 80 °C.
Then bad solvent toluene was injected and the clear solution turned cloudy which indicates the
precipitation of perovskite NCs. After 3 minutes, the solution containing perovskite crystals were
centrifuged at 3000 rpm for 10 min and the precipitates were redispersed in toluene. The thickness
of the perovskite NCs can be controlled by varing the ratio between OABr and MABr. Scanning
electron microscope (SEM) images show that the shape of the NCs transform from 3D cube to 2D
thin sheet when increasing the OABr ratio, while the crystal structure almost maintains from X-

ray diffraction (XRD) measurement as shown in figure 3.2.
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Figure 3.2: SEM images of MAPbBr; perovskite NCs. (a) 3D cubes obtained by using small OABr amount
and (b) 2D sheets using large OABr amount. (c) XRD patterns of the corresponding perovskite NCs.
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3.1.2 All-inorganic perovskite nanocrystals

All-inorganic perovskite (CsPbBrs) NCs with controllable thickness were also prepared through
reprecipitation method. First of all, Cs-oleate and PbBrz-ligand solution were prepared as
precursors. 0.1 mmol Cs2CO3 powders were dissolved in 10 ml oleic acid by heating to obtain Cs-
oleate solution. PbBrz-ligand solution was prepared by dissolving 0.1 mmol PbBrz powders in 10
ml toluene mixed with 0.1ml oleic acid and oleylamine. In a typical synthesis of CsPbBrs
nanoplatelets (NPIs), Cs-oleate solution was added into PbBrz precursor solution at room
temperature followed by injection of bad solvent acetone to precipitate the CsPbBrs NPIs. The
thickness of the CsPbBrs NPIs is tuned by changing the ratio between Cs-oleate and PbBr:
precursor solutions as well as the amount of acetone. Higher Cs to PbBr2 ratio and larger amount
of acetone led to the formation of thicker NPIs. The precipitated NPIs are extracted from the
suspension by centrifugation and redispersed in hexane to form colloidal solutions. The photos of
the colloidal CsPbBrs perovskite NPIs with different thicknesses as well as the transmission

electron microscope (TEM) image are presented in figure 3.3.

Figure 3.3: Photographs of CsPbBr; perovskite NPI dispersions under (a) room light and (b) UV light. (c)
TEM image of CsPbBr; perovskite NPIs.
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3.2 Ultrasonication method

Aside from the reprecipitation method, ultrasonication method was also used to synthesize
colloidal CsPbXs (X=Cl, Br, I or their mixtures) perovskite NCs. The sonication method is a
single-step method, where all precursor powders and ligands are loaded in organic solvent such as
octadecene and the reaction is initiated by a tip-sonicator. During the course of sonication,
perovskite NCs are formed, indicated by the color change of the colloidal solution. After the
completion of reaction, perovskite NCs are purified by centrifugation. Perovskite NCs with various
compositions and shapes can be obtained by changing the precursors or reacting conditions. This

ultrasonication method is illustrated in figure 3.4.

m — H
CsPbBr, purlflcatlon
. —>

CsPbl,

Precursor
powders
+ligand
in solvent

Figure 3.4: Ultrasonication method for the synthesis of CsPbBr; and CsPbls perovskite NCs.

3.2.1 CsPbX3 perovskite nanocubes

0.1 mmol Cs2COs and 0.3 mmol PbX2 powders were added into 10 ml 1-octadecene solvent with
0.5 ml oleic acid and 0.5 ml oleylamine ligand. Then the mixture was tip-sonicated at a power of
30W for 10 min to ensure a sufficient reaction. Afterwards, the NC suspension was centrifuged at
9000 rpm for 10 min to get rid of unreacted precursors. Then the sediment was redispersed in 5 ml
hexane under mild sonication, followed by a 2000 rpm centrifugation to discard large crystals.
TEM images obtained at different reaction time indicating the seeded growth of CsPbBrs
perovskite NCs are shown in figure 3.5 (a)-(c). High resolution TEM (HRTEM) image and
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crystallography diffraction patterns confirming the crystallinity of CsPbBrs NCs is given in figure
3.5 (d). 2D CsPbBrs NPIs can also be obtained by decreasing the molar ratio between Cs2CO3 and
PbBr2 as shown in figure 3.5 (e).

Figure 3.5: (a)-(c) TEM images of CsPbBrs perovskite NCs obtained at different reaction times. (d)
HRTEM image of a single CsPbBr; NC and the crystallography diffraction pattern. (e) TEM image of
colloidal CsPbBrs; NPIs obtained by decreasing the molar ratio between Cs,COs and PbBr.

3.2.2 CsPbXz3 perovskite nanowires

CsPbBrs nanowires (NWs) were prepared using a similar sonication approach with nanocubes but
a prolonged reaction time. Specifically, 0.1 mmol Cs2CO3 and 0.3 mmol PbBr2 together with 0.5
ml oleylamine and 0.5 ml oleic acid were loaded in 10 ml octadecene. The mixture was tip-
sonicated at a power of 25 W for 60 min and then centrifuged at 5000 rpm to obtain NWs in the
sediment. The obtained CsPbBrs perovskite NWs were washed with hexane for three times and
redispersed in hexane. NWs containing Cl or | composition were obtained by doing halide ion
exchange on the CsPbBrs3 perovskite NWs. Photos and SEM images of NWs are presented in figure
3.6.
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Figure 3.6: CsPbBr; perovskite nanowires prepared by ultrasonication method and CsPbCls/CsPbls NWs
obtained by doing halide ion exchange on the CsPbBrs NWs.

3.2.3 CsPbBrs perovskite supercrystals

Tip-sonication method was also used to fabricate CsPbBrs perovskite supercrystals. 1 mmol
Cs2C03 and 3 mmol PbBr2 powders were loaded in 10 ml 1-octadecene. After adding 1.5ml oleic
acid and 1.5ml oleylamine, the mixture was tip-sonicated at 30W for 30 minutes. Afterwards, the
colloidal solution was cooled down and centrifuged at 6000rpm for 15min to obtain residual

CsPDbBrs supercrystals, which consist of NC subunits and exhibit bright PL as shown in figure 3.7.

Figure 3.7: (a) TEM image of colloidal CsPbBr; supercrystals. (b) SEM image of dried CsPbBr;

supercrystals. Insets are the corresponding samples under UV light.
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4. Experimental setups

This chapter gives information on the experimental setups used in this work, including both optical

spectroscopy and other morphological measurements.

4.1 Optical spectroscopy

Steady-state absorption and photoluminescence spectroscopy as well as time-resolved

photoluminescence spectroscopy are used to study the optical properties of perovskite NCs.

4.1.1 Absorption spectroscopy

With a sample inserted into the light path, the incident light will be absorbed and scattered by the
sample. A Cary 5000 spectrophotometer (Agilent Technologies) was used to give information of
this process. In principle, a flash Xenon lamp is used as a source to generate white light with broad
wavelength distribution. Then different wavelength is isolated by a monochromator to obtain
monochromatic light. The intensity of the light before and after passing through the sample is

measured with a photodetector.

The wavelength dependent absorbance A (1) is given by

A(Z) = ~1og,, (%} , (4.1)

where lo (4) and | (1) are the intensity of light before and after passing through the sample,

respectively.

According to the Beer-Lambert Law, the intensity of the light transmitted through the sample at

wavelength 1 is determined by

(1) =1,(2) &P, (4.2)
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Here, ¢ (1) is the extinction coefficient per mole of NCs (L/molxcm), ¢ is the molar concentration
of the NCs (mol/L), and | is the thickness of the sample (cm). With the thickness of the sample

already known, the concentration of the NCs can be calculated from the absorbance according to

_ A)

C= .
l£(4)

(4.3)

4.1.2 Photoluminescence spectroscopy

Photoluminescence (PL) emission and photoluminescence excitation (PLE) spectroscopy are used
to give information on the steady-state photoluminescence of light emitting perovskite samples. A
Xenon lamp provides a broad white light spectrum and a certain wavelength is selected to serve as
a source. The emitted photons are collected by a photodiode array and the spectrum is recorded in
the form of intensity versus wavelength. For PL measurement, a fixed excitation wavelength is
used and the intensity of the PL emission is measured as a function of wavelength. While for PLE
measurement, a fixed wavelength selected from the PL spectrum is used and the intensity of light

which can excite this specific PL wavelength is recorded as a function of wavelength.

PLE PL
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Figure 4.1: PL and PLE spectra of a Coumarin 102 dye solution (in methanol).

Two fluorescence spectrometers were used to measure the PL and PLE spectra. A Cary Eclipse
photospectrometer (Agilent Technologies) was used to measure the PL of colloidal samples and a
Fluorolog 3-22iHR fluorescence spectrometer (HORIBA Jobin-Yvon) was used to measure the

PL and PLE spectra of samples on substrate as well as liquid samples with weak fluorescence. The
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sensitivity for the latter one is higher due to the incorporated R928P photomultiplier (PMT). The
PMT is mounted 90° with respect to the excitation light path and it needs to be cooled to 9 °C
during operation. It can detect the photons in the UV-visible range with the wavelength from 290

nm to 880 nm. Figure 4.1 shows the PL and PLE spectra of Coumarin 102 dye as an example.

4.1.3 Photoluminescence quantum yield

In general, the term quantum yield or quantum efficiency reflects how efficient one event can be
converted from another. In a fluorescence system, this represents the efficiency of photon emission
induced by photon excitation. The photons with suitable energy can be absorbed to stimulate the
electrons to higher states and photons are emitted once the electrons go back to lower energy state
through radiative relaxation. The ratio between the total number of the emitted photons and the
absorbed ones is the photoluminescence quantum yield (PLQY), denoted as

j N, (1)dA
PL =% (44)
[N, (29da"

(A)dA" represent the number of emitted and

abs

Where ®pL is the PLQY. INem(/I)d/l and IN

absorbed photons, respectively.

There are two main approaches to determine the PLQY of the studied system, i.e. (a) absolute
PLQY measurement and (b) relative PLQY measurement.

(a) Absolute PLQY.

The absolute PLQY measurement requires the determination of the number of emitted photons
and absorbed photons responsible for the emission, thus that the PLQY can be calculated according
to the equation 4.4. Experimentally, an integrating sphere is used to collect all the photons involved
in an excitation cycle. The sphere is incorporated in the Fluorolog 3-22iHR fluorescence
spectrometer. As shown in figure 4.2 (a), a sample is mounted in the center of integrating sphere,
an incident light with certain wavelength is guided into the sphere and partial of the photons are
absorbed by the sample to induce photon emission. The residual incident photons that are not
absorbed by the sample are collected together with the emitted photons from the output side of the

integrating sphere. A spectrum covering both the excitation and emission range is taken on a blank
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reference sample thus to determine the incident light as well as the emission baseline. Figure 4.2
(b) shows a representative result from absolute PLQY measurement on a fluorescence dye. The

spectrum in black color is from the blank reference while the red one is from the sample.
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Figure 4.2: (a) Absolute PLQY measurement using an integrating sphere and (b) A representative absolute

PLQY measurement result of a fluorescence dye solution (Coumarin 102 in methanol).

The number of absorbed photons is determined by the difference between the integral of input and
output excitation photons (area A), and the number of emitted photons is calculated by integrating
the emission spectrum over the emission wavelength after subtracting the baseline (area B). The
absolute PLQY is thus calculated by

_ Ilemvsample(ﬂ)d/ﬁt—f lempranc (A)d 4 area B
I Ie><,b|ank (ﬂ’ ')dﬂ’ '_J Iex,sample (ﬂ I)dﬂ,I area A .

(4.5)

PL

The absolute PLQY measurement can be used for both solid and liquid samples.
(b) Relative PLQY

Instead of directly counting the number of emitted and absorbed photons in absolute PLQY
measurement, relative PLQY measurement relies on standard fluorescence dye solutions with

known ®pL. They serve as references for determining the PLQY of the samples through a
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comparative way. This approach is usually applied on liquid samples, for example, colloidal NC
dispersions. The underlying principle is that solutions with identical absorbance at the same
excitation wavelength are considered to absorb an equal number of photons, thus that the integral
of the PL emission excited by this wavelength is connected with the PLQY of the measured sample.
Therefore, by keeping a same number of absorbed photons, and comparing the integrated PL of a
sample with a reference, the PLQY of the sample can be calculated based on the known ®p. of the

reference dyes.
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Figure 4.3: (a) Absorption and PL spectra of a reference dye (Coumarin 102). (b) Linear fitting of

integrated PL versus optical density in reference dye (black) and sample (red).

In practical measuremnts, the following effects have to be taken into account: (i) fluorescence self-
guenching effect at high concentration, (ii) the accuracy of ®pL of reference samples, (iii) different
refractive indices of the host solvent for reference and the characterized samples. Therefore, a low
concentration should be used for both reference and samples, absorbance in a 1 cm cuvette is kept
below 0.1 at the excitation wavelength. Below this threshold, PL spectrum is measured at various
concentrations. The integrated PL intensity versus optical density should show a linearity with a
gradient V . At least two different reference dyes with known ®p. are used to enable cross-
calibration thus ensure a trustable ®p. that can be used for the determination of the ®pL of
characterized samples. Additionally, the different refractive indices (n) of the solvents for

references and the samples are considered. Finally, ®pL of the samples can be calculated by
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2
\Y% n
CI)sample = CI)refernence ’ V ampe [ sample J . (46)

reference n reference

Figure 4.3 gives an example for the relative PLQY measurement of a colloidal sample by using a
fluorescence dye solution as a reference. The absorption and PL spectra of the dye solution with
different concentrations are given in (a), similar measurement is performed on the diluted colloidal
) and dye (V

NC sample. PL increase gradient of the sample (V ) are obtained from

sample reference
linear fitting, the refractive indices for the dye solvent (ethanol) and sample solvent (hexane) are
Nreference =1.36 and Nsampte =1.37, respectively. With the ®reference known as 73%, ®sample is calculated

to be 44%.

4.1.4 Time-resolved photoluminescence

Time-resolved photoluminesecence spectroscopy is an important analysis tool for understanding
the physics processes involved in PL. It records the time-dependent intensity profile of the emitted
light upon excitation. Experimentally, this can be achieved by using various techniques. In this
thesis, a time-correlated single photon counting (TCSPC) system was used to study the time-

resolved PL. A schematic of the measurement system is shown in figure 4.4.
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Figure 4.4: Schematic illustration of TCSPC system for time-resolved PL measurement.

A Timeharp 260 (PicoQuant) photon counter connected with a photodetector (avalanche
photodiode) is combined with a monochromator (Princeton Instruments). The method is based on
the repetitive, precisely timed registration of single photons. A pulsed laser (NKT) with tunable
wavelength and repetition rate is used as an excitation source. This laser system can directly
provide an electrical synchronization signal (sync) so that the reference for the timing of the

registered photons is defined. By sufficiently attenuating the laser power to ensure only one photon
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emission per excitation cycle, the histogram of photon arrivals per time bin represents the time

decay expected to be obtained from a “single shot” time-resolved analog recording.

The histogram data can then be used for fluorescence lifetime calculation. A typical result in time-
resolved fluorescence experiment is a histogram with an exponential drop of counts towards later

times, which can be written as
N (2) = No(4)- 3 Ae™, (4.7)

where No (4) and Nt (1) are the initial counts of photons with wavelength 1 and the counts at delay
time, respectively. Ai is the amplitude of decay process i and zi is the time at which the population

of the photons is reduced to 1/e.
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Figure 4.5: Time-resolved PL spectra showing a (a) monoexponential and (b) biexponential decay obtained

by TCSPC system. Corresponding fittings are also included.

The time-resolved PL results are analyzed using a Fluofit software by fitting with either
monoexponential or multiexponential function, and the amplitude of each component Ai and decay
time zi can be obtained. Then the average fluorescence decay time zav can be obtained by an

intensity weighted formula
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ZATiZ
av ZATi '
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Figure 4.5 gives examples for monoexponential and biexponential PL decay curves obtained by
the TCSPC system and the corresponding fittings by using Fluofit software.

4.1.5 Single-particle fluorescence spectroscopy

A single-particle spectroscopy setup was used to measure the PL spectra of a selected area or even
a single crystal on a substrate. As schematically shown in figure 4.6, the substrate with sample is
positioned in the vacuum chamber of a cryostat microscope (CryoVac GmbH and Co KG). The
cryostat is placed on a xyz-movable stage and the internal temperature can be controlled between
5 K and 300 K by using liquid helium. The signal is collected using a microscope objective with
a numerical aperture of 0.55 (Olympus, PlanFC model, 40-fold magnification) and a working
distance of ~8 mm. The focus is adjusted in the z direction so that only a small area of the sample

can be excited to obtain PL spectrum.

Iaser computer
: CCD P
filter

lens spectrometer

objective

Figure 4.6: Schematic illustration of single-particle fluorescence spectroscopy setups.

Upon photoexcitation, the sample is viewed by a charge coupled device (CCD) using a maximum
entrance slit and the position of the sample can be adjusted in xy direction. The selected area is
moved to the center of view and the slit is sufficiently reduced to block the signal from other areas.
In this way, only one or a few particles are present in view so that the PL spectrum of these particles
can be recorded after switching from the CCD mode to the spectrometer mode. An example of this

measurement is shown in figure 4.7, in which (a) is the image obtained by CCD with a wide
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entrance slit, (b) is the image after reducing entrance slit which highlights the selected area, (c) is
the PL mapping image and (d) is the integrated PL spectrum labeled in (c).

counts
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Figure 4.7: A representative single-particle PL measurement result. CCD images obtained with (a) a wide

and (b) a narrow slit width. (¢) PL mapping image and (d) the corresponding integrated PL profile.

4.1.6 Dark field microscopy and spectroscopy

A dark field optical microscope (Zeiss Axiotech 100) with an attached spectrometer (Princeton
Instruments, Acton SpectraPro 300i) was used to measure the PL polarization anisotropy of
luminescent single crystals or crystal arrays. The dark field aperture blocks the light which would
propagate directly into the objective and produces a dark background with bright objects on it. As
a result, the contrast of the sample is generally enhanced compared to normal bright field optical
microscopy. The dark field microscopy is combined with a camera (Canon EOS 60D) for image
acquiring. The system is used for PL polarization anisotropy measurement of perovskite NWs as
schematically shown in figure 4.8 (a). Unpolarized light is used as excitation, going through the
dark-field condenser and illuminating on the sample which is located on a moving stage. The
scattered light as well as the PL from the sample are collected by the objective, making the sample
visible in the microscope. The focus is adjusted in the z direction and the positioning of the target
is precisely controlled in the xy direction to select a small area for measurement. Figure 4.8 (b)
shows the image of a crystal under blue light illumination, the scattered blue light can be clearly

seen. The PL can be separated from the scattered light by using a long path filter and the PL
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spectrum is acquired by a spectrometer. To examine the polarizarion anisotropy of the PL, a
polarizer is placed in front of the spectrometer and the PL spectrum at different polarizer angle is

recorded.
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Figure 4.8: (a) Schematic illustration of dark field microscopy for the measurement of plolarizarion

anisotropy of PL and (b) microscope image of the sample illuminated by blue light.

4.2 Morphological characterizations

Morphological characterizations are carried out to determine the shape and size of the NCs as well

as their crystal structures. Details of the instruments are given below.

To measure the morphology and the size of nanostructures, a JEOL JEM 1011 transmission

electron microscope is used to obtain TEM images, and the operating voltage is 80-100kV.

To determine the lattice parameter of perovskite NCs, HRTEM measurements are performed using

a cubed FEI Titan microscope operating at 300 kV. The probe semi convergence angle is ~21 mrad.

SEM images are acquired using a Gemini Ultra Plus field emission scanning electron microscope

at an electron accelerating voltage of 3 kV.

XRD measurements are carried out to determine the crystal phase structures of perovskite NCs. A
BRUKER D8 ADVANCE diffractometer with an 8 keV Cu-Ka X-ray source is used for the XRD

measurements.
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5. Quantum size effects in low-dimensional
lead halide perovskite nanocrystals

In chapter 2, it is introduced that the dimensionality of semiconductors has significant impacts on
their optical properties. In this chapter, the dimensionality of both organic-inorganic hybrid
perovskite (MAPDBTr3) and all-inorganic perovskite (CsPbXs, X=ClI, Br, 1) colloidal NCs are
controlled and their optical properties are studied. It is demonstrated that the PL and absorption
spectra of colloidal perovskite NCs show a significant blueshift with decreasing dimensionality
from 3D to 2D, which is attributed to the strong quantum confinement in the 2D nanoplatelets
(NPIs). The thicknesses of the NPIs are determined from the number of perovskite monolayers and
confirmed by transmission microscope images. Considering the stacking nature of the 2D
perovskite NPIs, they can be seen as superlattice-like multiple quantum wells with capping ligands
as barriers. Therefore, a Kronig-Penny model is used to quantitatively study the NPI thickness-
dependent quantum confinement thus that the PL peak position can be correlated with the NPI
thickness. Moreover, the thickness of CsPbBr3 NPIs can be precisely controlled in the monolayer
level from 2 to 6 ML and they exhibit narrow emission and sharp excitonic absorption peaks. By
modeling the absorption spectra of the colloidal NPIs, it is found that the exciton binding energy
gradually increases with the decrease of the NPI thickness. It is also discovered that the PLQY's of
these NPIs can be dramatically increased through a surface trap repair process, while their narrow

PL emission and PL peak position are almost maintained.
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5.1 Quantum confinement in CH3NH3;PbBrs; perovskite
nanoplatelets

This section shows that the dimensionality of colloidal MAPbBr3 perovskite NCs can be controlled
from 3D to 2D. Colloidal 2D MAPbBTr3 perovskite NPIs with different thicknesses are obtained
and their thickness-dependent optical properties are studied. The quantum confinement in the NPIs

is also quantitatively studied by using theoretical models.

5.1.1 Blueshift in PL and absorption induced by quantum confinement

The dimensionality of MAPbBr3 NCs are controlled by varying the amount of octylammonium
bromide (OABr) as detailed in the experimental section. Figure 5.1 (a) shows that the PL and
absorption spectra exhibit a significant blueshift while increasing the OABr content from 0% to
100%. At 0% OABr content, the absorption spectrum shows an onset at ~510 nm and a
corresponding narrow and symmetric PL emission peak at 520 nm can be observed in the PL
spectrum. The colloidal NCs exhibit a green emission under UV light as shown in the inset. With
the OABr content increasing to 60%, the main PL peak slightly blueshifted to 510 nm and a
shoulder emerges at shorter wavelength, the solution shows a blueish green emission color under

UV light illumination.

Associated with the blueshift in PL, absorption peaks arise at shorter wavelength and become more
prominent with the OA content increases. In the case of 80% OABr sample, both absorption and
PL are further blueshifted with respect to the 60% OABr sample. Notably, the 80% OABr sample
shares the same PL and absorption peak positions with the 60% OABr despite that the peak
intensity at shorter wavelength is higher, and the sample exhibits blue emission. In the extreme
case of 100% OABr, the sample shows a nearly 100 nm blueshift in PL and absorption spectra
with respect to the 0% OABr sample, and a violet color emission can be seen upon UV excitation.
The substantial change in the optical properties of these perovskite NCs is closely related to the
change of their dimensionality as depicted by the TEM images in figure 5.1 (b). In all samples,
rectangular-shaped perovskite crystals with a size of 200-500 nm are observed. With OABr content
increasing from 0% to 100%, a significant decrease in the contrast of the NCs can be observed,

indicating the decreasing thickness of the NCs, as schematically illustrated in figure 5.1 (c).
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Figure 5.1: (a) PL (solid lines) and absorption (dashed lines) spectra of colloidal MAPbBTr3; perovskite NCs
synthesized with different OABr content, insets show the photos of corresponding colloidal dispersions
under UV light illumination. (b) TEM images of the NCs corresponding to (a), lower contrast indicates
thinner structure. (c) Schematic presentation of the change in NC geometry from 3D bulk-like crystals to

2D NPIs by increasing OABr content.

As displayed in figure 3.2 and figure 5.1, by using large OABTr content, 3D perovskite crystals
transform to 2D perovskite NPIs with significantly decreased thickness. According to quantum
mechanics, decreasing the thickness of the NPIs down to the size of the exciton Bohr radius will
lead to a significant spatial confinement of the charge carriers. The principle of quantum
confinement can be shown by the smiplest model, i.e., particle in a 1D infinite potential well model.

The wavefunction of the particle, y, is given by the Schrodinger equation. Considering an infinite

quantum well model as shown in figure 5.2 (a), the time-dependent Schrodinger equation for the

particle in one spatial dimension (along the x axis) is written as

I 2y k)

_ L op(Xxt)
o o +U(x)z//(x,t)_|h—at (5.1)
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The stationary eigenstates with energy E is given by the time-independent Schrodinger equation:

1 oy (x)
2m  ox?

+U Xy (x) = Ep(X). (5.2)
The position-dependent potential U (x) is

0, O<x<L
o, X<0,x>L

U () ={ (5.3)

with L representing the thickness of the quantum well.
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Figure 5.2: (a) Model of particle in a 1D quantum well with infinite large barrier outside the well.
According to quantum mechanics, the particle in the quantum well have nonzero quantized energies. The
energy levels are dependent on the width of the well. (b) Schematic illustration of the conduction and
valence bands in perovskite crystals with decreasing thickness. Energy near to the band edge becomes
quantized and energy gap increases, giving the tendency of E»>E1>E,.

The particle can move freely inside the well but cannot penetrate the potential wall, so that the
boundary condition for the wavefunction v is
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w(0)=w(L)=0. (5.4)

The solution for the wavefunction is
w(X) = Asink, X, x:nTﬂ, n=7. (5.5)

The corresponding energy of the particle is

_WkE R

E = 7
2m 2mL

n

(5.6)

where 7 is the reduced Plank constant and m is the mass of the particle.

Equation 5.6 indicates that the particle in the well has a nonzero quantized energy characterized
by a quantum number n (n=integer). The energy is inversely proportional to the mass of the particle
and the square of the quantum well thickness, so that particle in quantum well with smaller width

IS expected to show larger quantization energy as schematically shown in figure 5.2 (a).

As discussed earlier, the 2D MAPbBrs NPIs have a similar lateral size with the 3D bulk-like
crystals but a significantly decreased thickness. Therefore, the NPIs are only confined in one
dimension and can be seen as anologues of the ideal 1D potential well model. As shown in figure
5.2 (b), for the bulk perovskite crystals with large size in all three dimensions, there is no quantum
confinement effect thus the crystals show quasi-continuous CB and VB. However, when the
thickness of the crystal is dramatically decreased down to merely a few nanometers, the
wavefunction of the carrier is spatially confined along the thickness direction thus that the allowed
energy becomes quantized and shifts from the initial VBM and CBM. This effect results in an
increased energy gap between the ground state and excited state, and energy gap increases with a
further decrease of the NPI thickness (EL2>EL1>EL) since the degree of the confinement is inversely

related to the thickness of the NPl quantum wells according to equation 5.6.

5.1.2 Quantitative analysis of quantum confinement
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As discussed above, the thickness of the perovskite NPIs is a decisive factor for the quantum
confinement, to be able to quantitatively analyze the quantum confinement, a determination of

perovskite NPI thickness is necessary.

MAPbBr; perovskite 2 monolayers (2ML) 4 monolayers (4ML)

Figure 5.3: (a) TEM image of 80% OABr perovskite NPl sample on a large area. (b) and (c) High
magnification TEM images of perovskite NPIs standing on their sides corresponding to the labeled areas in
(a). The thicknesses of the platelets in (b) and (c) are measured to be around 1.5 nm and 2.7 nm, respectively.
(d) Schematic presentation of MAPbBr3; perovskite lattice constant (0.59 nm) and side views of perovskite
NPIs containing two and four monolayers. The theoretical thickness of the corresponding NPIs are 1.18 nm

and 2.36 nm, respectively, matching well with the experimental results.

Figure 5.3 (a) shows the TEM image of 80% OABr sample, the low contrast indicates that the
NPIs are very thin. In some areas, for example, areas labeled as (b) and (c), the NPIs stand on their
sides, enabling a direct estimation of the NPI thickness from the TEM images. From the
corresponding high magnification TEM images in Figure 5.3 (b) and (c), the thickness of the NPIs
are measured to be ~1.5 nm and ~2.7 nm, respectively. To make a precise determination of the
perovskite NPI thickness, the crystal structure and lattice parameters of MAPbBTr3 perovskite need
to be considered. The lattice constant is known as 0.59 nm [24], which means the thickness of a

monolayer is 0.59 nm, therefore the thickness of MAPDbBrs perovskite NPI containing two
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monolayers (2ML) is supposed to be 1.18 nm and the 4ML NPIs should have a thickness of 2.36
nm [124] as schematically shown in figure 5.3 (d). These values are consistent with the thicknesses
determined from the TEM images in figure 5.3 (b) and (c).

The determined thickness of the colloidal MAPbBrs3 perovskite NPIs can be correlated with the
different PL peaks in figure 5.1 (a). The experimental PL peak positions from the spectra in figure
5.1 (a) are 427 nm, 455 nm, 470 nm, 480 nm and 518nm. According to previosu discussion, these
peaks can be attributed to the NPIs with thickness of 0.59 nm (1ML), 1.18 nm (2ML), 1.77 nm
(3ML), 2.36 nm (4ML) and 2.95 nm (5ML), respectively, which is summarized in the table in
figure 5.4 (a). To examine this correlation, a theoretical model for quantifying the quantum
confinement is required. A simplest model is the infinite quantum well model which treats the
charge carrier in the perovskite NPIs as a particle in a 1D pntential well with infinite large barrier
energy, as discussed earlier. In this model, the effective mass of the charge carrier inside the
perovskite NPI needs to be considered and the quantum confinement effect can thus be determined
according to equation 5.6, which is termed effective mass approximation (EMA).

(@)
number of layers (ML) 1 2 3 4 5
thickness L2 (nm) 0.59 1.18 1.77 2.36 2.95
PL maxima (nm) 427 455 470 480 518
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Figure 5.4: (a) Table summarizing the thicknesses and corresponding PL maxima of MAPbBTr3; perovskite
NPIs with different number of layers. (b) Schematic presentation of stacked perovskite NPIs and the

resultant periodic potential energy in the quantum well superlattice. (c) Experimentally (black squares) and
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theoretically (blue line) determined exciton transition energies of MAPbBr; perovskite NPIs with different

thicknesses.

In fact, the quantum confinement in semiconductor nanostructures is generally treated using EMA,
which can explain the PL blueshift with the decrease of NC size. Two confinement regimes need
to be considered depending on the relation between the size of the nanostructure (d), and the
exciton Bohr radius (as), i.e., the weak confinement regime and the strong confinement regime
[125]. In the case of d >> as, a weak confinement regime is considered treating the electron-hole
pair as a whole exciton, and the energy shift due to exciton confinement can be calculated by using
the reduced mass of the exciton. In contrast, for d << as, a strong confinement regime is considered
to treat the electron and hole as separate particles and calculate their respective confinement
energies individually [125, 126]. As introduced in chapter 2, the Bohr radius of exciton in
MAPbDBr3 perovskite is determined to be ~1.4 nm, in between the thicknesses of 2ML and 3ML
NPIs. Therefore, 1ML and 2ML MAPbBr3; perovskite NPIs are considered to be in the strong

confinement regime while thicker NPIs are in the weak confinement regime.

In fact, another effect may also contribute to the modification of the quantum confinement in these
NPIs, that is the stacking of these MAPDbBTr3 perovskite NPIs, which can be obviously seen from
the TEM and SEM images shown earlier. As discussed in chapter 2 and depicted in figure 5.4 (b),
stacking of the perovskite NPIs enables the electron and hole wavefunctions to extend outside of
the platelets, thus hybridizing with those from neighboring NPIs and leading to the formation of
minibands [124, 127]. This effect can be studied using the one-band effective-mass Kronig-Penney
model. Here, this model is used to gquantitatively correlate the quantum confinement with the
thickness of MAPDBTr3 perovskite NPIs. The separate dispersion relations for the electron and hole

are written as

cos(kL? ) cosh(arL?) + %(77 — 1Jsin(kLQW Ysinh(aL®) = cos(9) . (5.7)
n

QW Qw ow
with k = ’ZmL)ZEe(h), Kk = 2mL)zEe(h) and n:ame(h) .
h \ 7 kmg,
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Here, Ee(n is the quantization energies of the electron (hole), LW is the width of the quantum well
(the thickness of the NPIs) varying from 0.59 nm to 2.95 nm depending on the number of

perovskite layers. L® is the width of the barrier, being 0.15 nm. mZJ\\ and m;, are the effective

masses of electron (hole) in the quantum well and in the ligand barrier, respectively. 6=q(LOW+L58),
with g=2zn/Lc (n is integer and Lcis the length of the crystal lattice). By using the transfer matrix
technique within the envelope function framework implemented to Kronig-Penney model, Ee and

En can be obtained.

Furthermore, the impact of exciton binding energy Eb also needs to be considered. As discussed in
chapter 2, the 2D MAPDbBTr3 perovskite NPIs are surrounded by organic ligands with small
dielectric constant, the screening of the Coulomb interaction between electron and hole is
decreased in these NPIs. Therefore, the exciton binding energy of atomically thin perovskite NPIs

will be significantly increased compared to the corresponding 3D NCs.

Taking all the above mentioned factors into consideration, the theoretical exciton transition energy,

Ex, can be written as

E,=E®+E +E,-E,, (5.8)

X

where E;® is the bandgap energy of 3D bulk MAPbBrs perovskite without quantum confinement,

Ee and En are the quantization energies of electrons and holes due to quantum confinement,

respectively.

For weak confinement regime, the exciton binding energy is calculated according to

E, =(i] LR, (5.9)

m,

where Ry is the Rydberg constant, the effective mass for the electrons and holes are me?"=0.23mo
and ma¥W=0.29mo, respectively, and the dielectric constant is e€2%W=3.29¢0 [128]. The effective

mass of exciton is derived from
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11,1 1
,Ll mSW thW ' ( ' )
In the case of the strong confinement regime, the exciton binding energy is calculated according

to previous publication, i.e.

e’ 8 ®
E, :_gQWLQW (In a -2C+2y, | (5.11)
where £V and ¢B=1.84¢ are the dielectric constants for the quantum well and barrier, respectively.
The values are taken from literature as e2W=3.29¢0 and £8=1.84¢0. L® is the width of the ligand
barrier, C is Euler’s constant, as’ is the effective radius of exciton, and yo is an eigenvalue

independent on other parameter.

With input of all the necessary parameters described above, the theoretical exciton transition
energy can be obtained, they are plotted as a function of NPI thickness as presented in figure 5.4
(c). The experimental exciton transition energies of perovskite NPIs are obtained from the energy
of PL maxima. It can be clearly seen that theoretical values match well with the experimental
results, indicating a successful quantification of the quantum confinement in colloidal lead halide

perovskite NCs.

5.2 MA replaced by Cs: tunable optical properties of CsPbXs
perovskite NCs

In the previous section, it is shown that the optical properties of MAPbBr3 perovskite NCs are
tunable by decreasing their dimensionality from 3D nanocubes to 2D NPIs. As introduced in
chapter 2, the organic MA group can be replaced by an inorganic cation (for example, Cs*) that
can fit into the perovskite crystal lattice, yielding all-inorganic metal halide perovskites. Generally
all-inorganic metal halide perovskites have relatively better stability compared to hybrid
perovskite due to the fact that the organic cations are easy to decompose. Therefore, this section
focuses on the tunable PL of CsPbX3s (X=CI, Br, 1) perovskite NCs, achieved by either changing

the NC dimensionality or halide composition.
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5.2.1 CsPbX3 nanocubes exhibiting weak quantum confinement

The optical properties (absorption and PL) of CsPbX3s (X=halide) NCs are compared with those of
the bulk film. The CsPbBrs perovskite NCs are prepared via a single-step ultrasonication approach
as detailed in chapter 3 and the bulk CsPbBrs perovskite film is prepared using the method reported
in ref [129]. The as-prepared NCs are dispersed in hexane or toluene while the bulk-like film is

coated on glass substrate for PL and absorption measurements.

(a)

PL & Abs

! I ! | ! | ! | ! |
400 450 500 550 600 650
Wavelength (nm)

Figure 5.5: (a) PL (solid lines) and absorption (dashed lines) spectra of CsPbBrs; perovskite nanocube
colloid (top) and a CsPbBr; perovskite bulk-like film (bottom). The insets show the photos of the sample
under UV light. (b) TEM image of CsPbBr; perovskite nanocubes and (c) SEM image of CsPbBrs; bulk-
like film.

Figure 5.5 (a) shows the PL and absorption spectra of the colloidal CsPbBrs NCs as well as the
bulk-like film, with insets showing the photos of respective samples under UV light illumination.
The corresponding TEM and SEM images are presented in figure 5.5 (b) and (c), respectively. For
the CsPbBrs NCs, a cubic shape is observed, owing to the cubic structure of CsPbBrs perovskite

crystals with Cs in the center of the cube surrounded by PbXs octahedras as introduced before. The
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colloidal CsPbBr3 nanocubes have a homogeneous size distribution in the range of 10-15 nm and
the average size obtained from statistics measurement is ~14.3 nm [130]. Whereas in the case of
bulk-like CsPbBrs perovskite film, large adjacent grains with a size range of 100-500 nm are
observed in the SEM images. The colloidal dispersion of the CsPbBrs nanocubes exhibit an
absorption onset at around 510 nm and a narrow emissision (FWHM ~20 nm) at 515 nm (figure
5.5 (a)). However, a clear excitonic absorption peak can be hardly distinguished, which may be
ascribed to the small exciton binding energy that leads to an overlap between excitonic absorption
and continuum absorption or a dissociation of excitons at room temperature [131, 132]. The
CsPbBrs nanocube colloid shows an intensive PL emission with narrow linewidth. The full width
at half maximum (FWHM) for the PL is around 20 nm, and the position for the PL maxima is
around 515 nm. In contrast, bulk-like CsPbBrs film exhibits a PL peak at 532 nm with a full width
at half maximum (FWHM) of ~ 25 nm. The PL peak position of the nanocube shows a 17 nm
blueshift compared with that of the bulk-like film due to the quantum confinement effect. However,
since the average size of the nanocubes (~14.3 nm) is larger than the exciton Bohr radius of
CsPbBrs perovskite which is reported to be ~4 nm [131], the confinement effect is weak, thus that

the PL of CsPbBrs nanocubes is not significantly blueshifted with respect to bulk-like crystals.

Importantly, it is found that the CsPbBr3 perovskite nanocubes exhibit much higher (~80%) PLQY
compared to that of bulk film (<0.1%), as can be clearly seen from the inset photos in figure 5.5
(@). The high PLQY of nanocubes is attributed to their small size, defect-free nature and surface
passivation by ligands which promote the raditative recombination of charge carriers [133]. While
in the case of bulk-like film, there is a strong tendency of trap-assisted nonraditive recombination

due to their large size and long carrier diffusion.

As discussed, the optical properties of bulk CsPbBrs perovskite material can be altered by reducing
their size to nanoscale with the help of ligand molecules. In addition, the emission colour of these
perovskite nanocubes is tunable across the entire visible spectrum of light by changing the halide
composition while preserving their morphology [130]. Figure 5.6 (a) shows the PL and absorption
spectra of colloidal CsPbXs perovskite nanocubes with different halide compositions. Apparently,
the positions of the PL peak and the absorption band edge are closely associated with the respective
halide composition. This is mainly attributed to the halide dependent bandgap in these metal halide

perovskite materials, which has been reported before and also discussed in chapter 2. Figure 5.6

54



Chapter 5. Quantum size effects in low-dimensional lead halide perovskite nanocrystals

(b) displays the bonding diagram of PbXe cluster, the major contributor to the lead halide
perovskite band structures. The VBM is mainly formed from the hybridization of halide p and Pb
6s states while the CBM is domibated by Pb 6p character with a minor contribution from halide
contribution. This results in the fact that the VBM can be easily modulated by the halide
composition while the CB is relatively insensitive to halide chemistry, making the bandgap of
CsPbXs perovskite follow the tendency of Eq(Cl) > Eg(Br) > Eg(l). Here, all the CsPbX3 nanocube
samples show a weak quantum confinement compared to bulk crystals, while the degree of the
confinement can be different due to the difference in exciton Bohr radius and carrier effective mass

depending on the halide composition [131].
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Figure 5.6: (a) PL (solid lines) and absorption spectra (dashed lines) of colloidal CsPbX3 (X=ClI, Br, | or
their mixtures) perovskite nanocubes. (b) Schematic illustration of the bandgap change due to different

halide composition, based on ref [95].

5.2.2 Increasing quantum confinement by reducing dimensionality

As discussed above, the CsPbXs nanocubes exhibit a weak quantum confinement, thus the PL is
only slightly blueshifted compared to that of the bulk material. Considering the strong quantum
confinement observed in 2D MAPbBr3 NPIs as discussed earlier, the thickness dependent quantum

confinement effects of CsPbXs perovskite NPIs are explored.
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First, | start with the study of quantum confinement effect in CsPbls perovskite NCs. Figure 5.7
(a) shows the PL and absorption spectra of the colloidal CsPbls NCs with tunable dimensionality,
which is achieved by changing the Cs to Pb precursor ratio in the ultrasoinocation assisted
synthesis approach, as described in the experimental part. It can be obviously seen that there is a
significant change in the absorption and PL spectra of the obtained CsPbls NCs by decreasing the
molar ratio of Cs2COs and Pblz precursors. At the molar ratio of 1:3, there is a single PL peak
centered at 685 nm with a FWHM of ~40 nm. The corresponding TEM image shown in figure 5.7
(b) shows the cubic shape of the obtained CsPbls NCs with an average size of ~12 nm. Therefore,
the peak at 685 nm is attributed to the quasi-3D CsPbls nanocubes showing weak quantum
confinement as the average size of the nanocubes (~12 nm) is larger than the reported exciton Bohr
radius of CsPbls peovskites (~6 nm) [130]. With the Cs to Pb precursor ratio decreasing, the
dimensionality of the CsPbls NCs significantly changes from 3D nanocubes to 2D NPIs with

different thicknesses as can be seen from the TEM images (figure 5.7 (c)-(e)).
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Figure 5.7: (a) PL (solid lines) and absorption spectra (dashed lines) of colloidal CsPbls perovskite NCs
obtained with different molar ratios of Cs to Pb precursors in the ultrasonication assisted synthesis approach.
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Photos of the corresponding sample under UV light are also included. (b-€) TEM images of the samples

showing a transition from nanocubes to NPIs with decrease of Cs to Pb precursor ratio.

Therefore, the multiple peaks of the PL spectra obtained for NPIs can be assigned to the CsPbls
NPIs of different thicknesses. As the dimensionality changes from 3D to 2D, new PL peaks arise
at shorter wavelength due to stronger quantum confinement, similar to the case of MAPbBr3 NPIs.
The PL spectra of NPI samples show that the NPIs with different thicknesses always coexist but
the amount of thinner NPIs increases with decreasing precursor ratio. Therefore, the relative
intensity of the PL peak with shorter wavelength increases while the positions of the peaks remain
almost unchanged. The resultant luminescence color of the NC colloids changes from dark red to
bright orange. There is also a remarkable change in the absorption spectra in accompany with the
corresponding PL change. The colloidal CsPbls nanocubes exhibit a smooth absorption spectrum
with an absorption onset at 670 nm, but without distinguishable excitonic absorption peak, being
a result of the small exciton binding energy (~20 meV) in these NCs. As the dimentioanlity
changes from nanocubic to NPIs, excitonic peaks becomes more prominent due to an increased
exciton binding energy in the 2D NPIs [7, 99, 134, 135]. In the extreme case of lowest Cs2COs to
Pblzratio, a narrow PL peaked at 600 nm is observed and the FWHM is around ~25 nm. The TEM
image in figure 5.7 (e) shows that only thin NPIs are present with an almost homogenous thickness
of ~2nm. This should correspond to the CsPbls NPI with three perovskite monolayers (3ML)
considering the thickness of each monolayer is ~0.63 nm for CsPbls perovskite [131]. Notably, the
linewidth of PL centered at 600 is much narrower than that of the 685 nm one, further suggesting
that the PL is coming from the NPI with 2D nature [44]. Likewise, the PL peaks at 623 nm, 638
nm and 647 nm can be assigned to the 4, 5, 6ML CsPbls NPIs, respectively.

As described for MAPbBrs NPIs system, due to the stacking nature of NPIs, the Kronig-Penny
model is applied for the quantitative determination of the thickness-dependent quantum
confinement in these CsPbls NPIs. Two quantum confinement regimes are to be considered, the
strong confinement regime when the thickness is smaller than the exciton Bohr radius and the
weak confinement regime otherwise. The exciton Bohr radius of CsPbls perovskite is determined
according to the equation 2.25. Taking the dielectric constant of & = 6.32¢0 into account [131], the
exciton Bohr radius is calculated to be 5.6 nm. Knowing that the thickness of each monolayer is
~0.63 nm in CsPbls NCs, the NPIs below 9 ML are considered to be in the strong confinement

regime. Thereafter, the quantum confinement in CsPbls NPIs can be modeled by using related
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parameters taken from literatures [99, 136], and the obtained theoretical results match well with

the experimental data as shown in figure 5.8 (a).
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Figure 5.8: (a) Theoretically determined exciton transition energy (solid line) using Kronig-Penny model
and the experimental values (open squares) obtained from the PL spectra. The exciton transition energy
increases with the number of monolayers (ML) decreasing in CsPbls NPIs due to quantum confinement.
The insets schematically shows the corresponding NPI thicknesses. (b) PL dynamics of CsPbl; NCs with
different thicknesses. The arrow shows the decreasing tendency of PL lifetime with the decrease of NPI

thickness.

In addition, time-resolved PL measurements are carried out on the colloidal CsPbls NPIs to
examine the change of charge carrier dynamics with the dimensionality. Figure 5.8 (b) shows the
PL decay dynamics of colloidal CsPbls NPIs with different thicknesses by looking at respective
PL peak positions of NPIs. A sample containing a mixture of CsPbls perovskite NCs with different
dimensionalities is used (prepared by using 0.25:0.3 precursor ratio as shown in figure 5.7 (a)). To
reduce the interaction between individual NPIs and the possible energy transfer, the sample is first
sufficiently diluted with hexane. It can be seen that with the decrease of NPI thickness, the PL
decays faster. The the PL lifetime (zrL, determined from the time delay when the PL intensity
decays to 1/e of the initial value) significantly decreases from 25 ns to 10 ns. Assuming that the
PL decay in colloidal CsPbls perovskite NCs involves a monoexponential excitonic radiative
decay together with other nonradiative processes, the radiative and nonradiative decay rates can

be determined by combining PLQY and PL lifetime.
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The PL decay rate (keL) is given by

1
kF’L - = kr + knr ) (5.12)

TpL
with kr and knr representing the radiative and nonradiative decay rate, respectively.

The PLQY, ®p, is related to the decay rates by

(DPL =—L= : ) (513)

k,=—F, k, = = (5.14)

The PLQYs of the colloidal CsPbls perovskite nanocubes (PL ~685 nm) and 3ML NPIs (PL ~600
nm) are experimentally measured to be 92% and 70%, respectively. Therefore, according to
equation 5.14, the kr is calculated to be 0.07 ns™* for NPIs and 0.037 ns™* for nanocubes, respectively,
while the kar is 0.03 ns™* for NPIs and 0.003 ns for nanocubes. It can be seen that both radiative
and nonradiative decay rates increase when the dimesionality decreases from 3D to 2D. The larger
kr can be attributed to an increased exciton binding energy in the 2D NPIs [44], while the larger
knr is likely due to a high amount of surface traps in the 2D NPI and a resultant nonradiative

recombination .

In fact, the change of carrier type could also contribute to the difference in the PL decay dynamics
in these colloidal CsPbls perovskite NCs. As discussed earlier, the exciton binding energies of the
2D perovskite NPIs are much larger than that of the corresponding 3D bulk materials, so that the
excitons are less likely to be dissociated in the 2D NPIs and this is also reflected in the absorption
spectra with a stronger excitonic absorption peak for NPIs, as shown figure 5.7 (a). Therefore, the
carriers existing in the 2D CsPbls perovskite NPIs are dominated by the excitons instead of free
electrons and holes. In contrast, in the quasi-3D CsPbls perovskite nanocubes, the charge carriers

are expected to be populated mainly by the free electrons and holes rather than excitons due to
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weaker confinement and smaller exciton binding energy. Hence, the electrons and holes are two
separate charge carrier species, so their radiative recombination will lead to a PL with bimolecular
decay. [137-139]. Consequently, the PL decay curve of perovskite nanocubes is better fitted using

a bimolecular decay mode whereas the PL decay of NPIs can be fitted monoexponentially.

Similar to the CsPbls NCs, the dimensionality of CsPbBrs NCs is contrtolled from 3D to 2D and
their optical properties are studied. As shown in figure 5.9 (a), the colloidal CsPbBrs nanocubes
show bright cyan-green emission with a PL peak at ~515 nm due to weak quantum confinement
as discussed before. In contrast, the colloidal NPIs containing a mixture of NPI with different
thicknesses exhibit sharp excitonic absorption peaks and significantly blueshifted PL due to strong
quantum confinement. The PL peaks at shorter wavelengths, i.e., 460 nm, 478 nm and 487 nm
correspond to the exciton transition energies of 2.7 eV, 2.6 eV and 2.55 eV, respectively.
According to Kronig-Penny model calculation, these peaks are attributed to CsPbBrs NPIs with
3ML, 4ML and 5ML, respectively as displayed in figure 5.9 (b). However, similar to the case of
MAPbBr3s NPIs, the obtained colloidal samples always contain a mixture of NPIs with different
thicknesses and it is difficult to separate them into individual homogeneous thicknesses. This leads

to the difficulties of study the optical properries of NPIs with individual thickness.
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Figure 5.9: (a) PL (solid lines) and absorption (dashed lines) spectra of colloidal CsPbBr; nanocubes (top)
and NPIs (bottom) obtained with different molar ratios of Cs to Pb using the ultrasonication approach. Insets

are the photos of the corresponding samples under UV light illumination. (b) Experimentally (open squares)
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and theoretically (solid line) determined exciton transition energies of CsPbBr; NPIs as a function of NPI

thickness.

5.3 Thickness control and surface defects repair of CsPbBr;
perovskite nanoplatelets

In the previous sections, it is shown that in both organic-inorganic and all-inorganic perovskite
NCs, the optical properties are tunable through quantum confinement effects by changing their
dimensionality from 3D nanocubes to 2D NPIs. The PL peak position can be quantitatively
correlated with their thickness by means of theoretical calculations. It is also shown that the 2D
NPIs exhibit faster PL decay dynamics compared to quasi-3D nanocubes. However, one main
problem with the NPIs is the difficulty to have a precise control over their thickness. The previous
synthesis normally leads to the formation of a mixtrure of NPIs with different thicknesses, which
makes it difficult to individually study their optical properties. In the following, the optical
properties of CsPbBrs perovskite NPIs with precisely controlled thicknesses are presented by the
preparation with adjustable number of perovskite monolayers at room temperature. This enables a
deeper understanding of their thickness-dependent optical properties. In addition, it is shown that

the PL of NPIs can be significantly enhanced by post-synthetic surface trap repair.

5.3.1 Controlling thickness and optical properties of nanoplatelets

Motivated by the fact that the dimensionality of the CsPbBrs NCs can be readily changed by
varying the ratio between Cs2CO3 and PbBr2 precursors in the reaction medium. A simple room
temperature synthesis is developd to prepare colloidal CsPbBrs perovskite NPIs with monolayer-
level thickness control. The details of the synthesis are provided in the experimental part.

As shown in figure 5.10 (a), the emission color of the colloidal CsPbBrs perovskite NCs is tunable
from violet-blue via sky blue to green by increasing the ratio of Cs to Pb precursors. This,
according to this previous discussion, suggests that the thickness of the CsPbBrs NPIs is increasing
(figure 5.10 (b)) thus that the quantum confinement effect is weakening. Notably, in contrast to
the previous case, these colloidal CsPbBrs NPIs dispersions exhibit narrow PL linewidth as
depicted in figure 5.10 (c). The narrow FWHMs of the PL of the colloidal NPIs, ranging from 11
nm to 25 nm, indicate a homogeneous thickness distribution in each NPI dispersion due to the fact
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that the PL peak position is dependent on the thickness of the NPIs. Based on the quantitative
analysis of the quantum confinement in perovskite NPIs as discussed earlier, the PL peaks at 435
nm, 460 nm, 477 nm, 487 nm and 496 nm can be attributed to the CsPbBrs NPIs with 2ML, 3ML,
4ML, 5ML and 6ML, respectively. As shown before, the quasi 3D CsPbBr3 colloidal perovskite
NCs exhibits a PL peak at 515 nm due to only weak quantum confinement [130]. The morphology
and dimensionality of the colloidal NPIs are further confirmed by the TEM images as shown in
figure 5.10 (d)-(f), which display that all the NPI samples have a nearly uniform thickness. The
measured thicknesses for 2ML, 3ML and 5SML NPI are ~1.5 nm, ~2 nm and ~3 nm, respectively,

matching well with the theoretical predictions of the PL peaks for respective thicknesses.

(a)

—_
()
~

2ML - 6ML

08

06 |
2ML 3ML 4ML

(b) sl

Cs:Pb ratio

04+

PL intensity (normalized)

02 F
\ A
4 J 001” - in 7&“—1
400 440 430 520 560
Wavelength (nm)

Figure 5.10: (a) Photos of colloidal CsPbBrs NPIs with different thicknesses under UV light. (b) Shematic
illustration of the change in NPI thickness. (c) PL spectra of colloidal NPIs with thickness controlled from
2ML to 6ML (solid lines), the PL of the quasi 3D CsPbBrs; NCs is also included for comparison (dashed
line). (d-f) STEM images of NPIs with different thicknesses (2, 3 and 5MLs). The insets schematically
show the perovskite NPIs with corresponding number of layers.

The success in obtaining nearly-monodisperse CsPbBrs perovskite NPIs of precise thickness
enables a further investigation of the thickness-dependent optical properties. Figure 5.11 (a)
presents the optical absorption spectra of colloidal CsPbBrs NPIs with different thicknesses. It can
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be seen that all 2D NPIs exhibit strong excitonic absorption peaks at the lower energy part of the
continuum. The position of excitonic peak gradually redshifts with the increase of NPI thickness,
and it is consistent with the PL peak shifting presented in figure 5.10 (c) which is attributed to a
weakened quantum confinement in thicker NPIs. In addition to the redshift of excitonic absorption
peak, a change in the shape of the absorption spectrum can also be observed when the NPI
thickness is changing. With increasing the NPI thickness, the excitonic feature becomes less
prominent and no obvious excitonic peak can be identified in quasi-3D NCs. Moreover, the
absorption continuum, which is related to the DOS of electrons in semiconductor materials as
introduced in chapter 2, becomes steeper with the increase of NPI thickness. This implies the
change of the dimensionality of these NCs as the DOS are distinct in 2D and 3D semiconductors

as described earlier.
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Figure 5.11: (a) Linear optical absorption spectra of colloidal CsPbBr; perovskite NPIs with different
thicknesses and the spectrum of the nanocube is shown for comparison. The continuum energy level (Ec)
and exciton energy level (Eis) of each sample are marked by black squares and green circles, respectively.
(b) A representative (2ML) modeling of absorption spectrum for the determination of excitonic (green) and
continuum (black) transitions. (c) The Ec, E1s and exciton binding energy (Es) as a function of NPI thickness.
The Ec and Ejs are directly obtained from modeling of the absorption spectra and Eg is calculated according

to Ep = Ec - Eys.
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The optical absorption spectra can be theoretically modeled according to the Elliott’s formula to
distinguish the excitonic absorption and the continuum band onset. Here, by using a reported
method described in the introduction chapter [140], the continuum absorption onset energy (Ec)
as well as the energetic position of the dominant 1s excitonic transition (Eis) in each NC sample
can be determined. As an example, the modeling on the absorption spectrum of the 2ML sample
is shown in figure 5.11 (b), and the assigned positions of Ec and Eas are marked with black squares
and green circles, respectively. Using a similar method, the positions of Ec and Eis of all samples
are determined and labeled (black squares and green circles, respectively) in the corresponding
absorption spectrum as shown in figure 5.11 (a). The obtained values are plotted as a function of
the NPI thickness and presented in figure 5.11 (c). It can be clearly seen that both Ec and Eis are
increasing with the increase of NPI thickness. The differences between the Ec and Eis is exactly

the exciton binding energy Eb, described by
E,=E. —E,. (5.15)

It can be clearly seen that the exciton binding energy Eb gradually increases with the decrease of
NPI thickness, reaching a value of 280 meV for the thinnest (2ML) CsPbBrs perovskite NPIs. This
is much larger than the Ep of quasi 3D NC which is ~40 meV [130, 131]. As discussed earlier, the
large exciton binding energy in these 2D NPIs can be attributed to a decreased dielectric screening

of the Coulumb interaction between the electron and hole.

5.3.2 Enhancing photoluminescence of nanoplatelets by surface trap repair

As discussed earlier, the thickness of CsPbBrs perovskite NPIs can be precisely controlled to
achieve narrow and tunable emission. However, their PLQY decreases with decreasing their
thickness due to an increased density of surface defects in thinner NPIs. For example, the 2ML
and 3ML exhibit PLQY's of ~7 % and ~9 %, respectively, while the nanocubes exhibit over 80 %
PLQY. Such low PLQYs observed in 2D colloidal semiconductor NCs are commonly attributed
to the high surface-to-volume ratio of these 2D nanostructures which causes large amount of
surface traps [83]. In particular, the mobility of halide ions in perovskite is found to be high [141-
143]. As a result, they can easily escape from the surface of the NPI thus leading to the formation
of defects on the NPI surface. These surface defects likely increase the probability of trap-assisted

nonradiative carrier recombination in these NPIs, thus resulting in a low PLQY. In this section, it
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is shown that an effective repair of these surface defects can significantly enhance the PLQY of
the CsPbBrs perovskite NPIs.

The surface of CsPbBrs NPIs are generally composed of lead hexabromide octahedral and/or Cs-
oleate. It is likely that the lack of some of these species on the surface can lead to the formation of
defects. It is found that such surface defects can be repaired through the addition of PbBr2-ligand

(oleic acid and oleylamine) solution into the pre-synthesized colloidal CsPbBrs perovskite NPIs.
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Figure 5.12: (a) PL (solid lines) and absorption (dashed lines) spectra of untreated (black) and treated (blue)
colloidal 3ML CsPbBr; perovskite NPIs. (b) PL decay curves of untreated (black) and treated (blue)
colloidal NPIs. (c) Schemetic illustration of the repair of surface defects in a CsPbBr; perovskite NPI. (d)

Scheme showing that the non-emissive perovskite NPIs become emissive after surface trap repair.

Figure 5.12 (a) shows the PL and absorption spectra of the initial and and PbBr2 treated 3ML NPI
colloidal dispersion, and it can be clearly seen that the PL intensity is significantly enhanced by
the addition of PbBr2-ligand solution to the NPI dispersion, while the absorption spectra remains
nearly unchanged. The PLQY of the treated sample is measured to be ~60%, which is almost 7
times higher compared to that of the initial colloidal dispersion. These results clearly indicate that
the PbBr2 treatment enhances the PL efficiency of the colloidal NPIs without affecting their
thickness or uniformity. Moreover, as shown by the time-resolved PL spectra in figure 5.12 (b),

the treated NPI colloidal sample shows a dramatic difference in its PL decay compared with the
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untreated one. The untreated sample exhibits a nonexponentional PL decay, indicating that several
decay channels are involved in the carrier recombination. On the contrary, the PL of the treated
sample exhibits a nearly monoexponential decay. This, in combination with the high PLQY,

suggests an efficient radiative excitonic recombination in the treated NPI.

The significant PL enhancement after treatment is attributed to the effect of surface trap repair in
CsPbBrs perovskite NPIs. As schematically shown in figure 5.12 (c), the addition of PbBr2 leads
to the filling of Pb and Br defects in the initial CsPbBrs NPIs. The ensemble effect of surface trap
repair on the PLQY and PL decay dynamics of CsPbBrs perovskite NPIs is schematically
illustrated in figure 5.12 (d). The surface defects on the untreated NPIs result in trap states below
the conduction band. As a result, the excited charge carriers can recombine nonradiatively through
defect-induced trap states and make the NPl weekly emissive or nonemissive (dark platelets in the
scheme), while the charge carries will recombine radiatively in defect free NPIs (bright plates in
the scheme). Therefore, the CsPbBrs perovskite NPIs exist in two ensembles, highly emissive and
nonemissive as shown in the scheme in figure 5.12 (d). In the untreated colloidal NPlIs, the fraction
of the non-emissive NPIs is large. As a consequence, the NPI dispersion shows a low overall PLQY
and the PL decay is nonexponential due to non-emissive NPIs. In contrast, for the treated NPIs,
the repair of surface defects renders a larger fraction of the NPIs emissive. As a result, the PLQY
of the colloidal NPIs is significantly increased, and the PL decay becomes dominated by excitonic

recombination, thus exhibiting a nearly-monoexponential decay.

In fact, the PbBr2 treatment induced PL enhancement is effective for all the NPIs starting from 2
ML to 6 ML samples while the degree of enhancement is strongly dependent on their thickness,
with the PLQY increasing by a much larger factor for the thinner NPIs. This further supports that
the enhancement of PLQY is due to a repair of the surface traps as the surface defect density
depends on the thickness of the NPIs. The surface-to-volume ratios of NPIs with different
thicknesses are calculated by assuming that each individual NPI has a similar average lateral size
of 30*30 nm (estimated from TEM images shown in figure 5.10) while a varied thickness
depending on the number of monolayers. Knowing that the thickness of a CsPbBrs perovskite
monolayer is ~0.6 nm, the surface-to-volume ratio (Sv) of the NPIs can be related to the number

of monolayers (n) by
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Figure 5.13: Plots of surface-to-volume ratio (black squares) and PL enhancement factor (blue circles)

vesus the number of monolayers of CsPbBr; perovskite NPIs. The dashed lines are guides to the eyes.

Sv and PL enhancement factor after treatment are plotted as a function of n as shown in figure 5.13.
The plots clearly show that the surface-to-volume ratio and the PL enhancement factor (determined
from the PLQY s of the treated and untreated NPI colloids) increases with NPI thickness decreasing.
For the 2 ML perovskite NPIs, the PLQY increases by almost 8 times after PbBr2 treatment,
reaching nearly 50%. The drastic enhancement suggests the efficient repair of the surface defects
which abundantly exist in the untreated thin NPIs. While for the 6 ML sample, the enhancement
is only small due to a relatively low defect density in the untreated thick NPIs. In fact, the initial
PLQY of 6 ML sample is relatively high due to the low Sv and and low surface defect density,
therefore the enhancement factor is relatively small. The results above clearly suggest that the
surface trap repair is an effective way to enhance the PLQY of the 2D CsPbBrs NPIs. The post-
synthetic surface trap repair is more effective for thinner NPIs with higher defect density, thus

leading to a larger enhancement factor.
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5.4 Summary

This chapter focuses on the investigation of dimensionality dependent optical properties of both
organic-inorganic hybrid and all-inorganic perovskite NCs. It is shown that the dimensionality of
hybrid perovskite (MAPbBTr3) can be decreased from 3D cubes to 2D NPIs by increasing the ratio
of long chain to short chain alkyl ammonium cations. As the dimensionality changes from 3D to
2D, the absorption onset and PL peak are significantly blueshifted due to strong quantum
confinement. In addition, the quantum size effects of MAPbBrs perovskite NPIs are studied by
theoretical models and correlated the corresponding PL with the NPIs thickness. To enhance the
stability of NCs, the organic cation MA is replaced with Cs to obtain all-inorganic CsPbXs (X=ClI,
Br, 1) NCs with optical properties tunable by dimensionality and halide composition. It is found
that the CsPbXs nanocubes exhibit quasi-3D optical properties showing only weak quantum
confinement with respect to the bulk crystals, whereas the NPIs show strong quantum confinement.
The PL peak positions of the NPIs are calculated by theoretical model and they are in good
agreement with experimental results. Time-resolved PL measurements reveals that the NPIs
exhibit faster PL decay compared to nanocubes. Furthermore, it is shown that the thickness of
CsPbBrs NPIs can be controlled in the monolayer level from 2 to 6 ML and they exhibit narrow
emission and sharp excitonic absorption peaks. By modeling the absorption spectra of the colloidal
NPIs, it is found that the exciton binding increases with decreasing the thickness of NPIs. The
exciton binding energy of 2 ML CsPbBrs NPIs is found to be ~280 meV, while it is only ~40 meV
for the quasi-3D nanocubes. The as-obtained 2D NPIs generally exhibit low PLQYSs, however, it
is discovered that the PLQYs of NPIs can be remarkably enhanced by postsynthetic surface trap
repair. These results clearly show that highly luminescent and narrow emissive perovskite NPIs

with tunable optical properties can be achieved by perfect control over their dimensnality.
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6. From perovskite nanocubes to nanowires
and supercrystals: different optical properties

In the previous chapter, it is shown that the optical properties of metal halide perovskite NCs can
be effectively tuned by decreasing the dimensionality from 3D to 2D. This chapter will focus on
the control of the optical properties of CsPbBrs perovskite NCs by changing their shape and
making NC assemblies. First it is shown that CsPbBrs NWs can be formed through an oriented
attachment of the nanocubes. The NWs show redshifted PL compared with the nanocubes due to
an elongated shape and charge carrier delocalization. Due to an anisotropic shape, the NWs exhibit
a polarization anisotropy in their PL. Meanwhile, compared with the corresponding nanocubes,
the NWs have much lower PLQY due to a dominant nonradiative recombination. This is attributed
to the carrier diffusion in the NWs and resultant trap-assisted nonradiative process, which is further
confirmed by the significant PL enhancement of the NWs at low temperature. Furthermore, the
CsPbBrs perovskite nanocubes can self-assemble into supercrystals exhibiting different optical
properties compared to the isolated nanocubes. The PL and PLE spectra of the supercrystals show
obvious redshift in comparison with the isolated nanocubes, suggesting an electronic coupling
between the neighboring nanocubes. In comparison with the NWs showing low PLQY, the

supercrystals preserve the high PLQY of the nanocube subunits.



Chapter 6. From perovskite nanocubes to nanowires and supercrystals: different optical properties

6.1 Oriented attachment of CsPbBrs; nanocubes to form
nanowires

This section studies the shape tranformation from CsPbBrs nanocubes to NWs using optical
spectroscopy methods including PL and absorption spectroscopy as wll as morphological
measurements. In addition, the changes in the optical properties from nanocube to NWs are

discussed.

6.1.1 Change in photoluminescence by transforming nanocubes to nanowires

As discussed in previous chapter, CsPbBrs perovskite nanocubes with narrow PL emission can be
obtained by ultrasonication method. Interestingly, it is discovered that through a similar approach
but a prolonged sonication time, CsPbBrs perovskite NWs can be produced [144]. In the following,
the optical probing of this shape transformation in combination with morphological

characterization will be shown.
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Figure 6.1: (a)-(d) TEM images of CsPbBr; NCs obtained at different reaction time (10 min, 20 min, 40
min and 60min as labeled in the corresponding images. Scale bar: 100 nm). The shape evolution from
nanocubes to NWs can be clearly seen. (e) Normalized PL spectra of the NC colloids obtained at different
reaction time, corresponding to those shown in (a)-(d), the arrow shows the redshift in PL peak position

with increasing reaction time.

TEM images of colloidal CsPbBrs NCs obtained at different sonication time are shown in figure
6.1 (a)-(d), a significant change in the shape of the NCs can be clearly observed. After 10 min of
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sonication, most of the NCs show a cubic shape with a homogeneous edge length of 10-15 nm and
this is consistent with the formation of nanocubes as discussed in the previous chapter [130]. After
20 min, as shown in figure 6.1 (b), the amount of the nanocubes decreases and NWs begin to
appear. The NWs have a lateral size (~12 nm) similar to the nanocubes whereas their length ranges
from 500 nm to several micrometers. As the sonication time further increases, the ratio of NWs
over nanocubes increased drastically, leaving behind the NWs with increased length as displayed
in figure 6.1 (c) and (d). Associated with the shape changing, the corresponding PL spectra also
show a progressive redshift with reaction time as depicted in figure 6.1 (e). At 10 min, there is a
narrow PL emission centered at 514 nm with a FWHM of ~23 nm, matching well with that of
CsPbBrs nanocubes that exhibit weak confinement as discussed before. With increasing reaction
time, the PL peak position gradually redshifts to 519 nm due to an elongation of the NCs and

consequent charge carrier delocalization in the NWs.
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Figure 6.2: HRTEM images of (a) CsPbBrs NWs and (b) a single nanocube with lattice contant labeled.
(c) XRD patterns of CsPbBrs NWs and nanocubes.

In order to examine whether there is a change in the crystal structure that might also contribute to
the PL shift of the NCs, the crystal structure of CsPbBrs perovskite NWs is also compared with
that of the CsPbBrsnanocubes by HRTEM and XRD measurements. Figure 6.2 shows the acquired
HRTEM images of (a) CsPbBrsperovskite NWSs and a nanocube (b). The images clearly show that
the CsPbBrs perovskite nanocubes as well as NWs are single crystalline with high degree of
crystallinity. The XRD data of nanocubes and NWs (figues 6.2 (c)) show that they exhibit either
cubic or orthorhombic perovskite phase. However, it is difficult to distinguish these two phases
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because they are quite similar while only the tilting of [PbBrs] octahedrals makes the difference,
which is hard to be identified. In fact, there is still an ongoing debate on the crystal structure of
CsPbBrs perovskite NCs, both cubic and orthorhombic phases have been reported in literature [131,
145]. Nevertheless, the lattice constant of the CsPbBr3 perovskite NWs is determined to be ~0.59
nm, which is in good agreement with the lattice constant of CsPbBrs nanocubes. Overall, it can be
concluded from the HRTEM and XRD measurements that CsPbBrs perovskite NWs exhibit the
same crystal structure as the CsPbBrs nanocubes. In other words, the CsPbBrs perovskite crystal
structure does not undergo a significant change during the transformation from nanocubes to NWs.
Therefore, the crystal structure change can be ruled out from the main reasons responsible for the
observed change in the PL spectra, indicating that the change is mainly caused by the shape

transformation.

6.1.2 Understanding nanowire formation by absorption spectroscopy

It is shown that the CsPbBrs perovskite nanocubes can be transformed into NWs and the PL is
redshifted. However, the formation mechanism of CsPbBrs perovskite NWs is still not clear from
the morphological and PL characterizations. Here it is shown that linear absorption spectroscopy

can be utilized to understand the formation mechanism of CsPbBrs perovskite NWs.
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Figure 6.3: Schematic illustration of the comparision of change in absorbance induced by seed-mediated

growth and oriented-attachment during NW formation. (a) Absorbance spectrum of initial colloidal
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nanocubes. (b) Expected absorbance spectrum of colloidal NWs if they are formed through seed-mediated
growth. (c) Expected absorbance spectrum of colloidal NWs if they are formed by oriented-attachement.

Insets in (b) and (c) schematically show the amount of NWs formed through corresponding formation routes.

In general, there are two possible distinct mechanisms governing the formation of the NWs, i.e.,
the seed-mediated growth mechanism and the oriented attachment mechanism [146-148]. Figure
6.3 schematically shows the transformation of CsPbBrs perovskite nanocubes (a) to NWs through
seed-mediated growth (b) and oriented-attachment (c). In the seed-mediated growth, each single
perovskite nanocube grows into a NW with a significant increase in the absorbance. In contrast,
the oriented-attachment of several nanocubes into a single NW does not increase the absorbance
significantly as there is no dramatic change in the total amount of perovskite materials in the

colloidal solution.

In order to elucidate the mechanism of NW formation, the absorbance spectrum of the colloid
solution is recorderd at different sonication time durig the reaction. The absorbance spectra are
normalized at 600 nm to exclude the impact of scattering [144]. As depicted in figure 6.4 (a), the
absorbance spectra of CsPbBrs perovskite NC colloids obtained at different reaction time clearly
show that there is no significant increase in the absorbance. After 10 min of sonication, the
absorption spectra exhibit an onset at ~510 nm corresponding to CsPbBrs nanocubes and it is also
confirmed by the TEM image as shown in figure 6.1 (a). After 20 min reaction, the absorbance of
the colloidal solution is increased and the absorption onset is redshifted. The increase of the
absorbance is likely due to the formation of more perovskite NCs in the reaction medium. The
slight redshift in the absorption onset is accompanied by a redshift in the PL as shown in figure
6.1 (e). This is attributed to the progressively formed NWs in the reaction medium as evidenced
by TEM analysis. As the sonication time increases further, from 20 to 40 min, the absorption onset
continues shifting to the longer wavelength and saturates at 520 nm. Notably, despite the redshift
in the absorption onset during NWs formation, the absorbance shows no substantial change from
20 min to 60 min. This indicates that the formation of the NWs in the colloid is through an oriented-
attachment of the nanocubes instead of a seed-mediated growth, as the latter one will lead to a
significant increase in the absorbance of the CsPbBr3 perovskite NC colloid as shown in figure 6.3.
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Figure 6.4: (a) Absorbance spectra of CsPbBrs; perovskite NC colloids obtained at different reaction time.
(b) Schematic illustration of the oriented-attachment for CsPbBrs NW formation. (c) HRTEM image of an

intermediate stage of the NW formation, showing the oriented-attachment.

Therefore, it can be concluded that the formation of the CsPbBr3 perovskite NWs occurs through
an oriented attachment of the nanocubes in the colloidal dispersion as schematically shown in
figure 6.4 (b). Further evidence for the oriented-attachment process comes from the HRTEM
imaging of an intermediate sample obtained during the sonication (reaction time 20 min) as shown
in figure 6.4 (c). From the image, the attachment of a nanocube to the side of an elongated wire-
shaped NC can be clearly seen. The width of the obtained NWs and their crystallinity is similar to
those of the nanocubes, being indicative that the CsPbBrs perovskite nanocubes attach to each
other in one preferential direction to form NWs with their initial crystal structure and diameter

retained.

6.2 Photoluminescence comparison of CsPbBr; nanowires
and nanocubes

As discussed in the previous section, CsPbBrs perovskite nanocubes are elongated in one direction
through oriented-attachment, thus forming NWs with a similar diameter but much larger length

compared to nanocubes. The transformation of nanocubes into NWs causes changes in the PL and
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absorption spectra, suggesting that the NWs and nanocubes have different optical properties. This
section will focus on a comparative study on the PL of CsPbBrs NWs and nanocubes.

6.2.1 Photoluminescence polarization anisotropy of CsPbBrz nanowires

In general, 1D semiconductor nanostructures exhibit optical anisotropy and it has been explored
in a wide range of materials [149-151]. Likewise, in the current CsPbBr3 perovskite NW system,
as the NWs have a much larger size in one dimension than the other two dimensions, they have a
highly anisotropic quasi-1D shape, thus an optical anisotropy can be expected. Here the optial

anisotropy is explored in the CsPbBrs perovskite NWs.

In fact, the anisotropic optical properties of semiconductor materials with an anisotropic geometry
are of high interest for both fundamental studies and applications. Semiconductor NWs have a
quasi-1D shape since the size in one dimension is much larger than the other two dimensions. The
quasi-1D nature of semiconductor NWs makes them attractive for electronic transport, sensing,
and polarization sensitive applications, as well as fundamental studies [149-153]. In the past
decades, semiconductor NWs with various chemical compositions, a range of diameters, and
aspect ratios have been prepared through different techniques and their optical anisotropies have
been extensively studied. Large polarization anisotropies of excitation, photoluminescence, and
photoconductivity have been reported for semiconductor NW, rendering them promising materials
for polarization sensitive optical and optoelectronic applications [151]. Two models have been
proposed for explaining the optical anisotropy in semiconductor NWs depending on the diameter
of the NWs in comparison with their exciton Bohr radius. For a quantum wire with diameter
smaller than its exciton Bohr radius, the quantum confinement in two spatial directions gives rise
to a valence-band mixing at the center of the Brillouin zone [56, 154]. The mixing of the heavy
hole and light hole states leads to modified energies of the optical interband transitions and to a
redistribution of the oscillator strength, resulting in an intrinsic optical anisotropy which can be
tuned by the lateral confinement potential [155, 156]. On the other hand, for the NWs with
diameter larger than the exciton Bohr radius but still smaller than the wavelength of interacting
light, strong optical polarization anisotropy is observed and it is attributed to the polarization
dependent electrostatic field in the NW due to a dielectric contrast between the NW and its
environment [151]. In the context of the current CsPbBrs perovskite NW system, the diameter of
the NW is around 12 nm which is larger than their exciton Bohr radius (~4 nm) [131, 144].
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Therefore, there is only a weak quantum confinement in the CsPbBrs NWSs reported in this thesis,

thus the second model is suitable to explain the anisotropy in the PL of these NWs.

Since the light is essentially a form of electromagnetic radiation, the classical electromagnetic
theory can be used to understand how the light pass through or propagate in a specific material.
Maxwell’s equations are the fundamental equations describing the evolution of electromagnetic
fields under a certain condition. The equations include Gauss’, Faraday’s, and Ampére’s laws,
relating the electric flux density, electric field, magnetic flux density, magnetic field, charge
density and current density to each other in space and time [157]. When the light interacts with a
matter, a field will be generated in the matter. To describe the interactions of the matter with the
electric and magnetic fields of light using electrodynamic theory, the properties of the materials,
such as the complex dielectric function, are required as input parameters. These parameters can be

obtained from either experimental data or calculations using solid state theory.

To determine the fields produced in the material as a response to the external field, the electric
flux density D and the induced electrical polarization P need to be related to the electric field

E according to
P= 5—50E = (&, —50)E = (&g, —8O)E = 6‘0(8—1)E = 50;(E , (6.1)

where em represents the permittivity, ¢ is the dielectric constant, a dimensionless term, and the

susceptibility y is defined as

y=&-1= gy +iy, (6.2)

From microscopic aspect, the real part of the susceptibility y is derived from the dipole response

of atoms and electrons in the material to an electromagnetic wave, forming the basis of polarization.

Similarly, the magnetic field vector H is related to the magnetic flux density B by B = 2 H

with pm representing the permeability.

Since the spatial variation of E is related to a time variation of H and vice versa, the propagation
of electromagnetic waves can be described explicitly by means of a wave equation.
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Figure 6.5: Schematic illustration of the photo-induced electric field in a NW depending on the polarization

direction of the light (in z direction parallel to the NW or in x direction perpendicular to the NW)

Assuming that the electric field propagates in the y direction as shown in Figure 6.5, the
propagation constant in the material is k=2z/4 and the angular frequency is w. The electric field

E and the polarization P can be described as plane waves:
E=E.®™™ and P=Pe'®™, (6.3)

The electric field can be presented by the components of absorption, propagation and time
dependence of a wave in a material:

1 . )
E=Ee? - ¢ (6.4)

where « is the intensity loss coefficient. The equation gives the magnitude, phase, and time

dependence of the electric field propagating in the y direction in a material.

In a homogeneous medium, the electric and magnetic fields are continuous functions of space.

However, at the boundary between two dielectric media, due to the absence of free electric charges
and currents, the tangential components of the electric and magnetic fields E and H are

continuous, while the electric and magnetic flux densities D and B are continuous.

According to the above discussion on the electrodynamic theory, in semiconductor NWs with 1D
geometry, anisotropies in absorption, emission and scattering at different polarizations can be

expected due to an ansiotropic dielectric screening of the electric field
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For example, Wang et al. investigated the optical anisotropies of InP NWs satisfying the
electrostatic limit [151]. Figure 6.6 illustrates the dielectric contrast model for explaining the
optical anisotropies in the InP NW. This model is based on the anisotropic dielectric mismatch
between the InP NW and its environment, i.e., the anisotropic refractive index contrast. In this
model, the InP NW in the electrostatic limit is treated as an infinite dielectric cylinder in a vacuum.
When the polarization of the incident field is parallel to the cylinder, the electric field inside the

cylinder (Ei) is not reduced in comparison with the external electric filed (Ee), expressed by

Ey=Ey. (6.5)

Field intensity

Figure 6.6: Dielectric contrast model of polarization anisotropy in InP NW. The laser polarizations are
considered as electrostatic fields with depicted orientation. Field intensities are calculated from Maxwell’s
equations. It clearly shows that for the perpendicular polarization, the field is significantly attenuated inside
the NW, whereas the field inside the NW is unaffected for the parallel polarization. From [66]. Reprinted
with permission from AAAS.

On the contrary, while the polarization of the excitation is perpendicular to the axis of the NW,
due to a dramatic difference in the dielectric constant between the NW and its surrounding, the

intensity of the electric field in the NW is attenuated following the equation:

E.=E. (ij' (6.6)

e(w)+e
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where ¢ is the dielectric constants of medium surrounding the NW (considered to be ¢ = <o), and
e(w) is the wavelength dependent dielectric constant in the NW material due to light dispersion in
the NW.

The polarization ratio of the NW is given by

-1, [ 2 ’ 2¢, ’
B [ +1, [l (5NW +50J ]/[l-i_(gNW +goj } ©6.7)

In their InP NW system, the dielectric constant of the material is very large, which is reported to

P

be &(InP) = 12.4¢0. Thus that the calculated polarization ratio is P =0.96, matching well with the

value determined by their experiment.

The CsPbBrs perovskite NWs reported in this thesis are analogous to the InP NWs reported by
Wang [151]. As discussed in the introduction, these CsPbBrs NCs are also semiconductrors with
a reported dielectric constant of ¢(CsPbBr3) = 4.96¢0 [131]. These NWs do not belong to the class
of 1D quantum wires because their diameter (~12 nm) is larger than the exciton Bohr radius of this
material. Nevertheless, due to a highly anisotropic geometry and high dielectric contrast compared
to its surroundings, these CsPbBrs perovskite NWs are expected to show an anisotripc interaction
with incident light polarization. Assuming that the CsPbBrs perovskite NW is aligned in the z
direction as schematically illustrated in figure 6.5, and the light propagates in the y direction. Light
1 has the polarization in z direction, parallel to the direction of NW, while the polarization of light
2 is in along x direction, perpendicular to the direction of NW. According to the discussion above,
due to a dielectric contrast between the CsPbBrs3 perovskite NW and the surrounding medium, the
electric field along the x and z direction in the NW will be different. Using a similar electrostatic
model as the one described in the InNP NW system, the field intensity of light 1 inside the CsPbBr3
perovskite NW should not be reduced. In contrast, according to equation 6.6, the field intensity of
light 2 in the CsPbBrs perovskite NW is calculated to be attenuated by 2/3 considering a dielectric
constant of enw(CsPbBrs) = 4.96¢0. Considering an un-polarized incident light which means that
the initial field intensity of the light 1 and light 2 outside the NW are the same, the field intensity
at the x direction in the NW is only 1/3 of that in the z direction. This will lead to an anisotropic

PL of the NW, and the theoretical polarization ratio of the CsPbBrs perovskite NW is determined
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to be 0.8 according to equation 6.7. However, the CsPbBr3 perovskite NWs formed by the oriented-
attachment of nanocubes have a rectangular shaped cross section instead of round shape as

assumed for the modeling of polarization in InP NW, making a difference in reality.
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Figure 6.7: (a) Schematic illustration of experimental measurement of polarization-dependent PL in
CsPbBrs perovskite NWs on the substrate. The NWs are excited by an unpolarized light and a polarizer is
placed between the NWSs and the spectrometer to examine the polarization anisotropy of PL from NWs. (b)
PL spectra obtained when the polarizer axis is parallel (solid lines) or perpendicular (dashed line) to the
direction of the NW, a substantial difference can be observed. Inset is the image of NWs due to scattering
of blue excitation light. (c) PL intensity (blue crosses) as a function of polarizer angle and the fitting by

c0s?d function (black line), the maximum PL intensity is normalized as 1.

In order to check the optical polarization anisotropy, polarization dependent PL measurements are
carried out on the CsPbBrs perovskite NWs. Well-separated NWs on the substrate are prepared by
spincoating a dilute solution of colloidal NWs. As illustrated in figure 6.7 (a), CsPbBrs perovskite
NW on a substrate is illuminated with an un-polarized light in a dark field setup. A polarizer was
mounted between the NW and the spectrometer to determine the polarization of the PL from the
NW. When the NWs are illuminated by the excitation light, the dark field scattering enables the
determination of the position of the wire-like particles as shown in figure 6.7 (b). However, it is
difficult to determine whether it is a single NW or a bundle of parallelly aligned NWs. The setup
also enables the comparison of the PL spectrum obtained when the direction of the polarizer is
parallel or perpendicular to the direction of the NW. A dramatic difference between the intensity
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of the PL with different polarization direction can be seen, indicating an anisotropic PL emission
in the CsPbBrs NWs. The angle of the polarizer is continuously changed and the PL spectra at
various detecting angles are recorded. The maximum values of the PL intensity are extracted from
the PL spectra and plotted as a function of the polarizer angle as shown in figure 6.7 (d). As
expected, the PL intensity shows a periodic variation with the change of polarizer angle and the
experimental results can be well fitted with a cos?6 function, with @ representing the angle between
the NW and the polarizer. This can be explained by the Malus’s Law [158].

According to Malus’s Law, when a perfect polarizer is placed in a polarized beam of light, the

irradiance, I, of the light that passes through is given by
| =1,c08°@. (6.8)

where lo is the initial intensity and & is the angle between the light's initial polarization direction

and the axis of the polarizer. This can be understood by considering the transmission of the electric

vector of the light through the polarizer. The electric field vectorEﬁ0 can be resolved into two
rectangular components, i.e. Eocose and Eosine. The analyzer will transmit only the

component which is parallel to its transmission axis, namely the Eocose, and the intensity of the

light is proportional to the square of electric vector amplitude, i.e.
| oc EZ. (6.9)

Thus that the intensity of the light detected by the spectrometer will follow equation 6.8 and can
explain the results presented in figure 6.7 (c). Particularly, at 9=90° and 9 =270°, meaning that the
polarizer is parallel to the investigated CsPbBrs perovskite NW, the PL intensity shows a
maximum value. By contrast, when 6 equals 0°, 180° and 360°, meaning that the polarizer is
perpendicular to the NW, a minimum PL intensity is observed. However, the minimum PL

intensity is not 0, but rather 0.47 times of the maximum intensity (1, =0.471 ). The result strongly

indicates that the emission from the CsPbBrs perovskite NW shows a polarization anisotropy in
PL yet not completely polarized. If the PL is fully polarized, then the minimum PL intensity should
have a zero value according to equation 6.8.

81



Chapter 6. From perovskite nanocubes to nanowires and supercrystals: different optical properties

The polarization anisotroy of the CsPbBr3 perovskite NW is calculated to be Pnw(CsPbBr3)=0.36
according to equation 6.8, which is much smaller than the theoretical value calculated using the
dielectric contrast model (0.8). A few possible reasons are postulated to be responsible for this
deviation. Firstly, the CsPbBr3 perovskite NWs are actually surrounded by organic capping ligands,
resulting in a reduced dielectric constant contrast between the NW and the surroundings, thus
leading to a smaller polarization ratio. Secondly, the CsPbBrs perovskite NWs tend to attach to
each other and form bundles. In fact, the selected area shown in figure 6.7 (c) more likely contains
a bundle of NWs rather than a single NW. The NWs in the bundle cannot perfectly align in the
same direction, causing a decrease in the polarization ratio. Nevertheless, the anisotropic PL in
CsPbBrs perovskite NWs is a result of the anisotropic quasi 1D geometry of the NWs. In contrast,

no PL anisotropy is detected in the nanocubes with an isotropic shape.

6.2.2 Comparison of photoluminescence quantum yield and decay rates

The elongated shape of CsPbBrs perovskite NWs not only makes them polarized emitters, but also
affects the recombination of excited charge carriers compared with their nanocube counterparts.
This section presents a comparative study on the charge carrier recombination in CsPbBrs
perovskite NWs and nanocubes by using steady-state and time-resolved PL spectroscopy. Figure
6.8 (a) presents the absorption and PL spectra of CsPbBrs perovskite NWs and nanocubes
dispersed in hexane with corresponding photographs under room light and UV light shown as
insets. First, obvious difference between NWs and nanocubes can be seen from the appearance of
the respective colloidal solutions. CsPbBr3 perovskite nanocubes form a clear solution while NWs
precipitates due to their larger mass and aggregation. The NW dispersion is diluted and stirred well
for optical characterizations. The colloidal CsPbBrs NW dispersion exhibits a sharp excitonic
absorption peak at around 515 nm and a narrow PL emission (FWHM=22nm) centered at 520 nm.
Whereas the nanocube dispersion shows broad excitonic absorption peak at 510 nm and a PL at ~
515 nm.
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Figure 6.8: (a) Comparison of PL and absorption spectra of NW (top) and nanocube (bottom) dispersions.
The insets are the photos of the dispersion under room light (left) and UV light (right). (b) PL decay curve
of CsPbBrs NW (green line) and nanocube (black line) dispersions. (c) Table comparing the PLQY's, PL

lifetimes and calculated PL decay rates of the NWs and nanocubes.

Moreover, the colloidal dispersion of CsPbBr3 perovskite NWs exhibits a weak green emission as
compared with the dispersion of nanocubes under UV light illumination. Indeed it is found that
the colloidal dispersion of NWs exhibit a much lower PLQY as compared to that of nanocube
dispersion. In addition, time-resolved PL measurements show that the NWs decay faster compared
to nanocubes, as depicted in figure 6.8 (b). A combination of PLQY and PL decay time (z, obtained
by fitting the decay curve) enables the calculation of radiative and nonradiative decay rates
according to equation 5.14 and the results are presented in figure 6.8 (c). The results clearly show
that the NWs have a much larger nonradiative decay rate compared with nanocubes, meaning that
there is a higher possibility for the charge carriers to recombine through nonradiative channels
instead of radiative channel in the NWs. Whereas the opposite happens in the nanocubes, in which

the radiative recombination of the charge carriers is the dominant process.
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Figure 6.9: Schematic illustration of different carrier recombination processes in nanocubes and a NW.

The differences in the decay rates are attributed to the different shapes of CsPbBr3 perovskite NCs,
as schematically illustrated in figure 6.9. In the case of nanocubes, the effective surface passivation
by ligands reduces the density of traps and suppresses the trap-assisted nonradiative processes.
Moreover, as discussed earlier, the nanocubes are weakly quantum-confined and this increases the
probability of the interaction between the photogenerated electrons and holes thus leading to an
increase in the radiative recombination rate. However, the PLQY is not 100% due to the presence
of a small percentage of nanocubes with defects. In contrast, in the case of NWs, the purification
step leads to the removal of surface ligands and causes an increased number of defects at the
surface. Furthermore, as the NW has a length of several micrometers, the delocalization of the
excitons becomes stronger in the elongated NCs. Consequently, the exciton is more likely to
encounter a trap during its diffusion within the long NW, thereafter loss the energy nonradiatively
rather than emitting photons. Considering the fact that the NWs are made up by the nanocubes, if
some of the nanocubes initially contain trap states, the probability that excitons from neighboring

nanocrystal diffuse to the trap and recombine there nonradiatively will be strongly enhanced.

For further insights about the the differences in the recombination processes in these CsPbBrs
perovskite NWs and the nanocubes, temperature dependent PL measurements are carried out on

these samples and the results are presented in figure 6.10.
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Figure 6.10: PL spectra of (a) CsPbBr; perovskite NW and (b) nanocube samples at different temperatures.
Insets are the TEM images showing the morphology of the corresponding sample. The arrows indicate the

increase tendency in the PL intensity with the decrease of temperature.

Figure 6.10 (a) and (b) display the PL spectra of CsPbBrs perovskite NWs and nanocubes at
different temperature with the insets showing the TEM images of corresponding sample,
respectively. It can be seen that the PL intensities for both NWs and nanocube sample show gradual
increase with the decrease of temperature. However, the increase in the NW sample is more
significant than that in the nanocube sample. The significantly enhanced PL intensity of NWs with
decreasing temperature indicates that the nonradiative recombination process in the NWs is

effectively suppressed at low temperature.

The temperature dependent PL intensity is normally analyzed by using the Arrhenius equation
[159, 160]. For one nonradiative recombination channel, the Arrhenius formula is given by

IO
I(r):1+aexp(—Ea/kBT)' (6.10)

where I(T) is the integrated PL intensity at temperature of T, lo is the integrated PL intensity at 0
K. Ea is the activation energy of nonradiative channel and ks is the Boltzmann’s constant. The

parameter a is related to the radiative and nonradiative processes, given by

a=—"t=-", (6.11)
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where 7. and 7, are the radiative and nonradiative lifetimes of carriers, respectively, k. and k. are

the rates of radiative and nonradiative processes, respectively [159].

In CsPbBrs perovskite NWs, the ratio between radiative and nonradiative decay rate at room
temperature is around 100 times larger than that of nanocubes (figure 6.8 (c)), meaning a larger
parameter “a@” in NWSs than in nanocubes. According to equation 6.10, when the temperature
increases from 0 K, the PL intensity of the CsPbBrs perovskite NWs drops more steeply than the

nanocubes and this is in agreement with the experimental results shown in figure 6.10.

6.3 Electronic coupling in CsPbBr3; nanocube subunits of
perovskite supercrystals

In the previous section, the differences in the optical properties and carrier recombination
behaviors in CsPbBr3 perovskite NWs and nanocubes have been discussed. The NWs are formed
through an oriented attachment of nanocubes and they exhibit redshifted PL but significantly
decreased PLQY in comparison with the nanocubes. This section will focus on the self assembly
of CsPbBrs nanocubes into supercrystals and the resultant optical properties. It is found that the
PL of CsPbBrs perovskite nanocubes can also be tuned by assembling them into supercrystals
while the high PLQY can be retained.

6.3.1 Optical properties of self-assembled CsPbBr3 supercrystals

As discussed earlier, CsPbBrs nanocubes can be prepared by a simple single-step tip sonication of
precursor powders. It is also shown that the nanocubes transform into NWs under prolonged
ultrasonication. Interstingly, it is found that the increase of precursor concentration in the reaction
medium leads to the precipitation of preformed particles and the obtained precipitates exhibit
strong green PL under UV light illumination (inset in figure 6.11 (a)) [161]. This is different from
bulk-like CsPbBrs big crystals in which a weak PL is expected due to trap-assisted nonradiative
process [144, 162].
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Figure 6.11: (a) PL spectra of CsPbBr; perovskite supercrystal colloids obtained at different reaction time.
Inset is the photo of supercrystal colloids under UV light. (b)-(d) TEM images of CsPbBr; perovskite
supercrystals obtained at different reaction time. (e) Schematic illustration of the formation of CsPbBr;
perovskite supercrystals through spontaneous self-assembly of NCs.

To understand the optical properties of these precipitated particles, the PL of the reaction medium
is monitored over a period of time during the formation of precipitates and the spectra are depicted
in figure 6.11 (a). The PL spectra clearly show a redshift with increasing reaction time. After 5
min, the PL spectrum shows two peaks, one is centered at ~500 nm while the other is centered at
~530 nm. As discussed earlier, the CsPbBr3 nanocubes of size ~12 nm exhibit PL at ~515 nm and
they are formed by seeded growth during tip-sonication [130]. Therefore, the PL spectra clearly
suggest the presence of smaller CsPbBrs NCs in the reaction medium. This is further evidenced by
the TEM image in figure 6.11 (b), where the NCs with diameter of ~ 8 nm can be identified. It is
worth noting that no big crystals are present, while instead, some clusters comprising NCs can be
observed, which are expected to be the origin of the redshifted PL peak at ~530 as displayed in
figure 6.11 (a).

As the reaction proceeds further, the PL spectrum of the colloidal solution gradually changes over
time. At 10 min, the PL peak at 500 nm vanishes and the main peak is slightly redshifted to 532
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nm with a shoulder peak arising at ~515 nm. The shoulder peak matches well with the normal
CsPbBrs perovskite nanocubes with diameter of ~12 nm as demonstrated before. After 20 min and
30 min, the ratio of the shoulder component significantly decreases and the major peak redshifted
to ~ 535nm. The change in PL spectrum is associated with the change of NC morphology as shown
by the TEM images in figure 6.11 (c) and (d). It can be seen that at 20 min, NC assemblies with
sizes of several hundreds nanometers are present, which consist of small nanocube subunits of size
~12 nm. While at 30 min, larger assemblies comprising nanocubes can be seen, the nanocubes are

closely packed thus forming well-packed polyhedral supercrystals.

In fact, in the past two decades, tremendous efforts have been devoted to the self-assembly of
metal and conventional semiconductor NCs into supercrystals to control their optical, magnetic
and electrical properties [163-168]. The self-assembly process is typically accomplished by several
methods, 1) slow solvent evaporation of the concentrated colloidal NC solution, 2) self-assembly
at air/liquid or liquid/liquid interfaces-Langmuir technique, and 3) interactions between NCs via
surface ligands by incorporating anti-solvent [165-167, 169]. In the present CsPbBrs supercrystal
system, based on the results presented above, it is most likely that the formation of the CsPbBrs3
perovskite supercrystal occurs in colloidal solution. As schematically illustrated in figure 6.11 (e),
once the CsPbBrs perovskite NCs are formed in the solution, they spontaneously self-assemble
into supercrystals and precipiate at the bottom of the reaction vial due to their heavy mass. The
supercrystal colloidal solution clearly show distinct optical properties with redshifted emission
compared to the nanocube colloidal solution. The PL shift due to the energy transfer to large NCs
can be ruled out based on the fact that no larger size crystals are observed from TEM measurements.
Hence the low energy PL peak at 535 nm is attributed to the supercrystals present in the colloidal

solution

6.3.2 Electronic coupling and minibands formation in nanocube assemblies

The results presented above clearly show that the self-assembled CsPbBrs nanocubes exhibit a
redshift of ~20 nm in their PL compared to that of the the isolated NCs. To further understand the
origin of the redshift in the supercrystals, the optical properties of perovskite films made of isolated
NCs and supercrystals are characterized by comparing their PL and PLE spectra, which are

depicted in figure 6.12 (a).
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Figure 6.12: (a) PL (solid lines) and PLE (dashed lines) spectra of CsPbBr3; perovskite NC film (light green
lines, labeled as NC) and supercrystal film (dark green lines, labeled as SC). Insets show the photos of NC
film (left) and supercrystal film (right) under UV light. (b) Schematic illustration of the miniband formation
through the electronic coupling between neighboring CsPbBrs perovskites NCs in supercrystals.

In fact, the difference of isolated NC and supercrystal film can be seen from the emission colours
under UV illumination (insets of figure 6.12 (a)). Both films are highly luminescent and the NC
film (left) shows a cayan green color while the supercrystal film (right) exhibits pure green,
indicating a redshifted PL in the supercrystal film. The PL of supercrystal film exhibits a major
PL peak centered at 538 nm with a small shoulder remaining at 515 nm, and these peaks are
attributed to supercrystals and isolated NCs, respectively. The redshift in the photoluminescence
of perovskite supercrytals is likely due to the electronic coupling between individual NC subunits.
Such electronic coupling has been reported in a variety of semiconductor NC assemblies [59-61,
170, 171]. In CsPbBrs perovskite nanocubes, as discussed earlier, they exhibit a certain degree of
guantum confinement and show blueshifted PL compared to their bulk counterpart. While the
nanocubes are assembled into supercrystals, if the spacing between neighboring NCs are
sufficiently small, the wavefunctions of the NC subunits can interact strongly, and lead to the
formation of minibands in both VB and CB, as illustrated in figure 6.12 (b). Such miniband

89



Chapter 6. From perovskite nanocubes to nanowires and supercrystals: different optical properties

formation lowers the bandgap of supercrystals and leads to redshifted PL. Further evidence for the
electronic coupling of nanocube subunits comes from the redshift in the PLE specrum of

supercrystals compared to that of isolated NCs as shown in the figure 6.12 (a).

The minibands in quantum well superlattice have been widely reported in literature and they are
also discussed in the introduction chapter as well as in chapter 5 to explain the PL redshift in the
stacked 2D perovskite NPIs [105]. These minibands are formed for the tunneling of both the
electrons and holes. The width of the miniband depends on how much the wave function can
penetrate into the classical forbidden area, and it can be calculated based on the Kronig-Penney
model using the effective mass approximation [172, 173]. The width of the miniband for
conventional semiconductor quantum well superlattice, for example GaAs/AlAs superlattice has
been calculated, and it was concluded that the coupling of the electronic wavefunction decreases
with increasing barrier thickness provided the thickness of the quantum well stays constant [60].
While in the case of constant barrier thickness, decreasing the thickness of quantum well will
increase the energy of the subband states. The reported calculations clearly indicate that the width
of the miniband can be tuned in between zero and a few hundreds meV [60]. In GaAs/AlAs
superlattice, the width of the heavy-hole miniband is narrower than that of electron miniband due
to a larger effective mass of heavy holes. While in the case of perovskite supercrystals, as the
effective masses of electrons and holes are similar in the CsPbBr3 NC subunits, the tunneling
effects should be similar thus yielding a similar miniband formation for the electron and hole

energy states, as schematically displayed in figure 6.12 (b).

The coupling strength in the NC assemblies is determined by the distance between the adjacent
NCs. When the inter-particle distance is between 0.5 and 10 nm, the interaction between NCs is
dominated by dipolar coupling [27], leading to an electronic energy transfer [174, 175]. Energy
transfer often occurs in solids containing two or more size distributions of NCs, in which the
energy transfer to the larger particles having lower bandgaps. Energy transfer has been
experimentally realized in many artificial semiconductor NC assemblies [176-180]. When the
distance between neighboring NCs in an assembly is smaller than 0.5 nm, exchange interactions
become significant, and electronic excitations are delocalized over many NCs. It has been shown

that in closely packed NC assemblies, the electronic wavefunctions of the NCs extend toward
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neighboring NCs [181, 182]. For example, it is reported that the optical spectra of closely packed
CdSe NC assemblies are similar to those of bulk CdSe [182].

In the case of CsPbBrs perovskite supercrystals, the length of the capping ligands (oleylamine and
oleic acid) for the initial NCs is around 1.8 nm. However, when the NCs self-assemble into close-
packed superlattices, the ligands can be compressed due to their soft nature [183, 184]. The inter-
particle distance in the CsPbBrs perovskite supercrystals determined from electron microscope
images is in the range of 0.5 nm to 1.5 nm. Therefore, both resonance energy transfer and electronic
coupling by tunneling effect can be postulated to be present in the supercrystals. However, the
TEM images show that there is only one size distribution of NCs in the superlattices and this can
exclude the energy transfer process from small NCs to large NCs.

According to the above discussion, by assembling CsPbBrs perovskite NCs into supercrystals, the
optical properties can be tuned through the electronic coupling between the neighboring NCs.
These NC assemblies exhibit bulk-like optical properties due to a carrier delocalization, while the
assemblies preserve the high PLQY of NC due to a lower density of trap states compared to the
bulk crystals. Therefore, the CsPbBrs perovskite NC assemblies exhibit unique optical properties
compared with the isolated NCs and the bulk materials. For example, Manzi et al. recently reported
that multiple exciton generation in CsPbBrs perovskite NC assemblies can be induced by resonant
multiphoton absorption, while this phenomenon is absent in isolated NCs. This is attributed to a
suppressed Auger recombination in the NCs that are closely packed to each other [185]. Moreover,
as the optical properties can be further controlled by adjusting the inter-particle distance as well as
the size of the semiconductor NCs, the new collective phenomena in these CsPbBr3 perovskite NC
assemblies offer enormous possibility in the design of novel materials with controlled optical and
electronic properties. Furthermore, these NC assemblies not only provide a unique model system
for the study of fundamental physical processes, such as charge carrier transport, exciton diffusion,
and energy transfer, etc., but also open a new avenue toward the fabrication of new devices with

novel optical properties.
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6.4 Summary

This chapter deals with the spontaneous self-assembly of CsPbBrs perovskite nanocubes into
larger structures including NWs and supercrystals and the resultant optical properties with
morphology changes. First, by combining absorption spectroscopy and morphological
characterization, it is revealed that CsPbBrs perovskite NWs are formed through an oriented-
attachment of nanocubes in the colloidal solution. The NWs exhibit a slightly redshifted PL with
respect to corresponding nanocubes due to the elongated morphology and carrier delocalization.
The anisotropic shape of CsPbBrs perovskite NWs endows them an optical anisotropy, which is
revealed by the polarization anisotropy in the PL of the NWs. Compared with nanocubes, the
CsPbBrs perovskite NWs exhibit a much lower PLQY and shorter PL decay time due to a dominant
nonradiative recombination. This is attributed to the carrier diffusion in the NWs and resultant
trap-assisted nonradiative process. Furthermore, it is shown that the supercrystals obtained from
self-assembly of nanocubes exhibit distinct optical propeprties with redshift in their emission
compared to that of isolated NCs. The redshift is attributed to the interparticle electronic coupling
of nanocube subunits in the supercrystals. The CsPbBrs supercrystals exhibit bulk like optical

properties while the high PLQY of the NC subunits can be retained.
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In this thesis, luminescent organic-inorganic hybrid and all-inorganic perovskite NCs were
prepared with controlled dimensionalities and their optical properties were investigated in
correlation with their shape, size and dimensionality. The synthesis of colloidal perovskite NCs
were performed by two different approaches, namely ligand-assisted reprecipitation and
ultrasonication of precursor powders. Various colloidal NCs with different shapes such as
nanocubes, NPIs with tunable thicknesses, and NWs have been successfully synthesized for

studying their optical properties.

In the first part of the thesis, quantum confinement effects in the organic-inrganic hybrid perovskite
(MAPDBTr3) NPIs were explored. The dimensionality of the hybrid perovskite colloidal NCs can
be changes from 3D cubes to 2D NPIs in the presence of long chain alkylammonium cations and
the thickness of the hybrid NPIs were controlled from few monolayers to merely single layer. This
enabled the quantitative study of the quantum confinement effects in these perovskite NPIs for the

first time, thus correlating the respective PL positions of NPIs with their thicknesses.

To increase the stability and PLQY of colloidal perovskite NCs, the organic cation MA* of hybrid
perovskites was replaced by Cs* to obtain highly luminescent all-inorganic CsPbXs (X=ClI, Br, I)
perovskite colloidal NCs. The optical properties of these CsPbX3 NCs can be effectively tuned by
halide composition as well as dimensionality. It was shown that the shape of CsPbX3 NCs changed
from nanocubes to NPIs with decreasing the molar ratio of Cs to Pb precursors in the reaction. The
quasi-3D CsPbBrs and CsPbls nanocubes exhibited weak quantum confinement while the 2D NPIs
showed strong quantum confinement. The thickness-dependent optical properties of these
colloidal NCs were investigated by using steady-state absorption and PL spectroscopy as well as
time-resolved PL spectroscopy. The colloidal NPIs showed sharp excitonic absorption peaks with
blueshifted PL compared to the corresponding nanocubes. The PL decay became faster with

decrease of NPI thickness due to increased radiative and nonradiative recombination rates.
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The synthesis of NPIs was optimized to obtain CsPbBrs NPIs with narrow emission and tunable
thickness from 2 to 6 monolayers. By fitting the absorption spectra of perovskite NPIs with Elliot’s
formula, it was revealed that the exciton binding energy increased with decreasing the thickness
of NPIs. For the thinnest NPIs (2ML), the exciton binding energy was found to be ~280 meV while
for the quasi-3D nanocubes it was only ~40 meV. The as-synthesized thin colloidal NPIs generally
exhibit relatively low PLQY compared to that of the nanocubes due to a high surface defects
density. In this thesis it was discovered that the post-synthetic surface treatment of NPIs with PbBr:
led to a dramatic enhancement of their PL through trap sate repair. Time-resolved PL revealed that
the radiative excitonic recombination became prominent after the repair of traps and and the PL

decay became monoexponential.

The second part of this thesis showed that the CsPbBrs perovskite nanocubes can self-assemble
into either NWs or supercrystals depending on the reaction parameters and this enabled the
investigation of shape-dependent optical properties. It was found that the prolonged ultrasonication
of precursors led to the transformation of CsPbBrs nanocubes into single crystalline NWs with a
similar crystal structure as nanocubes. The morphological characterization in combination with
absorption spectroscopy revealed that the NWs were formed through an oriented attachment of
pre-formed nanocubes in the colloidal solution. The CsPbBrs NWs exhibited a redshifted PL with
much lower PLQY and shorter PL decay time compared to those of the CsPbBrsnanocubes. These
were attributed to the charge carrier delocalization in the NWs, which resulted in an increased
probability for the trap-assisted nonradiative recombination of the charge carriers. The
nonradiative process can be effectively suppressed at low temperature hence the NWs showed a
steeper increase in the PL intensity with decreasing temperature compared with the nanocubes.
Moreover, due to the anisotropic geometry and a dielectric contrast between the NWs and their

surroundings, the CsPbBrs NWs exhibited polarization anisotropy in their PL.

The experimental parameters are quite sensitive to the final geometry of perovskite NCs.
Interestingly, it was discovered that the pre-formed CsPbBrs nanocubes could spontaneously self-
assemble into supercrystals with distinct optical properties. The supercrystals exhibited redshifted
emission compared to that of uncoupled perovskite NCs. The redshifted emission is attributed to

the miniband formation through the electronic coupling between neighboring nanocube subunits
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of supercrystals. Importantly, in contrast to the NWs, the supercrystals preserved the high PLQY
of the the NC subunits.

In summary, this thesis has presented a detailed study of shape, size and dimensionality dependent
optical properties of colloidal lead halide perovskite NCs. Controllable synthesis has been
achieved to obtain monodisperse colloidal NCs of various shapes such as nanocubes, NWs, NPIs
and supercrystals, thus enabling the study of their optical properties. The results of this study is
likely to have significant impacts in the emerging field of low-dimensional perovskites for
optoelectronic applications. The promising results of this PhD thesis has been communicated in

scientific journals as listed in publications.
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