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Abstract

Research in halide perovskites has been dominated over the last few years by solar cells, now

also includes a growing focus on this materials light emitting properties. Halide perovskites

are an appealing group of materials due to their high performance, simple synthesis route,

and low price. Recent advances in colloidal perovskite quantum dot synthesis allow to eas-

ily tune optical and electronic properties based on quantum size effects. In this work, a new

method utilizing porous oxide materials is investigated for lead based hybrid organic-inorganic

perovskite quantum dot preparation. Optical properties of perovskites confined in porous ox-

ide matrices are studied and correlated with their detailed structural analysis. The behavior

of charge carriers in this new material is investigated via low temperature spectroscopy. Light

Emitting Diodes (LEDs) based on the material are prepared. Additionally, a non-lead based

perovskite material is investigated as a potential non-toxic alternative quantum confined ma-

terial. This new approach to perovskite quantum dot synthesis opens up further compelling

avenues for research on the fundamental properties of quantum confined particles as well as

development of new optoelectronic devices.
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Kurzfassung

Solarzellen dominieren im Wesentlichen die Forschung im Bereich der Halogen-Perowskite.

Erst vor kurzem rückten die lichtemittierenden Eigenschaften dieser Materialklasse stärker in

den Fokus und gewinnen seitdem stark an Bedeutung. Halogen-Perowskite sind eine hochak-

tuelle und attraktive Gruppe von Materialen aufgrund ihrer hohen Effizienz, einfacher Syn-

these und niedrigen Preises. Neueste technologische Fortschritte in der Synthese von kol-

loidalen Quantenpunkten ermöglichen die Feinabstimmung der optischen und elektrischen

Eigenschaften durch größenabhängige Quantisierungseffekte. In dieser Masterarbeit wird

eine neue Methode für die Herstellung von bleihaltigen organisch-anorganischen Perowskit

Quantenpunkten unter der Verwendung von porösen Metalloxidstrukturen aufgezeigt. Die

optische Eigenschaften von innerhalb poröser Oxidmatrizen eingeschlossenen Perowskiten

wurden untersucht und mit einer ausführlichen strukturellen Analyse korreliert. Das Verhal-

ten der Ladungsträger in diesem neuen Material wurde mittels Tieftemperaturspektroskopie

analysiert. Die so hergestellten Perowskit-Quantenpunkte finden praktische Anwendung als

aktive, lichtemittierende Schicht in LEDs. Zusätzlich wurden Kupfer-Perowskite als bleifreie,

möglichst wenig toxische alternative synthetisiert und auf ihre lichtemittierenden und struk-

turellen Eigenschaften untersucht. Dieses neue, allgemeine Konzept der Quantenpunkt Syn-

these eröffnet erfolgversprechende Wege sowohl in der Grundlagenforschung an Quanten-

punkten als auch in der Entwicklung von zukünftigen optoelektronischen Bauteilen.
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1 Introduction

1.1 Quantum confinement

The Schrödinger equation lies at the heart of quantum mechanics theory and helps to explain

a number of chemical and physical phenomena [1]. Generally, the equation can be written as

Ĥψ = Eψ (1.1)

where Ĥ is the Hamiltonian operator, ψ is the wavefunction, and E is the energy of the system.

This equation can be expanded to its full form in the following way

− h̄2

2m
∇2ψ + Uψ = Eψ (1.2)

where h̄ is the reduced Plank constant, m - mass of a particle that is being examined, ∇2 =

∂2

∂2x
+ ∂2

∂2y
+ ∂2

∂2z
- second partial derivative over all the spacial dimensions, and U - potential

energy, that depends on the particle’s position.

The Schrödinger equation also accounts for the quantization of energy, meaning that the

energy of a particle can assume only certain allowed values. This phenomena can be ex-

plained by setting-up a thought experiment, where an electron is trapped inside a one dimen-

sional potential energy box (Fig.1.1). A time independent Scrödinger equation is constructed

to describe this situation for an electron with a massm, moving with energy E in one dimension

as follows

− h̄2

2m

d2

dx2
ψ + U(x)ψ = Eψ (1.3)

The boundary conditions (eq.1.4) for a particle in a box problem help to clarify the behavior of

the electron as well as to solve the equation. The electron cannot move outside of the box, due

to the fact that the walls have infinitely high potential, but it can move freely within the confined

space of the box, since the potential energy inside equals 0

U(x) =


0, if 0 < x < L

∞, otherwise

(1.4)
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Figure 1.1: Schematic description of a one-dimensional box with potential x < 0 < L and walls that have infinitely

large potential.

Considering 0 potential inside the box, eq.1.3 can be further simplified to

− h̄2

2m

d2ψ

dx2
+���

�:0
U(x)ψ = Eψ (1.5)

and the complete solution to this equation is obtained, consisting of its eigenfunction (wave-

function ψ) and the corresponding eigenvalue (energy E)

ψn(x) =

(
2

L

)1/2

sin
(nπx
L

)
, for 0 ≤ x ≤ L (1.6)

En =
n2h2

8mL2
, n = 1, 2, ... (1.7)

One of the most notable consequences of this solution is the emergence of the quantum num-

ber n which can only assume a positive integer values. This allows for only certain energy

levels to be occupied by an electron (quantization), whereas classically, electrons can occupy

any energy. The quantum number n often is used to refer to the state corresponding to the

energy and to explicitly express the wavefunction equation.

A particle in a box problem is also an excellent model for behavior of electrons and holes in

quantum confined materials, like quantum wells, wires and dots [2]. A classical example of a

quantum well is a structure in which a layer of a small band gap semiconductor is sandwiched

between two layers of a large band gap semiconductor (Fig.1.2A) (for example a layer of GaAs

between two layers of AlGaAs). In this arrangement electrons are confined in one dimension

(x) but are free to move in other two (y and z). In order to observe quantum confinement effects

in this structure, the thickness of the layer in the x dimension should be of the same order of

magnitude as the wavelength of the electron wavefunction [3]. In this case the energy spectrum
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Figure 1.2: Illustration of various confinement cases and corresponding density of states functions [D(E)]. D(E)

for non-confined electron is shown as dashed gray lines in each of the respective graphs. (A) - quantum well

structure in which electrons are confined only in one dimension (z); (B) - density of states in a 1D confinement

case grows stepwise as the energy increases; (C) - quantum wire, in which electrons are confined in two spatial

dimensions (z and x); (D) - density of states of 2D confined structure showing sharp peak-like values which then

rapidly decay; (E) - quantum dots, structures in which electrons are confined in all three dimensions (z, x, y); (F) -

D(E) in quantum dot materials is a series of δ functions at each allowed energies, meaning that it has non-zero

values only at discrete E values. Figure adapted from [2].

becomes discrete. The total energy of an electron in a quantum well can be described with the

following equation

En,kx,ky = EC︸︷︷︸
conduction band

+
n2h2

8m∗eL
2︸ ︷︷ ︸

confined

+
h̄2(k2x + k2y)

2m∗e︸ ︷︷ ︸
non-confined

(1.8)

where the first part of the equation comes from the energy of the conduction band, the second

part is given by the particle in a box model for one dimensional confinement and the last part

is contributed by two other dimensions which are not confined and can be calculated by the

effective mass approximation. Another important consequence of quantum confinement is the

modification of the density of states, D(E), which can be defined as number of energy states

between E and E+dE. For a bulk semiconductor D(E) rises with E1/2, whereas in a quantum

well,D(E) is a stepwise function shown in Fig.1.2B and is described with the following equation

D(E)well = m∗e/π
2 (1.9)

The stepwise behavior results in high D(E) near the band edge, when compared to the bulk
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semiconductor. This contributes to increased strength of optical transitions and high oscillator

strength.

The idea of one-dimensional confinement can be expanded to two-dimensionally confined

structures, so-called quantum wires (Fig.1.2C). In manner similar to quantum wells, the elec-

tron energy in a quantum wire can be calculated using the following equation

En1,n2,ky = EC︸︷︷︸
conduction band

+
n21h

2

8m∗eL
2
x︸ ︷︷ ︸

confined

+
n22h

2

8m∗eL
2
z︸ ︷︷ ︸

confined

+
h̄2k2y
2m∗e︸ ︷︷ ︸

non-confined

(1.10)

which has a contribution of conductive band energy, confinement in two dimensions (one for

x and one for z), and effective mass approximation for one dimension in which the electrons

can move freely (y). The D(E) profile of a 2D confined structure shows initial sharp peak

at discrete E values and then decreases as E increases (Fig.1.2D). This relationship can be

described with the following equation

D(E)wire ∝ (E − En1,n2)1/2 (1.11)

Singularity-like sharp peaks at discrete E positions close to the band gap edge again cause an

increase in optical transitions, which is even stronger than can be observed in quantum wells.

Additional dimensions in which electrons and holes are confined also increase exciton binding

energy, which is a characteristic property of quantum confined structures.

Some of the most interesting confined structures are the quantum dots. They limit electron

movement in all 3 spacial dimensions resulting in energy levels becoming discrete in all of

these 3 dimensions. One can refer to quantum dots as "artificial atoms", due to similarly

discrete energy level distribution in real atoms. The amount of atoms inside a quantum dot

can be anywhere from hundredths to several thousands and it can be produced in various

geometrical shapes. Allowed energies for this structure can be calculated with the equation

below

En =
h2

8me

[(
nx
Lx

)2

+

(
ny
Ly

)2

+

(
nz
Lz

)2
]

(1.12)

D(E) consists of δ-functions or sharp peaks (Fig.1.2F) which are evident even at room tem-

perature and can be described with the following equation

D(E)dot ∝
∑
En

δ(E − En) (1.13)

The surface-to-volume ratio in the case of quantum dots is very large, which results in in-

creased influence of surface defects on the properties of the material.
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The behavior of quantum dots can be also analyzed considering excitons as basic particles

confined within a radius R, since they are more relevant to the photoluminescent and other

properties of the material [1]. The limiting size factor now becomes the exciton Bohr radius, or

the distance between an electron-hole pair. In this case the Hamiltonian is constructed in the

following way

Ĥ = − h̄2

2me
∇2
e −

h̄2

2mh
∇2
h + U(re, rh) (1.14)

where me and mh is mass of the electron and hole respectively, re and rh are positions of the

electron and hole within the quantum dot. Coulomb interaction between the electron (charge

−e) and the hole (charge +e), can be further expanded into the equation

U(re, rh)= −
e2

4πε|re − rh|
(1.15)

with ε being the permittivity of the medium and |re − rh| the distance between the electron

and the hole. As a result of solving the Schrödinger equation, the energy of an exciton can be

expressed in the following equation

Eex =
h2

8R2

(
1

me
+

1

mn

)
+

1.8e2

4πεR
(1.16)

from which it is evident that the energy of an exciton decreases with increasing particle radius.

A number of other material properties also become a function of quantum dot radius, most

significantly the band gap energy, Eg. Band gap tuning allows to control materials color and

also the color of light emitted upon exciton recombination. This is an especially useful property

in applications like molecular labels and light emitting diodes (LEDs).

1.2 Porous silicon

Si is a metallic gray element that has been essential to humanity since early history in the

form of silicon oxide for glass making and flint tools. Now it has become the centerpiece of the

modern electronics industry, since >95% of electronics is Si based. Si has 4 valence electrons,

two in the 3s and two in the 3p orbital [4]. It is a semiconducting material, with high resistivity

that can be brought down 9 orders of magnitude by an addition of dopant elements like B,

Al, P, etc [5]. Besides being widely used in its pure form in electronics, there is a significant

interest in micro- and nanostructuring of Si surface through various techniques. Some of the

methods include electrochemical, photoelectrochemical, electroless, galvanic, metal assisted,

and vapor etching [6].
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Figure 1.3: Electrochemical set-up used for pSi preparation. The cell consists of a square piece of Si wafer with an

Al foil back contact sandwiched between two pieces of Teflon. A cylindrical opening on the top allows to introduce

the electrolyte and a Pt-wire. When electrically connected, the reaction will occur on Si (anode, eq.1.18) and the

Pt-wire (cathode, eq.1.17). Figure adapted from [6].

Porous silicon (pSi) was first discovered in 1950s by Uhlir during his work at Bell Labora-

tories [7]. The 1956 publication in The Bell System Technical Journal, details procedures for

an electrolytic shaping of Ge and Si. Only at the very end of the paper there is a mention-

ing of "matte black, brown or red deposits" on the Si wafer when etched at low currents in

HF electrolyte. The "deposit" has not been identified as pSi but the discovery slowly nudged

the curiosity for the new material. In 1991 Lehmann and Gössele described quantum con-

finement effects of Si sandwiched in between pSi walls [8]. This generated a lot of interest

for preparation of different devices (diffraction gratings [9], LEDs [10], etc.) and significantly

spiked the interest in pSi. Another milestone discovery was made in 1995 by Canham, where

he described in vitro studies of pSi in simulated physical fluids [11]. Both of these discoveries

kick-started the field that has been on the rise now for the last 65 years.

The most common method of fabricating pSi is electrochemical etching of polished Si

wafers in an HF/ethanol mixture. The classical set-up described by Sailor is shown in Fig.1.3,

where the Si wafer serves as the anode and a Pt wire is the cathode. Two types of reactions

can occur during the procedure depending on the current density applied. At high current den-

sity a 4-electron reaction takes place, which initiates the electropolishing regime, where layers

of Si are removed homogeneously from the wafer surface and no pSi is formed.

On the other hand, at low current density a 2-electron reaction prevails yielding a pSi struc-
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ture. During the 2-electron reaction the usual hydrogen formation proceeds on the cathode

2 H+ + 2 e− −−→ H2 ↑ (1.17)

whereas at the anode there is a dissolution of Si into SiF6
2 – , and surprisingly, also an evolution

of H2

Si + 6 F− + 2 H+ + 2 h+ −−→ SiF6
2− + H2 ↑ (1.18)

The last equation can be broken down into two separate reactions, one of which is of electro-

chemical nature

Si + 2 F− + 2 h+ −−→ [SiF2] (1.19)

and the other one of chemical

[SiF2] + 4 F− + 2 H+ −−→ SiF6
2− + H2 ↑ (1.20)

Even though the process of pSi formation is not trivial and has been shown to depend on a

number of factors (temperature, electrolyte composition, illumination intensity, Si wafer dopant

type and amount [6]), the most important factors are current density and anodization time.

Within the appropriate current density regime, higher current density will result in larger pores,

larger pore size distribution, and increased film porosity [12]. Longer anodization times will

result in thicker pSi layers [13]. Furthermore, the pore propagation direction can be controlled

via the crystallographic orientation of the Si wafer (100, 111 [14], 110 [15]). pSi sizes are

classified into micropores that have diameter <2 nm (smallest diameter achieved 0.8 nm [16]),

mesopores that range between 2 and 50 nm, and macropores that are 50 nm and larger

[17]. Additionally, pSi under certain etching conditions can assume a hierarchical architecture

(Euclidian or fractal-like geometry), meaning that mesopores can have branching micropores

within themselves.

pSi finds use in a variety of fields including electronics, optics, catalysis, medicine, food,

and cosmetics [18]. Nowadays, most of the research in pSi is conducted in the fields of battery

research as pSi anodes [19], drug delivery [20], and biosensing [21]. Infiltration of pSi with dif-

ferent materials including polymers [22], metals and their oxides [23], carbon [24], biomolecules

[25] has been investigated in depth. Due to its high surface area pSi has also been used for

nanoexplosives [26], gas sensing [27], and gettering [28]. The number of applications of pSi

serves as a testimony to the versatility of this material.
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1.3 Porous alumina

Aluminum is the most abundant metallic element on Earth and also one of the most recently

isolated. It is due to the fact that Al occurs in a combination with other elements and it has to

be processed using large amounts of energy to separate and purify it [29].

The oxide of aluminum has been known since V century BC under various names (alumen,

alumina, corundum, etc.). 90% of Al is used in industry to produce high quality Al alloys,

while some is used in a form of aluminum oxide for applications in abrasives, adsorbents,

catalysts, ceramics and refractories [30]. A thin passivation layer of aluminum oxide appears

on the surface of Al metal immediately upon exposure to an ambient atmosphere, resulting in

excellent wear and corrosion resistance of the material.

Electrochemically grown planar and porous anodic aluminum oxide (AAO) finds a number

of applications in surface science and industry [31]. An early application of planar AAO was

in seaplanes as body corrosion protection [32]. Porous AAO (pAAO) found its use in later

industrial developments such as a substrate for electroplating or painting and is often found in

electronic gadgets, cookware, cars, and architectural design [32]. However, nanoscience has

not been utilizing the compelling properties of pAAO until 1995, when Masuda published his

work on ordered pAAO [33], [34].

Both planar non-porous barrier type AAO (Fig.1.4A) and pAAO (Fig.1.4B) morphologies

can be achieved via anodization. Neutral and lightly acidic electrolytes containing citric, boric,

oxalic, phosphoric, adipic, and tungstic acid (pH 5-7) yield planar oxides, whereas strongly

acidic electrolytes such as oxalic, sulfuric, phosphoric, chromic, and tartaric acid will produce

pAAO [32]. In spite of the same chemical composition (Al2O3), the growth of planar and pAAO

exhibits characteristic differences. The current density (j) profile under potentiostatic conditions

of planar AAO will have decreasing j over time due to the insulating properties of planar AAO

(Fig.1.4C). However, pAAO will have a stable j for a period of time of pore formation (Fig.1.4C).

Secondly, planar AAO grows simultaneously at the metal-oxide and oxide-electrolyte in-

terfaces, while pAAO oxide forms at the metal-oxide interface only due to the migration of

O2 – /OH– ions towards the anode. In pAAO, Al3+ ions are ejected into the solution and do not

contribute to the growth of the oxide. Yet another distinct feature of pAAO is the roughness

of the initially formed oxide layer. In planar AAO, the initial layer tends to be uniform and is

often observed to smoothen the substrate surface as the oxide grows. On the contrary, initial

barrier oxide formed during pAAO anodization is greatly uneven, forming valleys and hills on
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Figure 1.4: Schematic illustration of planar (A) and porous (B) AAO. Under potentiostatic anodization, planar AAO

shows steady decay of current density as the oxide layer grows (C), while pAAO display a distinct region of stability

for the duration of pore growth (highlighted in red) (D). Figure adapted from [32]

its surface. One of the theories explaining the mechanism of pAAO formation suggests that the

rough barrier oxide created at the beginning of the anodization gives rise to the incipient pores

due to electric field concentration in AAO valleys [35]. After a certain time of anodization, ran-

domly distributed incipient pores will start to grow into larger ones, which will eventually align,

assuming equilibrium morphology. The fact that the pores are aligned into ordered domains

only at the bottom, is used in two step anodization, where the initial pAAO layer is dissolved

and the anodization is repeated on substrates which have ordered grooves left from the first

anodization (Fig.1.5A). This procedure produces domains of ordered pAAO that can be tuned

through anodization conditions (Fig.1.5B).

The chemical reactions taking place during the anodization at the metal/oxide interface can

be described as follows:

Al(met) −−→ Al3+(ox) + 3 e− (1.21)

2 Al3+(ox) + 3 O2−
(el) −−→ Al2O3 (1.22)

In eq.1.21 Al is oxidized to Al3+, which then in eq.1.22 reacts with O2 – ions coming from water

dissociation (eq.1.26) to form pAAO (Fig.1.6A).
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Figure 1.5: A - two-step anodization procedure with (1) first anodization resulting in disordered array of pores, (2)

followed by dissolution of initial pAAO, (3) and second anodization which finally yields ordered pAAO structure; B -

domains of uniformly oriented pAAO (highlighted), imaged by SEM. Figure adapted from [32].

Oxide/electrolyte interface reactions are listed below:

2 Al3+(ox) + 3 O2−
(el) −−→ Al2O3 (1.23)

Al3+(ox) −−→ Al3+(aq) (1.24)

Al2O3 + 6 H(aq)
+ −−→ 2 Al3+(aq) + 3 H2O(l) (1.25)

2 H2O(l) −−→ O2−
(ox) + OH−(ox) + 3 H+

(aq) (1.26)

The reaction shown in eq.1.23 is identical to 1.22, with the only difference that it occurs at the

oxide - electrolyte surface during pAAO anodization. In pAAO the growth occurs at the metal

- oxide interface and any Al3+ present in the oxide is just ejected into the electrolyte (eq.1.24)

(Fig.1.6A). In eq.1.25 the reaction responsible for the oxide dissociation due to Joule heating

and/or field-induced effects is shown. Dissociation of water is shown in eq.1.26. This is the

reaction that supplies O2 – ions to the formation of Al2O3 [32].

Close-packed hexagonal pAAO can be achieved only under carefully controlled conditions.

Morphology of pAAO (Fig.1.6), like pore diameter (DP), thickness (t), pore bottom radius (R),

thickness of the barrier oxide (b), and interpore diameter (DINT) can be tuned through j, con-

centration of the electrolyte, temperature, etc. Pores are usually surrounded by a volume of

AAO with higher concentration of electrolyte ions that get incorporated into the oxide during the

anodization (Fig.1.6C). This region is surrounded by ion-free native AAO that in certain cases

also includes interstitial rods, the nature and origin of which are still up to a debate [36]. Highly

uniform areas of pAAO (>cm2) can be achieved with various imprinting or lithography methods
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Figure 1.6: A - general outline of chemical reactions taking place during formation of pAAO. The most important is

metal/oxide interface where Al from the bulk metal is transformed into Al2O3 with the help of O2 – coming from water

dissociation at the oxide-electrolyte surface; B - most important geometrical features defining pAAO include DP -

pore diameter, DINT - interpore distance, R - pore bottom radius, t - layer thickness, and b - barrier oxide thickness;

C - outline and chemical composition of pAAO, top view: a - pore, b - AAO region with implanted electrolyte anions,

c - interstitial rods, and d - pore walls. Figure adapted from [32].

and can produce not only circular pores but other shapes too [37].

Due to its highly regular structure, pAAO is an ideal template for creating new functional

nanomaterials. Various approaches have been used to introduce a number of metals and semi-

conductor materials inside the pores. Complex nanostructures like multisegmented nanowires

made by electrochemical deposition (ECD) [38], ordered arrays of carbon nanotubes fabricated

via chemical vapor deposition (CVD) [39], or single molecule DNA biosensors via atomic layer

deposition (ALD) [40] are only a few examples that illustrate the versatility of pAAO applica-

tions. Ultra-thin freestanding pAAO has also been used as a stencil-mask for creating waveg-

uides [41] or lasing devices [42] using a combination of deposition and etching techniques.

Introduction of organosilane self-assembled monolayers (SAM) (e.g. APTES - 3-aminopropyl

triethoxysilane) has been shown to be a convenient method to modify the pAAO surface due to

-OH termination on its surface [43]. The pAAO surface can be also modified by different poly-

mers for applications in gas separation, nanofiltration, protein adsorption, and catalysis [44].

The overwhelming number of applications denotes the relevance of pAAO to nanotechnology

which will only grow in the future and will lead to more exciting discoveries.
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1.4 Perovskites

Perovskites are a common class of crystalline structures known for their electronic properties

and geological abundance. Gustav Rose was the first to discover perovskite CaTiO3 in the

XIX century and has named it after a Russian mineralogist Lev Alekseevich von Perovski. The

majority of the naturally available perovskites are oxides, due to the fact that silicate perovskite,

bridgmanite ((Mg, Fe)SiO3 and CaSiO3), makes up 93% of the lower Earth mantle [45]. Initially,

the interest in perovskites was catalyzed by the discovery of high temperature superconduc-

tivity in cuprite oxide perovskites in 1987 [46]. Following it, more research was conducted

on the synthetic oxide perovskites (OP), with some notable applications including capacitor

dielectric materials (BaTiO3) and piezoelectric devices (Pb[ZrxTi1 – x]O3 also known as PZT)

[47]. Additionally, OP have been used for research in catalysis, colossal magnetoresistance,

ferroelectrics, and multiferroelectrics [48].

The formal stoichiometry of perovskite is ABX3, where A is metal/organic cation, B - metal

cation, and X - oxygen/halide (Fig.1.7). Cubic structure (highest temperature phase) is the

general motif for perovskites, although a variety of derivative structures exist due to geometrical

alterations of constituent atoms or other external factors (tetragonal and orthorhombic phase,

tilted octahedrons, etc.) [48], [47]. The unique perovskite 3D structure can be maintained

only under certain combination of atom radii, governed by an empirical Goldschmidt Tolerance

factor (α) [49]. The tolerance factor predicts that 3D perovskite structure can be preserved only

when α falls between ~0.8-1.0, where α is defined in the following way

α =
rA + rB√
2(rA + rX)

(1.27)

More recently, perovskites came into research limelight due to an excellent performance of

Pb containing halide perovskites (HP) in photovoltaic devices (PV) [50]. First investigation on

HP was done as early as 1893 (CsPbBr3) [51], but the structure was uniquely identified only

in 1958 [52]. Groundbreaking success of CH3NH3PbI3 (MAPbI3) based solar cells could be

attributed to the materials high charge-carrier mobilities, high diffusion length, and high absorp-

tion coefficient [53]. Subsequently, HP gained popularity in optoelectronics due to their simple

synthesis, processability and strong photoluminescence (PL). Common HP (CH3NH3PbX3,

CsPbX3, etc.) can be prepared by simple mixing of precursor solutions (CH3NH3X/CsX and

PbX2) and can be handled under ambient conditions with common solvents like n-dimethyl

formamide (DMF), dimethyl sulfoxide (DMSO), and toluene. Nanocrystalline HP (ncHP) is
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Figure 1.7: Schematic illustration of the classic perovskite ABX3 structure in 3D (A) and 2D (B) projections. 3D

halide perovskites are highly interesting for their use in photovoltaics and light emitting applications. In this illus-

tration, blue spheres denote metal or organic cationw (A), red spheres are cation metal centers (B) and yellow

spheres are anions (X), that can be either oxygen or a halide.

the most relevant material for light emitting applications, owing to its ease of color tunability

through size control, narrow full width at half maximum (FWHM), and strong photolumines-

cence quantum yield (PLQY). ncHP can be synthesized in solution as a colloidal mixture or

directly embedded into a polymer mixture or a porous matrix [54], [55], [56]. The fabrication

of ncHP semiconductor layers is fast, low-cost, and reliable, while also compatible with other

materials during thin film device fabrication [48]. A clear advantage of HP is its tolerance to

different types of defects. HP were observed to have anion vacancies, which give rise to high

ion mobility in the material [57], anion exchange effects [54], and high dynamic disorder [58].

Despite this and other defects that form at the grain boundaries and in bulk, HP optoelectronic

properties remain unperturbed [48].

2D complex phases of perovskites are emerging as the next generation perovskite ma-

terials. The layered Ruddlesden-Popper structure (An+1BnX3n+1) is one of the available 2D

perovskite superstructures that promises excellent electronic performance and has already

been used to produce light emitting diodes (LED) [59] , [60], [61]. It also has a potential to

be an alternative to environmentally hazardous 3D Pb-based perovskites [62], [63]. 1D per-

ovskite structures are also available, but do not display appealing semiconductor properties

(large band gap and poor electronic transport) [48].

Health hazard related to Pb based materials is a major obstacle on the way to the imple-

mentation of perovskite photovoltaic and optoelectronic devices on a large scale. Even though

the active Pb containing part of a device is very small, the consequences of a prolonged ex-

posure during production or use of a device are severe. Furthermore, HP quickly degrade
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Figure 1.8: Schematic illustration of classic perovskite An+1BnX3n+1 structure in 3D (A) and 2D (B) projections; 2D

halide perovskites are emerging perovskite group which can be used with alternative metal centers to avoid the

effects of Pb toxicity. In this illustration blue spheres denote a metal or organic cations (A), red spheres are cation

metal centers (B) and yellow spheres are anions (X), that can be either oxygen or a halide.

under ambient conditions to toxic compounds which have negative effects on humans and the

environment [64]. The maximum allowed Pb content in human blood is 10 µg dL-1 (except

children where no Pb exposure should be permitted, due strong influence on early develop-

ment) [65], and 50 µg m-3 in air for work environment averaged for an 8-hour working day [66].

Presence of Pb in a human body can be localized to three compartments: (1) blood, (2) soft

tissue, and (3) the skeletal system. Blood serves as a transfer route for Pb compounds, mov-

ing them to soft tissue, where they remain for short period of time after being deposited in the

bones with a half-life of 20-30 years [64]. In the blood and soft tissue, Pb interacts with en-

zymes and various receptors mimicking Ca, Zn, and Fe metal centers. Deposition in the bones

occurs in a form of lead phosphate. Even though unusual, high exposure acute symptoms

are nausea, vomiting, abdominal pain, headaches, seizures, muscle weakness, and eventu-

ally death due to encephalopathy in a matter of days [66]. However, more common is a low

long-term exposure to Pb through skin, respiratory tract or gastrointestinal system. It usually

goes unnoticed and manifests itself later in life causing damage to blood, nervous, urinary, and

reproductive systems often with lethal consequences [66]. One of the current approaches to

deal with high toxicity of Pb in HP, is to replace it with Sn. Nevertheless, Sn-based perovskites

and their degradation products are still soluble in water and remain considerably harmful [67].

Detrimental effects of Pb poisoning can be avoided by limiting exposure and applying appro-

priate protective measures. Nonetheless, currently very little control is done over perovskites
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in research laboratories around the world.
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2 Experimental

Materials

Table 2.1: Materials used during this master thesis.

Material Formula Supplier Purity Abbreviation

18 MΩ

water
H2O TKA-Genpure - -

Acetone C3H6O VWR Chemicals technical -

Ammonium

hydroxide
NH4OH VWR Chemicals 29% -

Aluminum Al Chempur 99.999% -

Cesium

bromide
CsBr AlfaAesar 99.998% -

Copper

chloride
CuCl2 VWR Chemicals 99.998% -

Dimethyl

sulfoxide
C2H6OS SigmaAldrich >99% DMSO

Dimethylformamide C3H7NO AlfaAesar 99.80% DMF

Ethanol C2H5OH Merck KGaA
absolute

for analysis
EtOH

Fluorine-doped

tin oxide on glass
SnO2-SnF2

Xin-Yan

Technlogy Ltd.
- FTO

glass SiO2 Thermo Scientific Pre-cleaned -

Gold Au Ogussa 99.99% -

Hellmanex - Hellma-Analytics - -

Hydrogen peroxide H2O2 Chem-Lab 30% - -
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Table 2.2: Materials used during this master thesis cont.

Material Formula Supplier Purity Abbreviation

Hydrofluoric

acid
HF SigmaAldrich 48% -

Hydrochloric

acid
HCl VWR Chemicals 37% -

Isopropanol C4H8O VWR Chemicals technical IPA

Indium-doped

tin oxide
In2O5Sn - - ITO

Lead

bromide
PbBr2 SigmaAldrich 99.998% -

Lead

chloride
PbCl2 AlfaAesar 99.998% -

Lead

iodide
PbI2 AlfaAesar 99.998% -

Methylammonium

bromide
CH3NH3Br GreatcellSolar - MABr

Methylammonium

chloride
CH3NH3Cl LIOS - MACl

Methylammonium

iodide
CH3NH3I GreatcellSolar - MAI

Molybdenum

oxide
MoO3 AlfaAesar 99.95% -

Nitrogen

stream
N2 Linde - -

Oxalic

acid
C2H2O4 SigmaAldrich 99% -

Phosphoric

acid
H3PO4 AlfaAesar 85% -

Platinum

foil
Pt - - -

Platinum wire Pt - - -

June 2018 Stepan Demchyshyn 26/85



Table 2.3: Materials used during this master thesis cont.

Material Formula Supplier Purity Abbreviation

Silicon

wafer
Si Topsil

<100>, 1-10 Ω cm, thermal

oxide
-

Silicon

wafer
Si Topsil <100>, 1-100 Ω cm -

Sulfuric

acid
H2SO4 J. T. Baker 95-97% -

Titanium Ti - - -

2.1 Quantum confined samples

2.1.1 Porous matrix preparation

pSi

Si wafers were cut with a diamond-tipped cutter into 1×1 inch squares and pre-clenead using

the following washing steps: Hellmanex (2 v/v% aqueous), 2× DI (deionized) water, IPA, and

acetone ultrasonication for 30 min each. Following pre-cleaning, the samples were cleaned

using RCA (Radio Corporation of America) cleaning procedures [68]. RCA cleaning includes

2 steps: SC-1 (Standard Clean) and SC-2. SC-1 solution contains DI water, NH4OH and

H2O2 in volume ratio 5:1:1 and is used to remove mostly organic components. SC-2 solution

contains DI water, HCl, and H2O2 in volume ratio 5:1:1 and is used to remove traces of metallic

contaminants. Si wafers are cleaned for 30 min in each of the solutions at 80◦C followed by

a thorough rinsing with DI water after each of the steps. After the cleaning procedure was

complete, a 100-200 nm Al back-contact was deposited on the non-polished part of the Si

wafer sample, using physical vapor deposition (PVD) (1-5 nm s-1, ~1×10-6 mbar). Afterwards,

the samples were annealed at 300◦C for 5 h inside of a N2 filed glovebox in order to establish

an ohmic contact. Following the contact deposition, Si wafer samples containing additional

thermal oxide layer on their polished side, were treated with 1:10 EtOH diluted HF solution

for about 1 min, in order to strip the aforementioned oxide layer. When cleaned completely,

the silicon wafer samples were placed inside the Sailor cell (Fig.1.3), with an O-ring placed

on top of it. During the electrochemical etching 1:1 HF:EtOH was used as an electrolyte, Pt

wire as a cathode, and Al foil in order to reach the Al back contact. Si wafer samples were

etched using Keithley 2400 SourceMeter for 20 min at room temperature under galvanostatic
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conditions. A range of current densities was used to control the pore diameter. For the given

doping levels of the Si wafers, pSi etching was only possible between 5-30 mA cm-2. No pore

formation was observed below 5 mA cm-2, while above 30 mA cm-2 electropolishing was taking

place, which resulted in pSi layer cracking and crumbling. After the etching, pSi samples were

rinsed with absolute EtOH and treated with O2 plasma at 50 W for 5 min (PlasmaEtch PE-

25-JW), in order to change surface wetting properties of pSi and simultaneously quench the

native pSi emission. Immediately after the plasma treatment, pSi samples were spin-coated

with perovskite precursor solutions at 2400 rpm for 7 s, followed by 20 min heat treatment on

a heating plate at 115◦C in ambient atmosphere.

pAAO

1 mm thick microscope slide glass was cut into 1×1 inch squares and cleaned in the manner

identical to Si wafer pre-cleaning procedure. For low temperature spectroscopy the samples

were prepared on 1×1 cm squares of sapphire. After the cleaning, a layer of Ti (~30 nm, 0.1

nm s-1) followed by a layer of Al (60-1000 nm, 1-5 nm s-1) were deposited using PVD without

breaking a vacuum (~1×10-6 mbar). The Ti/Al double layer was anodized in a solution of 0.2

M oxalic acid at room temperature at 5 V under potentiostatic conditions with a Pt foil as a

cathode. Anodization was performed until the current started to quickly drop and the Ti/Al layer

became partially transparent. In order to produce larger pores, Ti/Al layer was also anodized

using phosphoric (0.3 M) and sulfuric acid (0.3 M) electrolytes (potentiostatic conditions, 0◦C)

yielding a range of pore sizes. After anodization, the samples were washed with DI water,

dried under N2 stream and treated with O2 plasma for 5 min at 50 W. Immediately after plasma

treatment the samples were spin-coated (2400 rpm, 7 s) with a perovskite precursor solution

and annealed at 115◦C for 20 min.

2.1.2 Perovskite preparation

3D perovskites

Precursor solutions were prepared by mixing appropriate components in DMF or DMSO. For

preparation of MAPbCl3, 280 mg of PbCl2 and 76 mg of MACl were mixed in 500 µL DMSO

and stirred at 60◦C until the solution became clear. MAPbBr3 was prepared by mixing 368 mg

of PbBr2 and 124 mg MABr in 1.10 mL of DMF and stirred overnight at 50◦C, yielding clear

colorless solution. CsPbBr3 was prepared by mixing 367 mg of PbBr2 and 215 mg of CsPb in

2.4 mL of DMSO and stirring overnight at 70◦C, resulting in clear colorless solution. MAPbI3
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precursor solution was prepared by mixing 922 mg of PbI2 with 334 mg of MAI in 2.25 mL

of DMF and stirred until clear yellow solution formed. All the precursor solutions were filtered

through polytetrafluoroethylene syringe filters (0.45 µm, Whatman) before spin-coating.

2D perovskite

(MA)2CuCl4 precursor solution was prepared by mixing 53.78 mg of CuCl2 and 54.02 mg of

MACl in 500 µL DMSO and filtered through polytetrafluoroethylene syringe filter (0.45 µm,

Whatman). The precursor solution was drop-casted on a 1×1 cm glass that was pre-treated

with O2 plasma at 100 W for 5 min. Glass with the precursor solution was then annealed

at 70◦C for 1 h. Samples for SEM imaging were prepared on ITO covered glass in order to

increase conductivity of the substrate. Single crystals of (MA)2CuCl4 were made by preparing

saturated solution of (MA)2CuCl4 in EtOH and letting it slowly evaporate at room temperature

for 3 days.

2.1.3 Light Emitting Diodes

Pre-patterned FTO on glass was thoroughly polished with a Al2O3/TiO2 paste to decrease

surface roughness. Subsequently, FTO patterned glass samples underwent the same cleaning

procedure as pAAO and Si wafer samples (Hellmanex, DI, water, IPA, acetone). 30 nm of Ti

(~0.1 nm s-1) and 60 nm of Al (~0.2 nm s-1) were deposited through PVD one after another

without breaking the vacuum (~1×10-6 mbar). The double metal layer was then anodized in

0.2 M oxalic acid at 5 V, identical to the procedure described in pAAO preparation section. Upon

anodization, a thin transparent layer of pAAO, on top of TiO2 was formed. This sample was

further treated with O2 plasma for 5 min at 50 W to make the pAAO surface more hydrophylic

for optimal perovskite precursor solution coverage. Perovskite precursor solution (CsPbBr3

original precursor solution 1:22 diluted in DMF, MAPbI3 original precursor solution diluted 1:15

in DMF) was spin-coated on the samples and the samples then were annealed at 115◦C for

20 min. Afterwards, 0.5 wt% F8 (poly[9,9-dioctylfluorenyl-2,7-diyl] end capped with N,N-bis(4-

methylphenyl)-aniline) dissolved in chlorobenzene was spin-coated on top of the structure at

3000 rpm until dry. Top contacts, MoO3 (20 nm, ~0.2 nm s-1) and Ag (100 nm, ~2 nm s-1) were

evaporated through a shadow mask using PVD (~1×10-6 mbar).
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2.2 Material analysis

2.2.1 Photoluminescence measurements

PL spectra were measured with a Photon Technology International (PTI) spectrometer (Quan-

taMaster 40) equipped with double monochromators on the excitation and detection channel.

Time-resolved Photoluminescence

Bulk samples were measured on Spitlight Compact 100 yttrium-aluminum-garnet-Nd laser with

emission at 355 nm (in case of Br containing systems) or 532 nm (for I containing system),

with a pulse length ~10 ns and an energy of 50 µJ cm-2 in both cases. The spot size was

measured to be 5 mm in diameter. Shamrock spectrometer SR-303i-A equipped with an in-

tensified charge-coupled device camera (Andor iStar DH320T-18U-73 [gate step 2.5 ns, gate

width 2.5 ns]) was used for the detection. The samples were under vacuum for the duration

of the measurement. ncHP in pSi was measured in SSPD (superconducting single photon

detector) Scontel Superconducting Nanotechnology in combination with PicHarp 300 by Pico-

Quant time-correlated single-photon counting system. SSPD system time resolution is ~300

ps. Excitation wavelength was 405 nm provided by pulsed diode laser with pulse duration ~1

ns (FWHM) at 1 MHz repition rate and pulse enrgy ~5 pJ. Excitation spot was focused with a

microscope to 10 µm in diameter. Emission was collected with the same microscope objective

and the photons were guided through a single-mode fiber to the SSPD. A long pass filter was

used to stop the excitation before entering the fiber connected to the SSPD.

Photoluminescence Quantum Yield

Measurements were performed according to the previously described method [69] using pAAO

on glass and bulk sample prepared on glass without pAAO with the same solution. All measure-

ment were done on Photon Technology International spectrometer equipped with integrating

sphere.

Photoluminescence stability

Similar to the previously described PL measurement, the samples were placed inside of PTI

spectrometer and PL was measured in log scale time intervals over the period of ~28 h. Signal

intensity was integrated after background subtraction. Signal peak position was also monitored

over the duration of the measurement.
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2.2.2 Microscopy

Optical microscopy

Measurements were performed on Nikon Eclipse LV100ND microscope for all of the samples.

Scanning Electron Microscope (SEM)

SEM measurements were performed on Zeiss 1540 XB CrossBeam SEM.

Transmission Electron Microscope (TEM)

TEM measurements were performed on JEOL JEM-2200FS TEM under STEM (Scanning

Transmission Electron Microscope) mode operated at 200 kV and an Oxford SDD X-MaxB

(80 mm-2) EDX system. pSi samples were prepared through mechanical exfoliation from the

porous area of the sample onto a holey carbon TEM grid. The pAAO specimens were pre-

pared using focused ion beam (FIB) milling (1540 CrossBeam SEM, Zeiss). Before milling, a

thin layer of gold was sputtered on the specimen. TEM lamellae were prepared using standard

FIB cutting, lifting out, and transferring to a TEM grid, followed by a final thinning to about 100

nm with an ion energy of 5 keV to minimize preparation artifacts. STEM was performed in

bright field and high angle annular dark field mode, that are sensitive to the z-contrast of the

Pb-rich regions. Line and mapping analyses where carried out using EDX.

2.2.3 Electroluminescence measurement

Optical power output of LEDs was measured on Agilent B1500 parameter analyzer together

with S2281, Hamamatsu calibrated Si photodiode.

2.2.4 X-ray Diffraction

XRD diffractogram of (MA)2CuCl4 was recorded using PANalytical X-Pert MPD system (λCuKα

= 1.5418 Å) in Bragg-Brentano configuration.

2.2.5 High-energy X-ray Diffraction

All the high energy X-Ray diffraction experiments were performed in Deutsches Elektronen

Synchrtron facility in Hamburg.
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Wide Angle X-ray Scattering (WAXS)

WAXS measurements were performed at high-energy P07 beamline at PETRA III at DESY.

30 mA cm-2 MAPI sample was measured with beam energy of 98.5 keV, focused to 5 µm ×
50 µm at the sample using Al compound refractive lenses. The rest of the samples (15 and

25 mA cm-2) were measured using beam energy of 80.0 keV and spot size 2 µm × 30 µm.

The diffraction intensity was recorded using PerkinElmer XRD 1621 flat panel detector situated

2000 mm behind the sample. Reference pSi sample containing no ncHP was measured for

both beam configurations. "Nika" package [70] for IgorPro from WaveMetrics and SASfit [71]

were used to analyze the data.

Small Angle X-ray Scattering (SAXS)

SAXS measurements were performed at PETRA III P08 beamline at DESY (Deutsches Elec-

tronen Synchrtron). The samples were measured in transmission mode with the sample sur-

face perpendicular to the X-ray beam (20.0 keV). PerkinElmer XRD 1621 flat panel detector

was used to detect scattered intensity at a distance of 2440 mm behind the sample. The data

was analyzed with the same software packages as in WAXS measurement.

2.2.6 Low Temperature Spectroscopy

All the samples were measured under vacuum at a range of temperatures in Oxford Instru-

ments OptistatDry cryostat. Samples were excited at 405 nm for MAPbBr3 and CsPbBr3 and

at 532 nm for MAPbI3 samples using OBIS Coherent continuous wave lasers. The spot size

was measured to be 5 mm in diameter. Shamrock spectrometer SR-303i-A equipped with

an intensified charge coupled device camera (Andor iStar DH320T-18U-73) was used for the

detection.

The signal evaluation was performed without peak fitting for all systems except of bulk

MAPbI3. Peak intensities correspond to signal maximum and peak energies/wavelengths cor-

respond to the position of the signal maximum. FWHM was calculated by taking subtracting

signal half maximum at lower energy from the value at higher energy. Due to the more com-

plex nature of PL behavior in bulk MAPbI3 sample, the signals were fitted with two Gaussian

functions each and the required data was extracted form the fitting parameters.
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3 Results

During this work a method of quantum dot (QD) synthesis inside porous oxide matrices was

developed and investigated for producing ncHP. Four different systems were characterized, in-

cluding organic-inorganic hybrid perovskites MAPbCl3, MAPbBr3, MAPbI3, and fully inorganic

CsPbBr3 systems. The concept was realized in two nanoporous oxide platforms (pSi and

pAAO) each of which show compelling properties and unique advantages. Through detailed

structural analysis, the blue shift in PL of ncHP confined within nanoporous oxide platforms

was correlated to the pore size and therefore the size of the crystals itself. Samples confined

within pAAO were studied using low temperature spectroscopy. Furthermore, ncHP in pAAO

were successfully incorporated into a working LED showing potential of this material for future

solution-processed light emitting devices. An alternative Cu-based perovskite was investigated

for its optical properties as potential replacement to toxic Pb-based perovskites.

SEM, TEM images as well as EDX analysis were done by Heiko Groiss and Günter Hesser

from ZONA (Zentrum für Oberflächen- und Nanoanalytik), JKU. High energy X-ray analysis as

well as data interpretation was performed by Janina Roemer, Anton Böhm, Bert Nickel from

LMU Munich, and Uta Rütt, Florian Bertram from DESY (Deutsches Elektronen-Synchrotron)

Photon Science. Thin film XRD analysis on Cu perovskites was performed by Cezarina Mar-

dare from ICTAS (Institut für Chemische Technologie Anorganische Stoffe), JKU.

Part of this work has been published in [56].

3.1 Lead containing perovskites

3.1.1 Confinement in pSi

ncHP confined in pSi have been produced by allowing perovskite precursor solutions to crys-

tallize within pSi matrix at high temperature. Due to the extremely small and highly tunable

pore diameter of pSi, a considerable hypsochromic shift could be observed in ncHP when

compared to the corresponding bulk PL emission (Fig.3.1). The largest blue shift observed in
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Figure 3.1: Comparison of bulk PL (dashed lines) and PL of perovskites confined within pSi (solid lines) in A

- MAPbCl3 , B - MAPbBr3, C - CsPbBr3, D - MAPbI3. Different degree of confinement and therefore different

hypsochromic shifts can be achieved depending on the pore diameter in pSi. λexc = 350 nm for MAPbCl3, λexc =

405 nm for MAPbBr3 and CsPbBr3, and λexc = 450 nm.

MAPbCl3 system was 0.1 eV, in MAPbBr3 0.25 eV, in CsPbBr3 0.25 eV, and in MAPbI3 0.33 eV.

These shifts, as well as the ability to control their magnitude, allowed for covering a significant

portion of the visible spectra. In addition to high tunability, the confined PL showed narrow

peak emission with an average of 0.14 eV FWHM in MAPbCl3, 0.17 eV in MAPbBr3, 0.20 eV

in CsPbBr3, and 0.18 eV in MAPbI3. Similarly high performance has been achieved only in

CdSe/CdS quantum dots, which require far more complex preparation procedures [72].

Precise control over the PL emission wavelength was achieved through adjustment of the

pSi pore diameter and therefore the size of ncHP formed inside. The pore diameter was

controlled via different current densities during pSi electrochemical preparation procedure and

a clear linear relation could be observed between the pore size (current density used) and
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peak emission energy (Fig.3.2). The degree of tunability heavily depends on the nature of

the material, including its bulk band-gap energy and reduced exciton mass. Consequently,

the large band-gap of MAPbCl3 allows for only limited blue shift of the emission energy that is

evident from the small difference between samples prepared in 10 and 25 mA cm-2 pSi. On the

other hand, the small band-gap of MAPbI3 permits strong blue-shift and excellent tunability.

Figure 3.2: Dependence of PL peak position on current density during pSi preparation in A - MAPbCl3, B - MAPbBr3,

C - CsPbBr3, D - MAPbI3. Smaller current density corresponds to smaller pore diameter, yielding a simple method

to fine-tune materials emission.

Moreover, the ncHP confined in pSi display exceptionally bright PL, which could be easily

observed with a naked eye under the illumination by an ordinary hand-held UV lamp (Fig.3.3).

Homogeneous light emission over the area of square centimeters was easily achieved. Also

the change in color associated with the PL shift could be easily observed. MAPbI3, which

usually emits in the infrared part of the spectrum, showed bright-red PL after confinement

(Fig.3.3A). Normally green emission of MAPbBr3 became blueshifted to cyan (Fig.3.3B) and

the slightly different green bulk emission of CsPbBr3 was shifted to blue (Fig.3.3C).

Changing the band gap of HP is possible not only through size dependent effects, but also

by changing the halide anions and varying their ratios in a perovskite system. These two meth-
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Figure 3.3: Bright luminescence observed from A - MAPbBr3 B - CsPbI3 C - MAPbI3 confined within a pSi matrix;

circular regions correspond to pSi that has been etched on a square piece of a planar Si wafer. Increased strength

of the emission is evident in all the samples, since bulk emission is invisible to a naked eye in all cases but CsPbBr3

where it is noticeably strong and different in color from the confined region. All samples illuminated with a hand-held

UV lamp.

ods are not mutually exclusive, and to demonstrate this, MAPbI2Br was prepared in pSi and

its emission became blueshifted by 0.31 eV and the sample showed 0.08 eV FWHM (Fig.3.4).

This allows to use confinement of ncHP within a pSi matrix to cover the majority of the visible

spectra and to achieve precise tunability. It is important to add, that although spectral tunability

can be achieved with mixed halide systems too, they tend to display unfavorable characteris-

tics like appearance of new PL peaks upon light exposure, phase segregation, crystal disorder,

and a notably large Stokes shift. Hence, single halide systems and precise control over their

emission is the preferred way for future light emitting applications.

Figure 3.4: Comparison of bulk (dashed line) and confined (solid line) PL of MAPbI2Br (prepared in 10 mA cm-2

pSi), showing that confinement in pSi works for both single and mixed halide systems. Excitation wavelength 450

nm.
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Additionally, a time-resolved PL decay study was performed on ncHP in pSi (Fig.3.5). In

all the cases the transient PL decay was fitted with a bi-exponential decay function resulting

in short (τSH) and long (τLO) lifetime components. As it is seen in Fig.3.5, smaller particles

(5 mA cm-2 etching conditions) show shorter radiative lifetimes (<1 ns) when compared to

their larger counterparts (30 mA cm-2 etching conditions) (up to 7 ns). The corresponding

bulk radiative life-time is significantly larger (up to 25 ns) and the results are summarized

in Tab.3.1. Previously reported values for quantum confined particles radiative lifetime are

in general agreement with values measured during this work [54], [73]. Higher quality bulk

films have been reported to have radiative lifetimes up to several 100 ns [74]. The reason for

decreasing lifetime in ncHP samples is the increasing recombination probability that results

from a higher degree of overlap between electron and hole wavefunction that is typical for

quantum confined particles [75], [76]. Other reports also partially contribute shorter lifetime to

trap states originating in vacancies and substitutions in the ncHP structure [73].

Figure 3.5: PL lifetime in pSi with small pores (5 mA cm-2) and big pores (30 mA cm-2). ncHP confined in pSi

showed typical bi-exponential decay with smaller diameter pores having shorter time constants, when compared

with pSi with larger pores (Tab.3.1). This behavior is typically observed in quantum confined particles [77].

3.1.2 Confinement in pAAO

pAAO was etched with an oxalic acid electrolyte under potentiostatic conditions out of Al metal

thin films deposited on a glass substrate covered with a thin Ti layer. Several different elec-

trolytes have been examined for pAAO etching including oxalic acid (0.2 M), sulphuric acid (0.3

M), and phosphoric acid (0.3 M) (Fig.3.6A). Oxalic acid was the easiest one to handle, since it

can be used at room temperature and showed some of the smallest pores/highest degree of

confinement when tested on MAPbBr3 system. When infiltrated with perovskites, pAAO films

showed blue-shifted luminescence (Fig.3.6B,C,D). A 0.07 eV hypsochromic shift was observed
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Table 3.1: Time constants of PL lifetime experiment, as calculated from fitting a bi-exponential decay function to

the measured data.

Material Type τSH/ns τLO/ns

MAPbBr3

5 mA cm-2 0.31 1.24

30 mA cm-2 1.26 6.70

bulk 3.70 8.30

CsPbBr3

5 mA cm-2 0.20 1.43

30 mA cm-2 0.23 2.14

bulk 3.70 8.30

MAPbI3

5 mA cm-2 0.25 0.99

30 mA cm-2 0.32 1.03

bulk 4.80 25.40

in MAPbBr3, a 0.07 eV shift in CsPbBr3 and a 0.1 eV shift in MAPbI3 systems. Notably, the

emission energy difference between bulk and confined ncHP is smaller when compared to its

pSi counterparts, which can be attributed to the larger diameter of the pores in pAAO. FWHM

of npHP appears to be larger in confined samples than in bulk samples. In MAPbBr3 ncHP

showed FWHM 0.12 eV vs 0.10 eV in bulk, CsPbBr3 ncHP 0.10 eV vs bulk 0.09 eV, MAPbI3

ncHP 0.15 eV vs bulk 0.08 eV. This phenomena has been previously reported in the literature

and attributed to crystal distortions caused by the extremely small particle size [73].

Due to the transparent nature of thin pAAO films, it was possible to measure the absorption

and therefore the optical band-gap of ncHP through the cut-off band edge via the Tauc plot

method. Tauc plot usually consists of hν - energy of light on the x-axis and a special value,

(αhν)
1
r , on the y-axis, where is α is absorption coefficient, and r a coefficient corresponding to

the transition that occurs in the bandgap of the material [78]. In this case for all the systems a

direct allowed transition was assumed, thus r = 1
2 . The band gaps of pAAO confined samples

are larger when compared to their bulk counterparts, that is another indicator of quantum size

effect. For example Eg(pAAO,MAPbBr3) = 2.31 eV is larger than Eg(bulk, MAPbBr3) = 2.28

eV and Eg(pAAO, CsPbBr3) = 2.37 eV is larger than Eg(bulk,CsPbBr3) = 2.31 eV. MAPbI3

in pAAO displayed too small absorption coefficient to make a meaningful Tauc plot analysis

(Fig.3.6D). Even though evident from the pronounced blue shift, the increased band gap could

not be explicitly calculated for the MAPbI3 system. pAAO MAPbCl3 PL was too weak to detect,

therefore the results are not included.

The PLQY of ncHP in pAAO was measured and it showed values significantly higher than
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Figure 3.6: A - Peak PL of MAPbBr3 confined in pAAO etched in various electrolytes at different voltages; PL of B -

MAPbBr3, C - CsPbBr3 and D - MAPbI3 bulk (dashed line) on glass and confined within pAAO (solid line) together

with corresponding Tauc plot absorption data (doted line) showing pronounced blue shift in all of the cases. Tauc

plot absorption data for MAPbI3 confined in pAAO is unavailable due to its low absorption. MAPbBr3 and CsPbBr3

λexc = 405 nm. MAPbI3 λexc = 450 nm.

those found in their bulk counterparts. pAAO confined MAPbBr3 showed a PLQY of up to 60%

(x=36.04%, σ=16.23%, n = 4), CsPbBr3 up to 90% (x=54.84%, σ=31.98%, n = 4), and MAPbI3

up to 25% (x=13.76%, σ=9.17%, n = 4). Bulk samples on average showed a PLQY between 1

and 2%, which compares well with the values reported in the literature [54].

Thin films of aluminum oxide (~200 nm) containing ncHP on glass substrate showed bright

PL over a large area which could be easily observed with a naked eye under a UV lamp

illumination (Fig.3.7).

As well as in pSi, a mixed halide system was introduced inside the pAAO to proof the

breadth of applicability of the method. MAPbBr2Cl was confined in pAAO and also shows blue
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Figure 3.7: Bright luminescence over large area of A - MAPbBr3, B - CsPbBr3, C - MAPbI3 confined in pAAO visble

to a naked eye under a UV hand-held lamp.

shift when compared to the bulk PL emission (∆E = 0.13 eV, confined FWHM = 0.15 eV, bulk

FWHM = 0.11 eV). This system also suffered form phase separation and relatively low stability

under ambient conditions.

Another distinct property of pAAO matrix is its encapsulation ability. When comparing PL

intensity over time of MAPbBr3 and CsPbBr3 (Fig.3.9A,C respectively) one can observe signif-

icantly better results when compared to bulk films, which tend to quickly decay. Surprisingly,

ncHP in pAAO increase their PL intensity over time, CsPbBr3 by up to 40% and MAPbBr3

by up to 20%, then going back to their original values. This unusual behavior has been re-

Figure 3.8: Proof-of-concept illustration of MAPbBr2Cl confinement within pAAO, showing that the method is also

applicable for the mixed halide system; confined PL (solid line) shows hypsochromic shift compared to bulk PL

(dashed line); λexc = 405 nm.
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Figure 3.9: A - integrated PL intensity of MAPbBr3 as a function of time for bulk MAPbBr3 (squares), MAPbBr3

confined within pAAO (triangles) with encapsulation and without encapsulation (circles); B - PL spectra showing

the constant position of PL peak after 1 min, 30 min and 1 day; λexc = 405 nm.

ported previously in the literature and has been ascribed to influences of the environmental

conditions [79]. Some of the studies report clear correlation of the photophysical response to

the presence of H2O and O2 as well as full reversibility of the PL enhancement [80]. In this

case the phenomenon was attributed to physisorption of certain gases on the surface of the

crystal. Other publications attributed the PL enhancement to reaction of O2 with trapping sites

and their subsequent deactivation [81]. On the other hand, in another study oxygen has been

reported to have a limited role in this process [82]. Evidently, the topic is still a matter of a de-

bate and shall be investigated further. In this work, presence of ambient atmosphere (moisture

and oxygen) seem to play an important role, since when the samples were encapsulated with

epoxy and glass slides, PL intensity remained constant over time. Furthermore, PL spectra
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of the samples was examined and no apparent shifts or appearance of additional peaks were

observed (Fig.3.9B,D).

Figure 3.10: Emission of ncHP confined in A - pSi and B - pAAO summarized in CIE 1931 color space diagram,

showing that color purity of both pSi and pAAO samples extends beyond the existing standard color spaces (sRGB

and Adobe RGB).

The CIE (Commision Internationale de l’Eclairage) chromaticity diagram allows to com-

pare light emitting properties of different electronic devices and compare them to each other.

Over the years various recommendations have been issued by different groups and companies

defining red, green and blue colors in order to smoothen the additive color mixing workflow in

display and cinema industry. All of them aim to cover the so-called Pointer’s space, the gamut

of real surface colors as they are perceived by an average human eye. Some of the standards

include sRGB and Adobe RGB which are often used in TV, computer science and software de-

velopment. The most modern standard is Rec.2020 (that covers 99.9% Pointer’s gamut) and it

aims to set a standard for ultra high definition TVs. QD based TV screens have been reported

to be the most likely to fully meet Rec.2020 [83]. Fig.3.10 shows how the PL of the samples

prepared during this work compare to industry issued standards. The emission of pSi samples

(3.10A) almost in all cases lies beyond the industry standards. While greens and cyans of

MAPbBr3 and CsPbBr3 are located far away from standard green and blue points, MAPbCl4

and MAPbI3 show deeper blue and red colors respectively. Out of the available pAAO samples

(3.10B), CsPbBr3 shows the most attractive properties, because it goes far into the green re-

gion. pSi samples, with the right approach, could potentially be used as phosphors in LEDs to

expand the existing color gamut and its purity. pAAO samples can also be incorporated directly

into LED device architecture.
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3.1.3 Structural analysis

In-depth structural analysis was performed in order to confirm that the hypsochromic PL shift

is caused by quantum confinement size effects. In Fig.3.11 a representative SEM image of a

pAAO surface etched in 0.2 M oxalic acid is shown. The image shows randomly distributed

pores all <10 nm in size, which allows to make a first estimate of the pore size in pAAO and

therefore crystal size of perovskites that are embedded in it. Sample porosity was estimated

to be ~15% from image analysis of SEM data using ImageJ software [84].

Figure 3.11: SEM image of pAAO etched in 0.2 M oxalic acid at 5 V, top view, nanometer-size porous structure of

the porous oxide matrix.

TEM was used to image nanocrystalline MAPbI3 encapsulated in pSi and also in pAAO.

The BF-STEM image in Fig.3.12A shows an exfoliated flake of pSi, that appears gray, with dark

spots of nanocrystalline MAPbI3 implanted in it. The nanocrystals appear larger and darker to

the right side of the image due to the increased thickness of the pSi piece under investigation.

In Fig.3.12B a cross section of pAAO prepared by FIB milling, half-filled with ncHP is shown.

An unordered network of pores all oriented perpendicular to the substrate is visible as well as

perovskite nanocrystals embedded in it. Based on previous studies and available SEM and

TEM images of the porous oxide material, a 3D render was made to visualize the structures

(Fig.3.12C,D) [6], [32].

Additionally, a pSi sample was analyzed with high-angle annular dark field (HAADF) STEM

and EDX was used to confirm that the embedded particles were indeed Pb containing per-

ovskite. Performing a line scan though a perovskite particle (Pb L line), it was also possible to

measure the particle diameter to be ~4 nm.

To further investigate crystallite size (also pore size and their relation to current density used

during anodization to achieve a given pore size), high energy X-Ray diffraction studies were

performed on three samples of pSi etched under different conditions (15, 25, 30 mA cm-2 with
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Figure 3.12: A - BF-TEM image of MAPbI3 nanocrystals (dark inclusions) in exfoliated 15 mA cm-2 pSi (gray)

sample; B - BF-TEM image of ~100 nm thick slice of pAAO half-filled with MAPbI3 nanocrystals (dark inclusion);

C - illustration of interconnected pSi matrix with perovskite nanocrystals embedded in it; D - illustration of pAAO

vertically aligned oxide matrix filled with perovskite nanocrystals.

MAPbI3 embedded in it). X-Ray scattering analysis can be categorized as reciprocal space

technique, wheres SEM and TEM are real space techniques. Even though both techniques

aim to probe and analyze electron density of the samples, X-Ray scattering is not limited in

terms of analysis area and it is non-destructive. Furthermore, a typical tendency of sample

bias in TEM or SEM is eliminated since the signal is averaged over a macroscopic sample

volume [85]. The main advantage of using high energy X-rays obtained from an accelerator

is its high brilliance beam. High brilliance is a term describing number of photons produced

per second, angular divergence, cross-sectional area of the beam, and the number of photons

falling within 0.1% of bandwidth of the central wavelength [86]. Brilliance achieved at the

synchrotron facilities is usually many orders of magnitude larger than brilliance of regular lab

X-Ray sources, thus allowing investigation of sub-nanometer structures with extremely high

precision.

In the case of pSi, a high energy microfocus beam was used to scan the sample on its

surface (Fig.3.14B) and at a number of points inside the sample to obtain a depth profile
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Figure 3.13: A - EDX analysis of 15 mA cm-2 pSi flake filled with MAPbI3 (light inclusions); orange points indicate

Pb containing areas of the image and red line indicates the scan line; B - EDX scan line analysis (Pb L line) showing

the size of the ncMAPbI3 crystals to be ca. 4 nm.

(Fig.3.14B). Empty pSi matrix was scanned (Fig.3.14C,D) in order to acquire a background

signal and used to correct the azimuthally averaged signal that was plotted as a function of the

scattering vector q. When the pSi sample containing perovskites was studied, the resulting

diffractograms calculated from Debye rings could be assigned to a tetragonal MAPbI3 struc-

ture. Lattice constants calculated from the data (a=b=8.90(3) Å, c = 12.71(5) Å) compare well

with those reported previously in the literature [87]. Broadening of the diffraction peaks can be

correlated to the size of the crystals through a Scherrer equation (eq.3.1)

τ =
Kλ

β cos(θ)
(3.1)

where τ - mean size of the crystallites, K - dimensionless shape factor, λ - wavelength of the

incident X-Ray beam, β - line broadening at FWHM, and θ - is the Bragg angle. When plotted

together, it is easy to see the broadening of the diffractogram signal in the samples with smaller

pore size, signifying a size decrease of the ncHP crystals formed in there (Fig.3.14E).

The depth profile of each of the three differently sized samples was analyzed in detail in

order to assess crystalline size distribution and the amount of perovskites accumulated at a

certain level in the depth profile (diffraction power) (Fig.3.15A,B,C). It is found that in each of

the pSi samples a relatively uniform crystal size distribution is obtained throughout the depth

of the sample. Average values for samples prepared with 15, 25, and 30 mA cm-2 have been

calculated to be 1.8, 2.1, and 4.5 nm respectively. For a semiconductor nanocrystal to show

size-dependent quantum effects, the diameter of the particle must be similar or smaller than

the natural delocalization lengths of an exciton in a bulk semiconductor (exciton Bohr diameter,

a0). This values have been previously reported in the literature [a0(MAPbBr3) = 2.2 nm [88]]
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Figure 3.14: Examples of WAXS measurement results of 15 mA cm-2 pSi with MAPbI3 embedded in it A - on the

surface and B - 20 µm deep underneath the surface; both sets of results show a dot pattern resulting from crystalline

silicon and circular patterns resulting from MAPbI3; as a negative control a sample of empty pSi was also scanned

C - on the surface and D - 20 µm underneath the surface showing only silicon patterns; E - diffractogram showing

peaks corresponding to crystallites of MAPbI3 embedded in a matrix of pSi etched at different current densities,

therefore having various pore sizes.

June 2018 Stepan Demchyshyn 46/85



and when compared to the crystallite size of MAPbI3 in pSi as inferred from the high energy

X-Ray diffraction study, strongly suggests quantum confinement effects as the reason for the

band-gap change (Fig.3.15D).

Figure 3.15: Based on the Scherrer analysis of MAPbI3 embedded into pSi matrix, the crystallite size could be

resolved as a function of matrix depth; nanocrystallites prepared in pSi etched at A - 15 mA cm-2, B - 25 mA cm-2,

C - 30 mA cm-2 were analyzed; D - average PL peak positions plotted as a function of crystalline size.

Small angle X-Ray Scattering (SAXS) was used to study the porosity and pore size of pSi

matrices. The data collected at small angles (between 0.1-10 degrees) contains valuable infor-

mation about the electron density at nanometer length scales. A specific advantage of SAXS

measurement is the ease of nanoporous material analysis. Since the technique measures

electron density differences, pores can be regarded as the inverse particles, therefore allowing

the use of existing theories and principles for full examination of the structures [85]. In the

following experiment, a 15 mA cm-2 pSi sample without perovskites was analyzed to further

investigate the properties of the matrix. The transmission signal collected at the 2D detector

shows the angle-resolved signal that is elastically scattered from the pSi sample (Fig.3.16A).

The data is further reduced from its 2D form to the corresponding 1D form by plotting the
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azimuthally averaged intensity signal vs. the scattering vector q (Fig.3.16B), the modulus of

which is defined by the following formula (eq.3.2):

q =
4π sin(θ)

λ
(3.2)

where θ - scattering angle, and λ - radiation wavelength. The Porod invariant Q could be cal-

culated from the given data by numerically integrating the scattering curve (Q =
∫∞
0 q2I(q)dq).

Using the Porod representation of the data in the form of I(q) q4 vs. q, it is possible to extract

the constant K by extrapolating from a plateau formed between 0.15-0.25 Å-1 (Fig.3.16C). K

is proportional to the surface area of all the pores in the path of the beam [89]. Finally, the

porosity of a pSi sample could be calculated using formula (3.3) [90]:

Φ = 1− lnTnpSi
lnTSi

= 57% (3.3)

where Φ - porosity, TnpSi - transmission of the porous layer, and TSi - transmission of the bulk

silicon. Using the obtained Porod invariant Q, constant K and porosity Φ, it is possible to

calculate an estimate of the pore diameter (d) using the following formula (eq.3.4) [90]:

d =
4

π(1− Φ)

Q

K
= 4.0 nm (3.4)

Figure 3.16: SAXS measurement performed on a 15 mA cm-2 pSi sample; A - transmission data obtained from

the sample positioned perpendicular to the incident beam; the shape in the middle is the beam stop shadow; B

- reduced and background substracted intensity data plotted as a function of scattering vector q (3.2); C - Porod

representation of the same data set, allowing to extract the Porod constant K that is used to determine the pore

diameter.
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Figure 3.17: A - Device structure of an LED incorporating ncHP within a porous oxide matrix; the LED was prepared

by evaporating Al/Ti thin films on a FTO transparent electrode resulting in a pAAO that was further infiltrated

with perovskite precursor solution; the compact TiO2 layer that resulted from anodization serves as a electron

transporting layer (ETL) and F8 conducting polymer was spincoated on top of the structure to serve as a hole

transporting layer (HTL); Ag/MoO3 was used as top contacts for this LED; B - energy level diagram of the LED;

ncHP confined pAAO precise valence and conductive band levels are unknown, though the bandgap is definitely

larger when compared to the bulk counterpart due to quantum size effects

3.1.4 Light Emitting Diodes

Based on postulates of the Shockley-Queisser formulation [91] efficient solar cell absorber

materials should also be good at emitting light. Recent success of perovskites as solar cell

absorber material and developments in the field of quantum dot emitter materials, ncHP appear

to be a very good candidate for next generation materials for optoelectronics applications which

inlcude color-conversion, color-enhancer and quantum dot based LED screens [48]. Using

ncHP confined within pAAO allows for a unique approach of using quantum dots prepared in

device-ready architecture that is easily electrically addressable. In Fig.3.17A the structure of

the LED prepared during this work is shown. At the heart of the device lies ncHP stacked

inside a vertically propagating insulating pAAO matrix. The active material is sandwiched

between hole transporting material (F8) and electron transporting material (TiO2) in order to

better match the energy levels of the materials (Fig.3.17B). The transparent electrode in this

device is FTO on glass, while on the other side a Ag/MoO3 electrode is used.

The LEDs were produced with two types of active material: CsPbBr3 and MAPbI3. The

characteristic blue shift that was observed in the PL spectra could be also observed in the

electroluminescence (EL) spectra, although a little bit shifted in both of the systems (Fig.3.18A,

B). Fig.3.18A shows EL (dotted line) of a CsPbBr3 LED compared to the materials bulk and

confined PL. CsPbBr3 EL is at 2.40 eV and shows narrow FWHM of only 0.09 eV that is blue
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Figure 3.18: Comparison of bulk PL (dashed line), pAAO confined PL (solid line) and pAAO confined EL of A -

CsPbBr3 and B - MAPbI3; current density and luminance of C - CsPbBr3 and D - MAPbI3 LEDs; visible emission

could be observed with the naked eye in both E - CsPbBr3 and MAPbI3 containing device.
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shifted by 0.06 eV from the bulk PL and 0.01 eV red-shifted from confined PL. Fig.3.18B shows

EL (dotted line) of the MAPbI3 system. MAPbI3 EL has its maximum at 1.66 eV with FWHM of

0.14 eV that is 0.10 eV blueshifted when compared to the bulk PL and 0.01 eV shifted when

compared to confined pAAO PL signal. CsPbBr3 LEDs turn on at around 2.2 V and show 300

cd m-2 brightness at 5 V (Fig.3.18C). At its peak brightness around 420 mA cm-2 pass through a

pixel, with a current efficiency of 0.09 cd A-1 and external quantum efficiency of ~0.03%. At 5 V

the brightness of MAPbI3 is 0.007 cd m-2 and 1.8 A cm-2 are passing through the device. Small

luminance value in MAPbI3 devices is partially due to low responsivity of the eye in the deep-

red part of the spectra. Nevertheless, the high PLQY of this material as well as information

available in the literature [92] suggests that further optimization is possible an higher brightness

and efficiency can be achieved. Both of the devices showed EL observable with the naked eye

that is homogeneous over the large area of a single pixel (15 mm-2) (Fig.3.18E,F).

3.2 Low temperature spectroscopy

Temperature dependent PL spectroscopy is an excellent technique that can be used to acquire

information about intrinsic properties of semiconductors and their charge carriers. The PL peak

shape of semiconductor QDs is mainly influenced by exciton recombination, but also by QDs

size distribution, energy trap states, exciton-phonon interactions, etc. At low temperatures

the carriers are effectively frozen in their states while at room temperature they are being

influenced by many different factors [93]. A comparison of low and room temperature emission

allows to separate the various influences on the sample emission and to learn more about the

fundamental nature of the materials.

The measurements were performed between 4 and 300 K for MAPbBr3, CsPbBr3 and

MAPbI3 on pAAO confined samples and bulk polycrystalline films on sapphire. The data was

analyzed for changes in peak energy (energy corresponding to signal maximum), presence of

additional peaks, changes in intensity (signal maximum), and peak broadening (difference in

energy at peak half maximum). Using this information and the models mentioned below it was

possible to calculate exciton binding energy (EB), longitudinal optical phonon energy (Eph),

inhomogeneous broadening (Γ0), and the exciton-phonon coupling strength (Γop) contribution

to the broadening of the emission.

Besides band-gap exciton recombination there are other radiative recombination pathways

which would contribute to the emission. Both MAPbBr3 and CsPbBr3 showed slight peak
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Figure 3.19: An example of peak broadening and peak splitting during the experiment. A - peak broadening

on the lower energy side of the main emission for pAAO MAPbBr3 sample at 4 K which disappears shortly as

the temperature increases. An identical "shoulder" could also be observed in pAAO CsPbBr3 samples; B - peak

splitting observed at 180 K in bulk MAPbI3 that signifies a phase transition that usually occurs in this material in the

mid-temperature range. Separate peaks were labeled PL1 (higher energy) and PL2 (lower energy).

broadening on the lower energy side in the low temperature region that disappeared as the

temperature increases (Fig.3.19A). Nevertheless the signal was not disturbed significantly and

the whole range of data was used for analysis and model fitting. pAAO MAPbI3 showed a rel-

atively symmetric emission, while bulk MAPbI3 displayed peak splitting in the mid-temperature

region (Fig.3.19B). The peaks are addressed separately in the analysis and are labeled PL1

(higher in energy) and PL2 (lower in energy) (Fig.3.19B). Full model fitting was not possible for

the bulk MAPbI3 system.

Thermal quenching of the excitonic luminescence is studied via analysis of normalized

intensity. Eq.3.5 has been used in literature to describe PL quenching processes in quantum

dots [94], [95]:

I(T ) =
I0

1 +Ae−E/kbT
(3.5)

where I(T ) - normalized integrated PL intensity at a certain temperature, I0 - PL intensity

at 0 K, A - a fitting parameter related to the strength of the quenching process, E - activation

energy for thermal quenching of the excitonic luminescence, kB - Boltzmann constant, and

T - temperature. The two-step quenching model (eq.3.6) is based on a modified form of this

equation, which assumes two non-radiative recombination channels related to the quenching

mechanism of PL intensity (E1 and E2), where E1 is often interpreted as the exciton binding
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energy [96], [97]:

I(T ) =
I0

1 +A1e−E1/kbT +A2e−E2/kbT
(3.6)

Line broadening was analyzed by monitoring FWHM, as a function of increasing tempera-

ture. Signal broadening consists of two contributing factors: inhomogeneous (temperature in-

dependent) and homogeneous (temperature dependent) broadening. Inhomogeneous broad-

ening is caused by size dispersion, shape, elemental composition of the material, or other

related factors. Homogeneous broadening results due to exciton interaction with acoustic

phonons, optical phonons, and possible impurities. In general, all of these interactions can

be described using an independent boson model (eq.3.7):

Γ(T ) = Γ0︸︷︷︸
inhomogeneous

+σT +
Γop

eEph/kbT − 1
+ Γimpe

−Ei/kBT︸ ︷︷ ︸
homogeneous

(3.7)

where Γ(T ) - FWHM of the signal, Γ0 - inhomogeneous broadening, σ - exciton-acoustic

phonon coupling, Γop - contribution of exciton-longitudinal optical (LO) phonon, Γimp - impurity

contribution, Eph - average phonon energy participating in the quenching process, kb - Boltz-

mann constant, and T - temperature. One of the most prominent interactions in ionic or polar

systems like perovskites are exciton-LO phonon Fröhlich interactions (Γop), which tend to gov-

ern signal broadening down to very low temperatures. The Γimp term is neglected during the

following calculations due to the relatively low concentration of the trap states in perovskites.

3.2.1 MAPbBr3

The results of the low temperature PL study of the MAPbBr3 system are shown in Fig.3.20.

In the case of both pAAO and bulk samples, a typical blue shift could be observed as the

temperature increased from 4 to 300 K (Fig.3.20A). pAAO confined samples show emission

at 2.35 eV for 4 K and 2.41 eV for 300 K. The bulk sample PL peak is located at 2.24 eV

for 4 K and at 2.32 eV for 300 K. The observed shift is less pronounced in pAAO samples

than in the bulk sample. This might suggest preservation of the tetragonal phase in higher

amounts in Orthorhombic I and II phases at low temperatures. In classic semiconductors the

signal tends to redshift with increasing temperatures, thus making perovskite peak shifting quite

unusual [98]. The reason behind the blueshift in perovskites has been attributed to either multi-

phonon step-up processes, where the carriers obtain higher energy through phonon absorption

which becomes more pronounced at higher temperatures [99] or thermal expansion of the

crystal lattice and decreased electron-phonon interactions [75]. Nevertheless, the peak shifting

behavior of both pAAO and bulk samples is in line with previous literature reports [79].

June 2018 Stepan Demchyshyn 53/85



Figure 3.20: Low temperature spectroscopy results for MAPbBr3 system. A - peak PL energy of pAAO (circles) and

bulk (squares) PL as the function of increasing temperature; B - normalized intensity of pAAO (circles) and bulk

(squares) samples as a function of increasing temperature showing an anomalous peak intensity in pAAO samples

at around 50 K; C - FWHM through the range of temperatures for both in pAAO (circles) and bulk (squares)

samples. The slight initial decrease of FWHM pAAO until ca.30 K might be contributed by the low temperature

peak "shoulder" that disappears afterwards. D - pAAO (light green) and bulk (dark green) sample emissions at 4 K

showing a "shoulder" on the lower energy side. The broadening feature is highlighted by fitting two Gaussian peaks

to each of the signals.
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The PL intensity tends to decrease as the temperature decreases. Interestingly, pAAO

shows an anomalous intensity increase of almost 60% up to ca. 50 K, after which it continues to

decrease all the way to 300 K (3.20B). The bulk sample PL intensity decreases with increasing

temperature between 4 and 300 K. The data from pAAO (50 - 300 K) and bulk (4-300 K) was

fitted using eq.3.6. When compared, E1 = 46meV in pAAO sample is larger than E1 = 35meV

in bulk samples. The increase in E1 is consistent with an increase of exciton binding energy

due to the influence of quantum size effects. Other fitting parameters are shown in Tab.3.2.

A similar PL intensity increase was previously observed in PbS QDs [93]. There it has been

attributed to shallow trap states that capture carriers and release them into the ground state

after a certain thermal activation energy has been reached, thus increasing the PL intensity.

Table 3.2: Intensity fitting parameters for pAAO and bulk MAPbBr3 samples using eq.3.6.

I0/- A1/- E1/ meV A2/ - E2/ meV

pAAO 1.79 372 46 24 46

bulk 0.98 581 35 4 5

The peak broadening as a function of increasing temperature is summarized in Fig.3.20C.

pAAO samples are consistently narrower throughout the whole range of temperatures when

compared to bulk samples. The rate of FWHM decrease is the same for both pAAO and bulk

samples. The initial slight decrease of FWHM in pAAO samples up until ca. 30 K can be

attributed to peak broadening that can be observed at 4 K that then disappears at around 30

K. Similar broadening feature can be also observed in bulk samples though to a lesser degree

(Fig.3.20D). This broadening can be attributed to an appearance of a second peak, which is

highlighted by fitting two Gaussian peaks to the signal at 4 K in Fig.3.20D. The broadening has

been reported in perovskite literature before, where the main band was attributed to exciton

recombination and the broad band to phonon replicas [100] or bound exciton emission due

to Br vacancy trap states [99]. Similar effects have been observed in PbS QDs where the

broadening was described in terms of a phonon side band and separation between main band

and the phonon band determined via Frank-Condon principles [93].

The FWHM data was fitted using eq.3.7 and it was observed that confined samples show

increased exciton-LO phonon coupling, where Γop = 84 meV in confined samples and Γop =

62 meV in bulk samples. The increased Γop in confined samples can be explained by en-

hanced coupling of excitons with higher-frequency phonons [101]. Other fitting parameters are

summarized in Tab.3.3.
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Table 3.3: FWHM fitting parameters for pAAO and bulk MAPbBr3 samples using eq.3.7.

Γ0/ meV σ/ µeV K-1 Γop/meV Eph/meV

pAAO 36 13 84 32

bulk 26 0.88 62 13

3.2.2 CsPbBr3

Figure 3.21: Low temperature spectroscopy results for the CsPbBr3 system. A - peak PL energy of pAAO and bulk

samples as a function of energy, showing a more pronounced blueshift in the low temperature part in pAAO when

compared to the bulk samples; B - normalized PL intensity as a function of increasing temperature. An anomalous

increase in PL intensity can be observed in pAAO samples at around 50 K; C - FWHM of pAAO (circles) and bulk

(squares) samples between 4 and 300 K. Slightly decreasing FWHM values in pAAO samples at the beginning of

the temperature range could be attributed to the low energy shoulder. D - comparison of pAAO (blue) and bulk

(dark blue) PL at 4 K, highlighting the broadening features (dotted line) on the lower energy side of the main signals

(dashed lines);

The results of low temperature spectroscopy on CsPbBr3 pAAO and bulk samples are
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summarized in Fig.3.21. As evident from Fig.3.21A, CsPbBr3 also shows a typical perovskite

blueshift that occurs with increasing temperature. At 4 K pAAO emits at 2.44 eV, while at 300

K it emits at 2.45 eV. In case of bulk samples, the PL signal is located at 2.34 eV at 4 K and

2.37 eV at 300 K. pAAO samples show smaller blueshift, when compared to bulk.

A summary of the thermal quenching behavior is shown in Fig.3.21B. In the same way as

in MAPbBr3, pAAO samples show an initial increase until 40 K by almost 25%, after which

the intensity decreases steadily. Bulk samples show an initial region of stability until about

40 K after which the intensity also starts to decrease. The data was fitted (pAAO was fitted

between 40 and 300 K, bulk - full range) with eq.3.6, which shows that E1 = 21 meV in bulk

samples and E2 = 14 meV in pAAO. This corresponds to an increase of exciton binding energy

in confined samples and matches the previously reported values for similarly sized quantum

particles [99]. E1 for a bulk sample is in good agreement with results measured before on a

single crystal using low temperature spectroscopy [99] and Raman spectroscopy [102]. Further

fitting parameters are summarized in Tab.3.4

Table 3.4: Intensity fitting parameters for pAAO and bulk CsPbBr3 samples using eq.3.6.

I0/- A1/- E1/ meV A2/ - E2/ meV

pAAO 1.23 69571 21 11 30

bulk 0.99 8 14 1876 56

The thermal broadening behavior as analyzed for pAAO and bulk samples is outlined in

Fig.3.21C. Both pAAO and bulk samples appear to show decreasing FWHM at first up to ca.

30 K, then proceed to increase as expected. The narrowing of the peak between 4 and 30 K

can be explained by disappearing of the low energy "shoulder" at around the same temperature

(Fig.3.21D). The data was fitted using eq.3.7, showing an increase in inhomogeneous broad-

ening (pAAO Γ0 = 36 meV and bulk Γ0 = 27 meV ) and exciton-LO phonon interaction (pAAO

Γop = 85 meV and bulk Γop = 62 meV ). The increase in inhomogeneous broadening has been

observed in previous studies too [75]. Exciton-LO phonon interactions measured during this

study appear to be larger when compared to previous literature reports [75]. Further fitting

parameters are shown in Tab.3.5.

3.2.3 MAPbI3

The MAPbI3 system shows a more complex behavior during low temperature spectroscopy.

pAAO samples, in general, behave similar to other confined samples in this study (Fig.3.22). A
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Table 3.5: FWHM fitting parameters for pAAO and bulk CsPbBr3 samples using eq.3.7.

Γ0/ meV σ/ µeV K-1 Γop/meV Eph/meV

pAAO 36 2 85 25

bulk 27 0 62 16

typical blue shift is pronounced only between 4 and 150 K, where the peak shifts from 1.63 eV

to 1.68 eV. After that the peak position remains relatively stable all the way to 300 K (Fig.3.22A).

PL intensity, as in the other confined samples, increases dramatically almost by 60% in the low

temperature range, after which it proceeds to decrease in a predictable manner (Fig.3.22B).

The data points for the mid and high temperature range, where the intensity decreases with

increasing temperature, is fitted with eq.3.6 showing an E1 value of 58 meV . The broadening

of the PL signal increased with the increasing temperature (Fig.3.22C). The model from eq.3.7

fitted the data pretty well with some minor deviation. Interestingly, pAAO samples also show a

slight decrease in FWHM in the low temperature regime, even though no significant "shoulder"

could be observed in the spectra at low temperatures (Fig.3.22D). Fitting parameters for both

intensity and broadening profile are summarized in Tab.3.7.

Bulk MAPbI3 exhibits a more complex PL temperature response (Fig.3.23). Due to a crys-

tal phase transition from orthorhombic to tetragonal at around 150 K it is possible to observe

strong PL shift as well as PL splitting (Fig.3.23A). The latter complicates analysis and inter-

pretation of the PL signals as a function of temperature with the previously used models. The

signal was fitted with two Gaussian peaks in order to account for the high energy peak (PL1)

and low energy peak (PL2) that is is present in the range between 4 and 300 K (as previously

described in 3.19B). The PL2 peak is present in the region between 4 and 75 K in a form of

broadening and then splits into a unique peak at around 100 K, after which it redshifts until dis-

appearing at around 200 K. The PL1 peak blueshifts between 4 and 150 K, where it reaches

a tipping point and starts to redshift until 200 K. After 200 K the peak PL emission remains rel-

atively constant. These transitions and peak shifting are in line with previous literature reports

[103].

The intensity profile of bulk MAPbI3 was also analyzed separately for PL1 and PL2 peaks

(Fig.3.23C). It appears that the PL1 peak also shows an unusual increase in PL intensity at

around 50 K which is not observed in the PL2 peak intensity pattern. On the other hand, the

PL2 peak shows a slight increase in intensity right before disappearing at 200 K, which might

be an artifact of two peaks merging. Both data sets were fitted with eq.3.6 and the fitting
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Figure 3.22: pAAO MAPbI3 PL trends during low temperature spectroscopy. A - PL signal blueshifts as the tem-

perature increases up to ca.150 K, after which the peak position remains relatively constant; B -PL peak intensity

initially increases by up to 60% till the sample reaches ca. 100 K, after which the signal is thermally quenched; C

- PL signal broadening with the increasing temperature; D - PL peak shape at 4 K is symmetric and displays no

additional features;
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Figure 3.23: MAPbI3 PL peak splitting and position shifting investigation during low temperature spectroscopy; A -

pAAO PL at 4 K (red) and 300 K (gray) showing a broadening on the high energy side of the signal with no peak

splitting observed in between; B - tracking of the peak emission energy throughout the temperature range. Blue

shift that is typical for perovskites is observed with increasing temperatures in both PL1 (full circles) and PL2 (empty

circles) peaks; C - bulk peak shape showing considerably more complex behavior when compared to pAAO sample.

Examples of PL signal at 4 K, 100 K, 180 K, and 300 K shows broadening, splitting and single peak all present in

bulk samples at different temperatures; D - bulk sample peak emission energy recorded at different temperatures.

The sample shows a low energy broadening between 4 and 80 K, peak splitting between 80 and 190 K and only a

single peak between 190 and 300 K.
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Table 3.6: Intensity fitting parameters for pAAO and bulk MAPbI3 samples using eq.3.6.

I0/- A1/- E1/ meV A2/ - E2/ meV

pAAO 1.57 251 58 80096 182

bulk PL1 1.13 210 57 133 58

bulk PL2 0.97 43 73 107 26

Table 3.7: FWHM fitting parameters for pAAO MAPbI3 samples using eq.3.7.

Γ0/ meV σ/ µeV k-1 Γop/meV Eph/meV

pAAO 45 0 170 25

parameters are summarized in Tab.3.6.

The broadening profile of the PL1 peak is drastically different from the PL2 peak. The PL1

peak follows generally increasing FWHM with increasing temperature with a number of irreg-

ularities. The PL2 peak initially broadens until 100 K where it abruptly becomes significantly

thinner and continues to broaden until 200 K. Neither of the peaks were evaluated with eq.3.7

due their complex behavior.

When comparing pAAO and bulk samples it evident that the confinement has a strong effect

on the material properties. pAAO samples have flatter peak energy profile, which shows no

peak splitting or any other strong transitions. Another effect is the appearance of intensity peak

at around 50 K. These two phenomena indicate that there might be influence of geometrical

constrains and quantum size effects on crystal phase transition, which would be important to

investigate further in these and other perovskite systems.

3.3 Lead free 2D perovskites

Although Pb-containing HP have achieved a large degree of success, future mass application

in optoelectronic devices will be hindered by the significant health hazard and possible environ-

mental danger posed by these materials. Several different alternatives have been investigated

in the literature, including MASnI3 [104] and MAGeI3 [105], though both of the materials are

very easily oxidized (Sn2+ −−→ Sn4+ and Ge2+ −−→ Ge4+). Recently several transition metal

perovskites came to light as possible stable, earth-abundant, and cost-effective alternatives to

Pb-containing HP [106], [62], [63]. Due to their relaxed geometrical constrains, this group of

materials can incorporate a wider range of component ions and permits a higher degree of
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Figure 3.24: (MA)2CuCl4 optical and structural characterization. A - PL and thin film absorption; B - SEM of

an island of (MA)2CuCl4 on ITO showing characteristic thin square crystals; C - thin film XRD on glass showing

characteristic peaks describing 1D Ruddlesden-Popper structure; D - EDX analysis of (MA)2CuCl4 on ITO showing

corresponding chemical elements present in the sample; E - XRD diffractogram showing peaks characteristic of

(MA)2CuCl4; peaks marked with a star do not belong to (MA)2CuCl4 and can result from residual MAPbCl2 or CuCl2

still present in the thin film.
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tunability.

During this work Cu-based lead-free 2D HP (MA)2CuCl4 was investigated due to Cu2+

stability in aerobic environments. The material was synthesized using a modified procedure

reported by Coreteccia et al. [63]. Drop-casted thin films showed characteristic PL with a peak

at 2.45 eV and FWHM of 0.39 eV as well as an absorption profile previously described in the

literature [63] (Fig.3.24A). Single crystal platelets of (MA)2CuCl4 with an edge size up to 150

µm were grown from saturated EtOH solution by gradual evaporation of solvent, following the

procedure reported in literature [107]. As expected, single crystals were square shaped and

had yellow color (Fig.3.24B). SEM image of (MA)2CuCl4 drop-casted on ITO substrate using

DMSO precursor solution also shows characteristic square platelets although in this particular

case with more defects and twinned crystals (Fig.3.24C). An EDX analysis was performed on

the sample in order to confirm the nature of the formed crystals. Characteristic peaks for Cl,

C, N, and Cu were observed, which can be assigned to the elements found in (MA)2CuCl4.

Presence of In, Si and O can be explained by the substrate composition. An XRD analysis was

performed to confirm the identity of the formed thin film and its crystaline structure. Based on

the previously reported diffractograms [63], it was possible to assign almost all of the peaks to

a specific crystallographic orientation and the Ruddlesden-Popper 2D structure of (MA)2CuCl4

was confirmed. Extremely strong (00l) peaks suggest a high degree of crystallinity and pref-

erential orientation parallel to the surface of the substrate [the (001) plane]. Four small peaks

between 8 and 14o are not usually present in (MA)2CuCl4 and can be explained by presence of

residual MAPbCl or CuCl2. Based on the XRD pattern, unit cell distances could be calculated

(a = 7.27 Å, b = 7.32 Å, c = 9.95 Å) and when compared with the previously reported values are

good agreement with them [63]. (MA)2CuCl4 exhibits issues relating to charge carrier trans-

port that limits its performance in optoelectronic devices [63]. Controlled crystallization in order

to preferentially orient the structure perpendicular to substrate surface might offer a solution.

pAAO was investigated as a possible matrix which would allow a certain degree of control of

the orientation of the crystal, though unfortunately no PL emission was observed from these

films.
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4 Conclusion

During this work a new method to prepare ncHP has been demonstrated. ncHP were grown

inside porous oxide thin films with nanometer-scale pore diameter thus limiting and controlling

their crystalline size. Four different HP systems were investigated during this work, which in-

cluded organic-inorganic hybrid halide perovskites like MAPbCl3, MAPbBr3, and MAPbI3, as

well as fully inorganic CsPbBr3. Strong size dependent effects attributed to quantum con-

finement were observed in all of the systems. The PL of ncHP was significantly blue shifted

when compared to bulk emission. Additional control over the position of the confined peak was

achieved via changing the size of the pore diameter in the oxide matrix. Stronger hypsochromic

shifts were observed in the pSi system, due to smaller size of the pores (< 2 nm). Neverthe-

less, pAAO samples also showed significant blue shift although with lesser degree of tunability.

Confinement effects were shown in both single halide and mixed halide systems, presenting

the universality of the ncHP preparation approach. Color purity of ncHP PL emission in both

pSi and pAAO was compared to existing RGB color spaces, showing exceptional performance

that can potentially compete with existing LED technology, industry issued standards, and rec-

ommendations.

Further optical characterization of the sample included PL lifetime measurements in pSi

samples with smallest (prepared in pSi etched at 5 mA cm-2) and largest pores (prepared in

pSi etched at 30 mA cm-2), showing general trend of decreasing radiative lifetime in smaller

quantum dots. PL stability of ncHP (MAPbBr3 and CsPbBr3) in pAAO under ambient conditions

and constant illumination was compared with their bulk counterparts. pAAO samples showed

not only increased PL stability, but also an initial PL intensity increase of over 30%. No uni-

fied conclusion as to the nature of the observed behavior has been reached in the previously

reported literature, therefore suggesting new avenues for future investigations.

Additionally, SEM and TEM structural characterization was performed on the ncHP in

porous oxide matrices. It was confirmed that the morphology of pSi and pAAO differ signif-

icantly, where pSi exhibits a disordered sponge like inter-penetrating network of pores, while
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pAAO consists of randomly distributed pores all perpendicularly oriented to the surface of the

substrate. The nature of the embedded nanoparticles, as well as a first approximation of their

size (~4 nm) was done using EDX analysis.

High energy X-ray diffraction studies (WAXS and SAXS) were performed in order to inves-

tigate the structure of the npHP as well as the surrounding oxide matrix. The crystallite size of

ncHP embedded in pSi etched at 15, 25, and 30 mA cm-2 were determined to be 1.8, 2.1, and

4.5 nm respectively. The porosity of 15 mA cm-2 pSi matrix was studied with a Porod method

and determined to be 57% with an average pore diameter of 40 Å.

A proof-of-concept LED was prepared using CsPbBr3 and MAPbI3 ncHP embedded in

pAAO material as the active emitting material. The CsPbBr3 system was used to prepare

green emitting LEDs that achieved a luminance of ~300 cd m-2, which reaches indoor-display

brightness levels. The MAPbI3 system was used to prepare red LEDs which showed signifi-

cantly lower luminance, but still were visible to the naked eye. Electrical performance of the

LEDs shows room for improvement, namely by selecting a more appropriate HTL and layer

making further adjustments to the device architecture.

Low temperature spectroscopy measurements were performed on pAAO samples of MAPbBr3,

CsPbBr3 and MAPbI3 in the range between 4 and 300 K. The results were also compared to

their corresponding bulk films. In all cases, bulk samples displayed regular behavior that is in

line with previous literature reports. On the other hand, pAAO samples showed an anomalous

intensity profile, with significant increase in the region below 100 K. This phenomenon has not

been reported in literature and would require further investigation to fully understand its nature.

The Pb-free transition metal perovskite (MA)2CuCl4 was investigated as potential next gen-

eration non-toxic light emitting material. Thin films of (MA)2CuCl4 were synthesized on glass

substrate and a number of optical and structural analyses were performed to confirm the nature

of the synthesized material. No PL emission was observed upon deposition of (MA)2CuCl4 on

pAAO. Further improvements can be achieved by selecting an appropriate solvent mixture and

adjusting the size of the pores.
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corresponds to smaller pore diameter, yielding a simple method to fine-tune

materials emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Bright luminescence observed from A - MAPbBr3 B - CsPbI3 C - MAPbI3 con-

fined within a pSi matrix; circular regions correspond to pSi that has been etched

on a square piece of a planar Si wafer. Increased strength of the emission is ev-

ident in all the samples, since bulk emission is invisible to a naked eye in all

cases but CsPbBr3 where it is noticeably strong and different in color from the

confined region. All samples illuminated with a hand-held UV lamp. . . . . . . . . 36

3.4 Comparison of bulk (dashed line) and confined (solid line) PL of MAPbI2Br (pre-

pared in 10 mA cm-2 pSi), showing that confinement in pSi works for both single

and mixed halide systems. Excitation wavelength 450 nm. . . . . . . . . . . . . . 36

3.5 PL lifetime in pSi with small pores (5 mA cm-2) and big pores (30 mA cm-2).

ncHP confined in pSi showed typical bi-exponential decay with smaller diameter

pores having shorter time constants, when compared with pSi with larger pores

(Tab.3.1). This behavior is typically observed in quantum confined particles [77]. 37

3.6 A - Peak PL of MAPbBr3 confined in pAAO etched in various electrolytes at

different voltages; PL of B - MAPbBr3, C - CsPbBr3 and D - MAPbI3 bulk (dashed

line) on glass and confined within pAAO (solid line) together with corresponding

Tauc plot absorption data (doted line) showing pronounced blue shift in all of the

cases. Tauc plot absorption data for MAPbI3 confined in pAAO is unavailable

due to its low absorption. MAPbBr3 and CsPbBr3 λexc = 405 nm. MAPbI3 λexc =

450 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.7 Bright luminescence over large area of A - MAPbBr3, B - CsPbBr3, C - MAPbI3

confined in pAAO visble to a naked eye under a UV hand-held lamp. . . . . . . . 40

3.8 Proof-of-concept illustration of MAPbBr2Cl confinement within pAAO, showing

that the method is also applicable for the mixed halide system; confined PL

(solid line) shows hypsochromic shift compared to bulk PL (dashed line); λexc =

405 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
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3.9 A - integrated PL intensity of MAPbBr3 as a function of time for bulk MAPbBr3

(squares), MAPbBr3 confined within pAAO (triangles) with encapsulation and

without encapsulation (circles); B - PL spectra showing the constant position of

PL peak after 1 min, 30 min and 1 day; λexc = 405 nm. . . . . . . . . . . . . . . . 41

3.10 Emission of ncHP confined in A - pSi and B - pAAO summarized in CIE 1931

color space diagram, showing that color purity of both pSi and pAAO samples

extends beyond the existing standard color spaces (sRGB and Adobe RGB). . . 42

3.11 SEM image of pAAO etched in 0.2 M oxalic acid at 5 V, top view, nanometer-size

porous structure of the porous oxide matrix. . . . . . . . . . . . . . . . . . . . . 43

3.12 A - BF-TEM image of MAPbI3 nanocrystals (dark inclusions) in exfoliated 15 mA

cm-2 pSi (gray) sample; B - BF-TEM image of ~100 nm thick slice of pAAO half-

filled with MAPbI3 nanocrystals (dark inclusion); C - illustration of interconnected

pSi matrix with perovskite nanocrystals embedded in it; D - illustration of pAAO

vertically aligned oxide matrix filled with perovskite nanocrystals. . . . . . . . . . 44

3.13 A - EDX analysis of 15 mA cm-2 pSi flake filled with MAPbI3 (light inclusions);

orange points indicate Pb containing areas of the image and red line indicates

the scan line; B - EDX scan line analysis (Pb L line) showing the size of the

ncMAPbI3 crystals to be ca. 4 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.14 Examples of WAXS measurement results of 15 mA cm-2 pSi with MAPbI3 em-

bedded in it A - on the surface and B - 20 µm deep underneath the surface; both

sets of results show a dot pattern resulting from crystalline silicon and circular

patterns resulting from MAPbI3; as a negative control a sample of empty pSi

was also scanned C - on the surface and D - 20 µm underneath the surface

showing only silicon patterns; E - diffractogram showing peaks corresponding

to crystallites of MAPbI3 embedded in a matrix of pSi etched at different current

densities, therefore having various pore sizes. . . . . . . . . . . . . . . . . . . . . 46

3.15 Based on the Scherrer analysis of MAPbI3 embedded into pSi matrix, the crys-

tallite size could be resolved as a function of matrix depth; nanocrystallites pre-

pared in pSi etched at A - 15 mA cm-2, B - 25 mA cm-2, C - 30 mA cm-2 were

analyzed; D - average PL peak positions plotted as a function of crystalline size. 47
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3.16 SAXS measurement performed on a 15 mA cm-2 pSi sample; A - transmission

data obtained from the sample positioned perpendicular to the incident beam;

the shape in the middle is the beam stop shadow; B - reduced and background

substracted intensity data plotted as a function of scattering vector q (3.2); C -

Porod representation of the same data set, allowing to extract the Porod constant

K that is used to determine the pore diameter. . . . . . . . . . . . . . . . . . . . . 48

3.17 A - Device structure of an LED incorporating ncHP within a porous oxide ma-

trix; the LED was prepared by evaporating Al/Ti thin films on a FTO transparent

electrode resulting in a pAAO that was further infiltrated with perovskite precur-

sor solution; the compact TiO2 layer that resulted from anodization serves as

a electron transporting layer (ETL) and F8 conducting polymer was spincoated

on top of the structure to serve as a hole transporting layer (HTL); Ag/MoO3

was used as top contacts for this LED; B - energy level diagram of the LED;

ncHP confined pAAO precise valence and conductive band levels are unknown,

though the bandgap is definitely larger when compared to the bulk counterpart

due to quantum size effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.18 Comparison of bulk PL (dashed line), pAAO confined PL (solid line) and pAAO

confined EL of A - CsPbBr3 and B - MAPbI3; current density and luminance of

C - CsPbBr3 and D - MAPbI3 LEDs; visible emission could be observed with the

naked eye in both E - CsPbBr3 and MAPbI3 containing device. . . . . . . . . . . 50

3.19 An example of peak broadening and peak splitting during the experiment. A

- peak broadening on the lower energy side of the main emission for pAAO

MAPbBr3 sample at 4 K which disappears shortly as the temperature increases.

An identical "shoulder" could also be observed in pAAO CsPbBr3 samples; B -

peak splitting observed at 180 K in bulk MAPbI3 that signifies a phase transi-

tion that usually occurs in this material in the mid-temperature range. Separate

peaks were labeled PL1 (higher energy) and PL2 (lower energy). . . . . . . . . 52
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3.20 Low temperature spectroscopy results for MAPbBr3 system. A - peak PL energy

of pAAO (circles) and bulk (squares) PL as the function of increasing tempera-

ture; B - normalized intensity of pAAO (circles) and bulk (squares) samples as

a function of increasing temperature showing an anomalous peak intensity in

pAAO samples at around 50 K; C - FWHM through the range of temperatures

for both in pAAO (circles) and bulk (squares) samples. The slight initial decrease

of FWHM pAAO until ca.30 K might be contributed by the low temperature peak

"shoulder" that disappears afterwards. D - pAAO (light green) and bulk (dark

green) sample emissions at 4 K showing a "shoulder" on the lower energy side.

The broadening feature is highlighted by fitting two Gaussian peaks to each of

the signals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.21 Low temperature spectroscopy results for the CsPbBr3 system. A - peak PL

energy of pAAO and bulk samples as a function of energy, showing a more pro-

nounced blueshift in the low temperature part in pAAO when compared to the

bulk samples; B - normalized PL intensity as a function of increasing tempera-

ture. An anomalous increase in PL intensity can be observed in pAAO samples

at around 50 K; C - FWHM of pAAO (circles) and bulk (squares) samples be-

tween 4 and 300 K. Slightly decreasing FWHM values in pAAO samples at the

beginning of the temperature range could be attributed to the low energy shoul-

der. D - comparison of pAAO (blue) and bulk (dark blue) PL at 4 K, highlighting

the broadening features (dotted line) on the lower energy side of the main sig-

nals (dashed lines); . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.22 pAAO MAPbI3 PL trends during low temperature spectroscopy. A - PL signal

blueshifts as the temperature increases up to ca.150 K, after which the peak

position remains relatively constant; B -PL peak intensity initially increases by

up to 60% till the sample reaches ca. 100 K, after which the signal is thermally

quenched; C - PL signal broadening with the increasing temperature; D - PL

peak shape at 4 K is symmetric and displays no additional features; . . . . . . . 59
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3.23 MAPbI3 PL peak splitting and position shifting investigation during low tempera-

ture spectroscopy; A - pAAO PL at 4 K (red) and 300 K (gray) showing a broad-

ening on the high energy side of the signal with no peak splitting observed in

between; B - tracking of the peak emission energy throughout the temperature

range. Blue shift that is typical for perovskites is observed with increasing tem-

peratures in both PL1 (full circles) and PL2 (empty circles) peaks; C - bulk peak

shape showing considerably more complex behavior when compared to pAAO

sample. Examples of PL signal at 4 K, 100 K, 180 K, and 300 K shows broad-

ening, splitting and single peak all present in bulk samples at different tempera-

tures; D - bulk sample peak emission energy recorded at different temperatures.

The sample shows a low energy broadening between 4 and 80 K, peak splitting

between 80 and 190 K and only a single peak between 190 and 300 K. . . . . . 60

3.24 (MA)2CuCl4 optical and structural characterization. A - PL and thin film absorp-

tion; B - SEM of an island of (MA)2CuCl4 on ITO showing characteristic thin

square crystals; C - thin film XRD on glass showing characteristic peaks de-

scribing 1D Ruddlesden-Popper structure; D - EDX analysis of (MA)2CuCl4 on

ITO showing corresponding chemical elements present in the sample; E - XRD

diffractogram showing peaks characteristic of (MA)2CuCl4; peaks marked with

a star do not belong to (MA)2CuCl4 and can result from residual MAPbCl2 or

CuCl2 still present in the thin film. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
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