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Abstract

Semiconductor quantum dots have proven to be promising materials for opto-
electronic devices, such as light emitting devices (LEDs) and solar cells, due
to their thin linewidth of emission, high photoluminescence quantum yield
and high absorption coefficient. Over the last decade, perovskite crystals have
gained significant attention due to their extraordinary optoelectronic proper-
ties. Therefore, perovskite nanocrystals combine the advantage of both crys-
talline perovskite and quantum dots. Here, we synthesised high quantum yield
(50 - 80 %) monodispersed CsPbXs (X= Cl, Br, I) quantum dots, with tuneable
emission spectra over the entire visible region, by a colloidal synthesis method.
We have then successfully processed them to produce thin films as the emitting
layer in an organic LED-type device architecture. Most importantly, we demon-
strated field induced halide separation in mixed halide CsPb(Br/I)5 NCs which

is the reason color instability in these LEDs.

Perovskite nanocrystal LEDs were found to have low external quantum effi-
ciency (EQE) due to their bulky ligands. As a result, Ruddlesden-Popper (RP)
phase layered perovskite was investigated to increase the EQE over perovskite
QD LEDs. As a result, we constructed RP perovskite phase CsPbX3 LEDs with
emission through the entire visible spectrum (460-700 nm). Colour tuning was
achieved by taking advantage of both quantum confinement effect and halide
mixing. The EQE of these LEDs outperformed the literature values in the blue

and blue-green spectral regions, with relatively long life time.

We also invented a novel perovskite nanocrystals made from thallium lead halide
by replacing caesium with thallium. These materials are potential candidates

for various optoelectronic applications. Size-, shape-, and composition- tun-



ing in these nanocrystals were performed by varying the reaction conditions
and mixing the halide composition. A weak confinement was observed in these
NCs. Additionally, we have shown the application of TIPbIs nanowires as pho-

toconductors.

Collectively, this thesis includes the synthesis of various types of inorganic metal
halide perovskite nanostructures followed by their implementation into work-

ing optoelectronic devices, specifically LEDs.
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Chapter 1

Background and Methods

1.1 Introduction

This thesis presents the synthesis of perovskite semiconductor NCs (NCs) for
functional optoelectronic devices, specifically light emitting diodes (LEDs). NCs
were synthesised by colloidal chemistry and then processed to implement in
solution processed LEDs. Additionally, Some nanostructured crystals were grown
by in-situ solution processed technique on a substrate for the fabrication of
highly efficient LEDs.

Semiconductor NCs are one of the most promising candidates for optoelec-
tronic applications [1-5]. The optical and electrical properties of NCs differ
from their bulk counterparts due to a small surface to volume ratio [6]. The
optical properties of NCs can be tuned by changing the particle size. Hence,
smaller particles have larger band gaps and larger particles have smaller band
gaps [7]. The most promising approach to synthesise NCs is a colloidal chem-
istry using suitable ligands [1, 8]. Particle size and shape can be controlled by
changing the reaction condition such as precursor concentration, ligand con-
centration, reaction time, and temperature [8-10]. To date, CdS and CdSe NCs

produce the most efficient LEDs [1, 11]. Lead halide perovskite materials, which

1



have ABX3 type crystal structure, have shown remarkable properties such as
high absorption coefficient, high exciton binding energy, direct band gap, low
defect density, and, most importantly, a halide composition dependent band
gap [12-14]. That means the optical properties can be tuned by changing the
ratio between halides in the perovskite structure. All of these properties are
very useful for optoelectronic applications, such as solar cells, LEDs, photode-

tectors, and laser applications [14-16].

NCs of these materials are even more interesting as they combine the advan-
tages of crystalline perovskite as well as QDs [17-19]. Inorganic metal halide
perovskite NCs (CsPbX3, X= Cl, Br, I) have shown colour tuneability through
out the entire visible spectrum by taking the advantage of quantum confine-
ment as well as halide mixing [17]. In addition, they have also shown the PL
quantum yields of 90 %, which is very competitive to the Cd based QDs [17].
Due to their high quantum yield and precise colour tuneability these nanoma-
terials are a promising candidate for LEDs application [20, 21]. Since the in-
vention of CsPbX3 NCs [17], researchers have gained interest in finding other
perovskite or perovskite like NCs with useful properties by replacing A, B, and X
groups from the perovskite crystal structure to find other feasible atoms [8, 22—
25]. However, NCs always suffer from poor conduction properties due to their
bulky ligands. Ligand exchange can help to replace them with less insulating
ligand but this process compromises the PL quantum yield, and device quality
[26, 27]. Later on, a metal halide Ruddlesden-Popper phase perovskites have
been discovered with a similar crystal structure. However, RP perovskites con-
sist a number of perovskite monolayers together to form a thicker nanosheet
[28-33]. Each nanosheet is separated by some organic cation to form a quasi-
2D structure. These RP phase perovskite were found to be even more efficient
than perovskite QDs for LEDs and solar cells application due to their high sta-
bility and improved conducting properties. [30, 32-34]. They combine the
colour purity and tuneability of QDs with the conduction properties of 3D crys-
tals [35-37].



Designing the device structure, optimising the material properties, and pro-
cessing of these NCs for practical device applications are very challenging, and
require a lot of optimisation. This thesis includes the synthesis of these NCs
with the optimisation to process them for device quality thin films followed by

the fabrication of efficient LEDs emitting through the entire visible region.

This chapter contains the basic synthesis methods and mechanisms of NCs by
colloidal chemistry, properties of NCs, and the confinement effect which re-
lates to the density of states. In addition, the second half of the chapter will
introduce the metal halide perovskite crystals and their advantages followed by
the history and working mechanism of LEDs. Afterwards, application of per-
ovskites in solar cells is discussed. The last part of this chapter will contain the
methods section including the major characterisation techniques used in this

project.

Chapter 2 contains the synthesis of size and composition controlled CsPbX3
NCs with tuneable optical properties. For the first time, the evolution of quan-
tum confinement was conducted for the size controlled CsPbBrs NCs, which
suggest the strong confinement in these NCs [38]. In addition, halide compo-
sition was varied to synthesise the NCs with precise colour tuneability through
the entire visible spectrum. These NCs were used in Chapter 3 for the fabrica-
tion of LEDs. Those LEDs showed an EL through the entire visible spectrum,
specifically focused on the red spectral region. For the first time, the obser-
vation and mechanism of colour instability and ion migration in mixed halide
perovskite NC red LEDs was clearly conducted [20]. Chapter 4 contains the
synthesis of pure inorganic Ruddlesden-Popper (RP) phase perovskite struc-
tures, which shows the conduction properties similar to 3D perovskites while
having confinement properties similar to NCs. These RP phase perovskite were
used for the fabrication of LEDs emitting in the entire visible spectrum. The
halide mixing in RP phase perovskite was performed for the first time. In ad-
dition, the EQE of the blue LEDs outperformed the current literature values,

and showed very competitive EQE in the green emission region along with a



relatively long life time [30, 39]. After this work, we were interested in finding
novel perovskite NCs by replacing group A in the perovskite crystal structure.
We developed shape-, size-, and composition-controlled thallium lead halide
nanowires (NWs) and NCs in Chapter 5 [8]. The size tuning as well as composi-
tion tuning was demonstrated in these NCs. In addition, we used TIPbl3 NCs as
a wide band gap photoconductor. These novel perovskite NCs have potential
applications in solar cells, X-ray detectors, piezoelectrics, and non-linear optics

when doped with rare earth material.

1.2 QDs

Semiconductor NCs that are small enough to exhibit zero dimensional (atomic-
like) quantum mechanical properties are called QDs. Alexei Ekimov synthe-
sised QDs in a glass matrix in the beginning of the 1980s [40]. While Louis E Brus
discovered a means of producing QDs in colloidal solutions [41, 42]. The size of
QD range from 2-50 nm in diameter, and usually contains 102-104 atoms. The
properties of QDs, such as optical and electrical, depend on their shapes and
sizes. In addition, shape and size of QDs can be tuned by changing the reaction

conditions.

1.2.1 History

The semiconductor colloids were first developed using the arrest precipitation
method. [43]. In this method, poorly soluble cations and anions tend to precip-
itate in aqueous solution when they are at high concentration of supersatura-
tion. For example, metal salts of Cd(SO4)2 and (NHy4),S in an aqueous solution
precipitate at reaction equilibrium, which results in the formation of CdS pre-

cipitate (Equation 1.1).
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The formation of a bright yellow colour in this reaction confirmed the forma-
tion of CdS colloids. The band gap of this material matched with the bulk band
gap of CdS, however, there was no indication of confinement effect, which is
usually observed by the presence of a high energy absorption peaks [43]. A sim-
ilar method was used to produce semiconductor colloids of ZnS in methanol
and water [44]. The rate of precipitation was found to be rapid in these reac-
tions and therefore some polymer additives were used to preclude fast precipi-
tation [43, 45-48]. While this method was capable of creating various NCs, the
PL quantum yield (emission) was very low with broad spectral emission due
to the surface defects resulting in non-radiative decay path ways [49]. In ad-
dition, this method was very limited to control the size of NCs [49]. Significant
improvement was made to control the size and which offered narrow size distri-

bution [50]. However, a new synthesis method for high quality NCs was needed.

Templated growth of NCs in micelles or reverse micelles have been used. A mi-
celle is a surfactant molecule, which has a hydrophilic head and a hydrophobic
tail. A micelle is formed when the hydrophilic head is exposed to the surround-
ing aqueous solvent as shown in Figure 1.1. On the other hand, if the hydropho-
bic part is in the contact with surrounding non-aqueous solvent, then it forms
a reverse micelle [51]. Mauricio was the first one to synthesise CdS NCs in mi-
celles [52]. Several other semiconductor NCs were synthesised using micelle or
reverse micelle such as CdTe [53], CdSe [53], ZnS [54], ZnSe [55], PbS [56], HgSe
[53], and HgS [57]. These micelle materials offer a superior size control and dis-
tribution than the arrested precipitation method. However, the PL spectra of
NCs, synthesied by this method, still displayed a weak broad emission. Control
over size and size distribution allowed researchers to understand the photo-
physics in these NCs more systematically. Due to the high surface area in NCs,

there are more structural defects which results in charge trapping in those de-
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fects site [49]. The enhancement in the PL quantum yield was performed by
passivating the surface of CdSe NCs by a higher band gap shell, which resulted
in electron-hole overlap, and thus radiative recombination of the electron and
the hole [54]. This results in the increase of PL quantum yield with a thin emis-
sion line width [54].

Another method to synthesise NCs was the organometallic synthesis, which
uses an organometallic precursor. These precursors, such as hydrogen chalco-
genides (H,S, H,Te, H,Te) were used in arrested precipitation rather than ionic
sulfur (Na,S) [58-60]. The advantage of using these precursors was better size
control and distribution. Later on, an anion precursor bis(trimethylsilyl) se-
lenide was widely used for the synthesis of NCs [53]. Thus, the anionic precur-
sor was replaced by bis(trimethylsilyl)selenide and hydrogen chacogenide(H>S,
H,Te, H,Te). Steigerwald et al. used tertiary phosphine chalcogenides, tri-
ethylphosphine telluride, to synthesise solution processed HgTe [61]. After the
successful synthesis of HgTe, researchers used the similar tertiary phosphine

a) Micelle b) Reverse Micelle
O;"\:WV\/% Hydrophobic ’V\/WV‘O % Hydrophilic

ONV""" 0il Phase ”7::4%”0 ESO Phase &w%vw
N W
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Figure 1.1: a) Micelle and b) reverse micelle structure have a hydrophobic tail

and a hydrophilic head.



chalcogenide in synthesis of NiTe [62], CoTe [63], CoSe [64], CoS [64], MnTe
[65], PdTe [66], and FeTe [67]. Thus the use of different precursor solutions,

ligands, and core/shell structures evolved the variety of semiconductor NCs.

1.2.2 Shape Control of NCs

NCs can be grown in various shapes such as rods, wires, or a disk-like shape.
A hexagonal and wurtzite structure exhibit different facets and these facets can
show different chemical reactivity. Due to this, some precursors react with one
facet more quickly than the other. Therefore, the NCs growth is thermodynam-
ically favoured along that facet. The growth of wurtzite CdSe was found to be
favorable along the most polar axis when the growth of NCs is fast [9]. Peng et
al. reported a clear mechanism for anisotropic growth, where they suggested
that a slower growth rate can be achieved by choosing a longer alkyl chain lig-
and [9]. Interestingly, this very slow growth rate results in anisotropic growth
as the crystal has the highest reactivity perpendicular to the c axis (001) in a
wurtzite crystal of CdSe [9]. In addition, the growth rate was also found to be
dependent on the precursor concentrations: a higher concentration of precur-
sor led to an anisotropic growth [9]. Various shape of NCs for example, Co NCs
with disk shape,[68] and PbS NCs with cubic shape,[69] could be synthesised.
These shapes were controlled by the same facts that NCs show more favorable
growth on one particular facet than others, as most of the NCs exhibit faceted
shape,[70] and this can be achieved by varying the precursor concentrations,

reaction conditions, and the type of ligands.



1.2.3 Density of States

The density of states (DOS) is the number of energy state per unit energy in
a given volume. In order to calculate the density of states in 3-dimensional
semiconductors, an infinite quantum well is assumed, where the electron has
free movement. The semiconductor is assumed to be a perfect cube with a
length L (Figure 1.2a). The wave function in this condition will be the following:

¥ = Asin(Ky) + Bcos(Ky) (1.2)

Where A and B are constants and their values are dependent on the bound-
ary conditions. One of the boundary condition states that upon reaching the

edge of the crystal, the wave function decreases to zero. That means k, should
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Figure 1.2: a) A diagram for the calculation of density of states in a 3-
dimensional semiconductor. b) Density of state shows the parabolic relationship

with energy, which is observed from Equation 1.19.
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be the integer multipal of 7.
mmn
k=——m=0,1,2.. (1.3)
L
All of these k values can also be represented in y and z direction. Since the
crystal is isotropic with equal length (L) in all directions, the volume for each of

these states in k space will be the following:

73
V= (_) (1.4)

Now, we calculate the number of states (N) in the given value of k space (Figure
1.2a). This will be the fraction between the volume of an eighth of a sphere with
radius k and the volume of a single cube calculated in Equation 1.4. Each of

these states could be occupied by spin up and spin down hence the factor of 2

will be multiplied.
1(4 L\®
N:2§(§nk3)(—) (1.5)
b4
k3 (L\®

Differential with respect to k of Equation 1.6 will be the following:

L 3
dN/dsznkz(—) 1.7)
T

As the density of states is defined as the number of states per unit energy in

a given volume (V) therefore, the density of states is defined by the following

formula:
_dN 1
DOS = JEV (1.8)
DOS = d—Ni (1.9)
dE L3

Equation 1.9 can also be written in the form of wavenumber k:

9
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By taking the value of dN/dK from Equation 1.7, the above equation becomes:
DOS = K dk (1.11)
- n?dE '

The relation between the kinetic energy and the wavenumber of a particle with

given mass m* is given as [71]:
h?k?
- 2m*

E

(1.12)

Where 71 = %, 7i is called the reduced Planck constant and h is the Planck con-
stant with value 6.62607004 x 1073* m? kg/s.

dE _nh*k (1.13)

dk — m* '
dk m* (1.14)

dE  n2k '

From Equation 1.12, we can extract the value of wavenumber k.
2m*E

k= 1.15
7 (1.15)

By taking the value of dk/dE from Equation 1.14 and putting this in Equation
1.12, the density of states becomes:

k *
DOS = hz—";; (1.16)

2
*(3/2)8”\/_’ = L (1.17)

DOS = (B)"?
(B m h3 27

Equation 1.17 shows that the density of states is proportional to the square root
of energy.
DOS o E1/? (1.18)
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(DOS)?> x E (1.19)

Equation 1.19 shows the parabolic relationship (y?> = 4ax) between the den-
sity of states and energy. Therefore, the energy diagram shows the continuous

parabolic dispersion (figure 1.2b).

Similarly, the density of state can be calculated in 2-dimensional semiconduc-
tors such as NWs and nanorods. In a 2-dimensional system, the carriers are
confined in the z direction. Therefore, we only have a 2-dimensional k space
(Figure 1.3a) and each of these states occur at a distance of 7 from Equation

1.3. Thus, the area of the square can be described as:

A= (5)2 (1.20)
=7 .

Similar to Equation 1.6, the number of states in the given volume of k space
(Figure 1.3a) will be the fraction between the area of a fourth of a circle with
radius k and the area of a single square. Each of these states could be occupied

by spin up and spin down hence the factor of 2 will multiplied.

k*1?
N= (1.21)
2n
Differential of the above equation with respect to wavenumber k will be:
dN _ kI? 1.22)
dK 7 )

As the density of states is the number of states per unit energy in a given vol-

ume, therefore similar to Equation 1.8, it can be written as:

DOSp=———— (1.23)
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Figure 1.3: a) A diagram for the calculation of density of state in a 2 dimensional
semiconductor, such as NWs and nanorods. b) Density of state has no relation-
ship with the energy, which was observed from Equation 1.25.

The similar strategies were used to derive the DOS in 2-dimensional semicon-
ductors. The value of % can be extracted from Equation 1.14. By putting all
these values into Equation 1.23 and solving them, the DOS in two-dimensional

semiconductor will be following:

dnm*

DOS2p =~

(1.24)

Where m* is the mass of the particle. As can be seen from Equation 1.24, the
density of states in 2-dimensional semiconductor does not depend on energy

atall (Figure 1.3b). So, the above Equation can be written in the following form:

DOS,p ox E° (1.25)

Similarly, in a 1-dimensional semiconductors the carriers will be confined in
two dimensions and will only be free to move in one dimension. Therefore,

using the same strategies as used in the three and two-dimensional semicon-
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ductors, the electron will be free to move only in one dimensional k space as
shown in 1.4a and they are separated by a distance 7 L. In this case the total
number of states (N) will be the fraction between total length k and %L. Each
of these states could be occupied by spin up and spin down hence the factor of

two will be multiplied as well. Thus, the total number of states will be following:

N 2k(£) (1.26)
T

Differential of the above equation with respect to wavenumber k will give the

following solution:

(1.27)

dk ~ “\m

dN ( L)

=2
The density of states is the number of states per unit energy in a given volume (2
dimensions are confined). Therefore, the density of states in one-dimensional

semiconductors will be:

dNdk , 1
dE— (1.28)

DOSp == 4By

The value of Z—]’; can be extracted from Equation 1.14 so the overall DOS in one-

dimensional semiconductor will be as following:

DOSyp =2V2mV?P =12 (1.29)

Thus, in the case of 1-dimensional semiconductors, density of state is inversely
proportional to the square root of energy, which can also be observed in Figure
1.4.
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Figure 1.4: A relation between density of states and energy in a) 0-dimensional
and b) 1-dimensional semiconductor. In the case of 1-dimensional semiconduc-
tor the DOS has the inverse relationship with energy. The zero dimensional semi-

conductor shows the direct proportion relation with energy.

1

In zero-dimensional semiconductors, QDs, the carriers will be confined in all
of the dimensions. Therefore, k space will not be applied here. However, it is
similar to single atom which will have discrete states. So the density of states

will be written in a § function.

DOSyp =20E (1.31)

The Equation 1.31 shows that the density of states in zero-dimensional semi-

conductors will be directly proportional to the energy.

DOSQDO( E (1.32)

Equation 1.32 suggests that the energy level becomes discrete in the case of
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zero-dimensional semiconductors such as QDs. Thus, the overall derivation for
3-dimensional, 2-dimensional, 1-dimensional, and 0-dimensional semiconduc-

tors describes the relationship between density of states and energy.

1.2.4 Band Gap Tuning

As observed in Section 1.2.3, QDs have discrete energy levels and the band gap
can be tuned by changing the size of the NCs which changes the degree of con-
finement. Any excitation source such as a photon is able to excite the electron
from the valence band of a semiconductor material to conduction band. This
process creates a hole in the valence band, which forms a bound pair of elec-
tron and hole that is called an exciton. The physical distance between the elec-
tron and the hole is called the Bohr radius of the exciton. Bohr radius is the
radius of exciton quasiparticles, which is unique for each material. For a bulk
material, this exciton Bohr radius is much smaller than the size of a particle so
the radius can extend to its full natural limit. While, in the case of QDs, the exci-
ton Bohr radius is either close to or larger than the particle size. NCs are consid-
ered to be in the weak confinement regime if the particle radius is larger than
the Bohr radius. However, they are in the intermediate confinement regime, if
the Bohr radius is close to the particle radius. Whereas, if the particle radius is
smaller than the Bohr radius, then NCs are considered to be in the strong con-
finement regime. Therefore, excited electrons are unable to move to their full
radius because they can not exist outside the QDs [72]. This effect is called as

quantum confinement [72].

Band gap of NCs can be tuned by three possible ways. First method to tune
the band gap is by tuning the size of NCs; the second method is by tuning the
shape of NCs; and the last option is by synthesising alloy structures, in which

the band gap can be tuned by changing the composition.
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Figure 1.5: A diagram shows the dependence of particle size on band gap of NCs.

Smaller particles result in a larger band gap and a blue shifted emission peak.

1.2.4.1 Size Tuning

Figure 1.5 shows the effect of the particle size on the band gap and thus the
emission of NCs. When an electron of any atom is excited by an external light
source, it absorbs energy and reaches the excited state (conduction band). After
some time, the electron returns to its ground state (valence band) and emits a
photon (in case of radiative recombination) with energy equal to the band gap
of material. Thus, the band gap of QDs can be tailored by changing the particle
size, which allows us to change the colour of emitted photons. Increase in the
size of NCs results in a smaller band gap, whereas, the decrease in NCs size is
responsible for the larger band gap of the material and therefore the emission
shifts towards bluer wavelength as the size of NCs decreases [72, 73]. For in-

stance, band gap tuneable size controlled CdSe NCs were synthesised by vary-
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ing the reaction conditions [74]. Similarly, size tuneable InP/ZnS QDs were syn-
thesised by colloidal route with an emission from green to red spectral region
(510-630 nm) [75].

1.2.4.2 Shape Tuning

The band gaps of nanomaterials can also be tuned by changing the band align-
ment and shape. This can be done by over coating a shell of other material or
using a different ligand. Nanocrytsals can be achieved in a variety of shapes.
For example, 0-dimensional NCs can be synthesised in cubic, spherical, and
star shapes. 1-dimensional NCs can be synthesised as nanorods and NWs. Sim-
ilarly, two-dimensional NCs can be made as disks and platelets [76]. Different
shapes of NCs result in different band levels, which lead to changes in the band

gap and therefore the emission peak.

1.2.4.3 Alloy Structure

Another method to tune the band gap is using alloy structure. A composition
tuneability can lead to the tuneable band gap. For example, the band gap tun-
ingin Zn,Cd;_,Se NCs alloys was achieved by varying the amount of Zn and Se
[77]. An increase in Zn content appeared to increase the band gap of the mate-
rial. Thus, the emission spectra was tuned from 460 to 640 nm by varying the
composition in Zn,Cd;_,Se NCs [77]. Similarly, the band gap can be tuned by
mixing the halides in metal halide perovskite crystals as well. Incorporation of
chlorine results in a smaller band gap. However, incorporation of bromine and
iodine leads to a larger band gap. This halide composition tuneability can shift
the emission peak from blue to red spectral region [17]. The band gap tuning

by halide mixing in perovskites crystals will be investigated in this thesis.
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1.2.5 Colloidal Synthesis Method for NCs

Colloidal synthesis of NCs can be explained using the LaMer model [78]. Ac-
cording to this model, there is a formation of monomers after the reaction pre-
cursors are dissolved in the solvent. The next step is the formation of nuclei,
which can only occur when the concentration has reached the minimum con-
centration required for nucleation (C,;;;). As seen in the Figure 1.6 that the
nucleation occurs by the aggregation of monomers and it stops when the con-
centration reaches below the minimum concentration (C,,;5) required for nu-
cleation (III). Below that concentration, the growth of NCs continues by one
of these possible ways: a) addition of monomer, where the monomer deposits
on to the nuclei; b) by Ostwald ripening, where smaller nuclei redissolve and
deposit onto more thermodynamically favourable large nuclei; or c) by coales-
cence, where multiple NCs combine together and fuse to form a bigger NC [78].
The colloidal NCs can be synthesised in two most promising ways described

below.

1.2.5.1 Hot-Injection Technique

In this technique, a room temperature precursor solution is injected into hot re-
action medium in the presence of suitable surfactant molecules. Just after the
rapid injection of precursor solution, the reaction becomes supersaturated and
causes a sudden burst in the nucleation of QDs. When the room temperature
precursor solution is added, the reaction temperature decreases and this pre-
cursor solution is coupled with the remaining precursor molecule thus further
nucleation is prevented. Eventually, the growth of NCs occurs at lower temper-
atures than the temperature required for nucleation process. Thus, the growth
of each nuclei is consistent for a very short period of time. This consecutive
separation of the nucleation and growth processes generally allows a precise
control of the size and shape of the QDs [79]. All perovskite NCs in this research
were synthesised using the hot-injection technique.
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Figure 1.6: LaMer diagram describing the generation of atoms, nucleation and
growth of NCs.

1.2.5.2 Single-Pot Synthesis

In this technique, all of the required precursors are mixed at room tempera-
ture and the system is heated to the suitable growth temperature. Unlike the
hot-injection method, there is no supersaturation state. In this technique the
level of supersaturation and the temperature of solution increases together and
the nucleation rate depends on both. Using this process NCs can be made in
large quantities with good reproducibility [79]. This method is widely used in
industries. CulnS; NCs were synthesised by this method for the application in

perovskite solar cells, which is described in Appendix-1.
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1.2.5.3 Purification of NCs

After the synthesis, NCs are purified from their growth solution to remove ex-
cess ligands. This can be done by mixing them in solvent and anti-solvent. The
antisolvent mixes with the solvent but does not mix with the particles. The en-
tire solution is centrifuged at certain RPM. Then, the supernatant is discarded
while the precipitate is redissolved in solvent and antisolvent is added to crash
out the particles. This process is conducted 2-4 times depending on the mate-
rial. Eventually, the final precipitate of NCs is dispersed in solvent and used for
further applications or characterisation. NCs were purified by the same purifi-
cation method in this work.

1.3 Metal Halide Perovskite

A perovskite is a mineral of calcium titanium oxide (CaTiO3), first discovered in
Russia by Gustav Rose in 1839. Any mineral, which has a similar crystal struc-
ture, is called a perovskite structure. Perovskite was first investigated in the
form of oxides [80]. However, we are mainly interested in metal halide per-
ovskites for optoelectronic applications.

The standard chemical formula of a perovskite is ABX3, where A is a monova-
lent cation and B is a divalent cation, while X is an anion. Figure 1.7 shows the
general structure of a halide perovskite crystal. Atoms of element A are situ-
ated on the corner of a cubic cell, atoms of element B (grey) are in the center
and atoms of element X (violet) are in the center of each face. The band gap of
metal halide perovskites can be tuned by varying the identity of the anions and
cations. For example, by changing the A, B or X group element, it is possible to
tune the band gap of the material. Chloride perovskites tend to have a larger
band gap in comparison to iodide perovskites. Thus, by mixing these halides,

the band gap can be engineered between their parent materials.
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X (Cl,Br,1)

A (Cs, MA, FA)

Figure 1.7: A halide perovskite crystal structure. Atom A is a monovalent cation,
B is a divalent cation, and X is a halogen. Any crystal similar to this structure is

called a perovskite crystal structure.

These materials are considered to be promising for optoelectronic applications
because of their high absorption coefficient, tuneable band gap, long charge
carrier lifetimes, charge diffusion lengths,[81, 82] and low defect densities [83].
Low cost photovoltaic devices made from these materials display high power
conversion efficiencies (PCEs) and external quantum efficiencies (EQE) [84].
Recently, 70 % PL quantum yield has been recorded from CH3NH3Pbl; and it
was used in perovskite light-emitting diodes (pe-LEDs) [85].
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1.3.1 Perovskite NCs

Bulk perovskites display relatively wide emission spectra and high quantum
yields, which can only be achieved at high excitation density. They were also
found to be unstable in ambient conditions. In addition, the colour tuneability
in bulk perovskite is limited to the halide composition only [86, 87]. To over-
come all of these issues, perovskite NCs have gained significant attention, as
they combine the advantage of crystalline perovskite as well as those of NCs.
Therefore, perovskite NCs offer better control over optical and electrical prop-
erties by both halide composition tuning and confinement effect. A thin emis-
sion line width with precise colour tuneability and high quantum yield could
be achieved in perovskite NCs [17, 19, 88, 89].

Schmidt et al. were the first to synthesise 6 nm sized CH3NH3PbBr; NCs with 20
% PL quantum yield [88]. Hassan et al. reported the synthesis of CH3NH3PbBr3

CsPbX; NCs

-r l 2 i_ - ‘#""—"‘-., \

Figure 1.8: A photograph of CsPbX3 NCs under UV lamp at 365 nm excitation.

The emission was tuned by changing the size and composition of NCs. These
perovskite NCs show the emission through the entire visible spectrum (490-680

nm).
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NCs with different layered crystal structures showing 20 % PL quantum yield
[90]. Later on, Bhaumik ef al. enhanced the PL quantum yield to 95 % in green
spectral region by growing an octylammonium shell on the NCs [18]. Minh
et al. synthesised colour tuneable formamidinium lead halide perovskite NCs
with maximum quantum yield of 75 % [19]. However, organic-inorganic hy-
brid perovskites were found to have thermal instability towards decomposition
and even at moderate temperature, (= 60 °C) the material starts decompos-
ing to the corresponding solid phase of lead (II) halide and gaseous phase of
methylamine and hydrogen halide [91]. This is not ideal for long term stability
in optoelectronic devices. Therefore, a pure inorganic perovskite was needed
to overcome this thermal instability. In 2015, Protesescu et al. reported the
synthesis of pure inorganic metal halide perovskite NCs, CsPbX3 (X = Cl, Br,
I), by hot-injection colloidal route [17]. They reported the maximum PL quan-
tum yield of 90 % with emission tuneability through the entire visible spectrum
(419-700 nm) [17].

1.4 LEDs

A LED is a semiconductor device which emits light when an electric field is ap-
plied. In other words, LED is the semiconductor device which convert electric-
ity into light. LED have the similar characteristics to a pn junction diode, that
means the current only flows in the forward bias. A traditional LED is usually
made of a very thin layer of semiconductor, which emits colour of certain wave-
length when an electric field is applied. A standard LED has long life time with
relatively fast responsivity and require very low input voltage of 3 V and cur-
rent of = 50 mA, which makes the total output power of = 150 mW. LEDs are
very energy efficient and therefore widely used in lighting industry and display

technology to reduce energy usage.

There are three main solid state light sources in the current market. Incandes-
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cent bulb, compact fluorescent bulb, and LEDs. Figure 1.9 shows the photo-
graph of these three light sources from Philips, which are being used in our life

on daily basis.

The incandescent bulb was the first invented and most popular light source in
nineteenth century, which emits a broadband emission when the metal wire is
heated by electricity. The efficiency of incandescent bulb is very low as only 5 %
of input energy is converted to visible light and remaining 95 % is converted to
heat. Additionally, they have relatively short lifetime of 1500-2000 hours [92]. In
a compact fluorescent bulb, the electricity is used to excite a low pressure gas
which produces a narrow band emission. They have much higher efficiency
than those incandescent bulb due to their narrow emission line in the visible
spectrum with a relatively long time life time of 10,000-20,000 hours. However,
compact fluorescent bulb takes longer time to start-up, use mercury and other
toxic materials, and display visual flickering [93]. The colour rendering in com-
pact fluorescent light course is very poor, which makes its application very lim-
ited in display technology. The most recent and efficient technology in solid

state lighting is LEDs. LEDs use the electricity to excite and recombine the elec-

a) b) 5 c)
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Figure 1.9: A photograph of electricity driven light sources from Philips. a) In-
candescent bulb, b) compact fluorescent bulb, and c) LED.
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trons to emit light with very low input energy. Additionally, LEDs have a much

longer lifespan of 100,000 h, which is longer than other lighting sources [94].

1.4.1 Working Principle

LED works on the principle of electroluminescence (EL), which is the emis-
sion of light from a semiconductor in the presence of electric field. Traditional
LEDs are made of a semiconducting material, typically AlGaAs. The entirely
pure form of this materials can not conduct electricity because there is a per-
fect bonding between atoms, which leaves no free electron to conduct. How-
ever, an impurity can create free electrons and holes to allow it to conduct the
electricity. When voltage is applied, the negative charged electrons are forced
to move one direction and the positive holes move to the other direction. When

a free electron comes near a hole, it combines with the hole. The hole exists at
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Figure 1.10: The working principle of a traditional LED with band diagram.
Emission of the photon occurs when an electron recombines with a hole.
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the lower energy level than the free electron so the electron must lose energy
to combine with the hole. This energy is released in the form of a photon. The

amount of photon energy released determined the colour or energy of the light.

LEDs contains a doped semiconductor that can either be called n type material,
where the charge carriers are electrons or p type material, where the charge car-
riers are made up from absence of electrons called holes. An LED is composed
of these two type of materials deposited on top of each other together and cre-
ating a pn junction. When a forward bias is applied, electrons from the n region
move towards the p region and recombine with the holes. Electrons exist in the
conduction band and holes in the valence band (Figure 1.10). Conduction band
has higher energy level than valence band therefore, electrons emit some por-
tion of energy in the form of photon and this energy is equal to the band gap
of the material. If a material has higher band gap the emitted light will have a
lower wavelength and if the band gap is lower the emitted light will have higher
wavelength. It should be noted that, some materials show recombination en-

ergy loss in the form of heat, such as silicon or germanium [94].

1.4.2 History of LEDs

LED is based on the phenomena called EL, which was first discovered by Cap-
tain Henry Joseph Round on a silicon carbide crystal in 1907 [95]. EL from ZnS
powder was also observed by Georges Destriau in 1936 [96]. EL in infrared re-
gion was also observed in GaAs, GaSb, SiGe, and InP alloys [97]. Several other
researchers investigated EL in visible and IR spectral region [96, 98]. In 1966,
The first infrared practical LED was invented using GaAs [99]. Later on, Texas
Instruments (TI) commercialised a GaAs infrared (IR) LED emitting at 890 nm
(near IR) [98].

The first visible LED, with emission in the red spectral region, using Ga(As;_Py),

was reported by Nick Holonyak Jr. in 1962 [100]. Later on, M. George Craford
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improved the efficiency of red-orange LEDs up to 10x [101]. In addition, he also
reported the first yellow LED [101]. Herbert Paul Maruska was the first one to
develop the blue LED using GaN on sapphire substrate in 1972 and awarded a
Nobel prize for his invention [102]. Later on, an American company, Cree, in-
vented a blue LED using SiC [103]. However, all of these LEDs displayed poor
brightness and low efficiency. Shuji Nakamura invented the first bright blue
LED using InGaN in 1992 [104]. Other researchers also developed the efficient
blue LEDs using variety of materials, such as gallium nitride, transparent in-
dium tin oxide, GaAs, and InGaN [105-107]

After the successful invention of blue LEDs, researchers turned their attention
towards the construction of white emitting LEDs. The first white LED contains
a blue emitter coated with Y3Al;0;2:Ce known as yttrium aluminium garnet
(YAG) phosphor. The YAG coating on the blue emitter absorbed some blue light
and emitted yellow light. This yellow light with remaining blue light from the
emitter seems white to the human eye [108]. Later on, researchers have used
variety of phosphors to produce light in the green and red spectral region as
well. The resulting mixture of red, green, and blue (RGB) not only looks supe-
rior to human eye but also showed better colour rendering. To date, mixing
RGB is the the most efficient way to produce the white light. These LEDs were
still efficient than an incandescent bulb with 300 Im/W of luminous efficacy,
100,000 hours of lifetime, and continuous reduction in cost [109]. However,
these LEDs were very expensive and not proven to be very efficient due to heat
loss [110].

André Bernanose was the first scientist to observe the EL in organic materials
[111]. The first organic LED was built in 1987 by American chemists Steven
Van Slyke and Ching W. Tang [112]. The organic layer was sandwiched between
the hole and electron transport layer in this device. The light emission occurs
by recombination of electron and hole in the organic layer. The efficiency of
OLED was found to be better than phosphor LEDs [112, 113]. They also exhibit

low turn-on voltage, lower cost, flexible display, and wide viewer angle with
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Figure 1.11: a) A schematic of the YAG white light LED and b) its EL spectra [110]

high contrast and brightness (= 600 cd/ m?) [112]. Organic molecules conduct
electricity due to the delocalisation of pi (n) electrons. These materials are or-
ganic semiconductors and have highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) similar to valence and con-
duction band in inorganic semiconductors. Figure 1.12 shows the schematic of
organic light emitting diode (OLED). When an electric field is applied, electrons
transport from cathode to organic layer via electron transport layer, whereas
holes transport to the organic layer via hole transport layer. Eventually, elec-
trons from LUMO recombine with hole in HOMO in the organic layer and pro-
duce light of a particular wavelength [112]. However, the lifetime of OLED was
found to be very limited. The efficiency of commercial OLED was recorded to
degrade by 7 %, 8 %, and 12 % in red, green, and blue spectral region after 1000
hours due to the accumulation of non-radiative recombination centers [112].
OLED showed 20 % EQE at 625 nm (red spectral region) and 19 % EQE at 530
nm (green spectral region) [114, 115]. However, blue LEDs could only show the
maximum EQE of 4-6 % [116]. In addition, organic molecules are very sensitive
to water which limits the practical outdoor application of these devices. There-
fore, colour imbalance, shorter life span, high moisture sensitivity have become

the major challenges in the application of OLEDs [112].

QDLEDs have similar device structure like OLED except the QD layer is sand-
wiched between HTL and ETL instead of the organic molecules. Therefore,
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Electron transport layer
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Figure 1.12: (right) A schematic of OLED with (left) a flexible display device in
operation mode [113]

electron hole recombination occurs in the QD layer. QDLEDs offer even higher
brightness than OLEDs (1500 cd/m?), longer life spans, cheaper processing
costs, low turn-on voltage, better colour rendering, and precise colour tuning
with sharper emission and thus combine all the advantages of QDs (Section

1.2) [117]. Figure 1.13b shows a schematic to explain the working principle of

a) b) [\ I\

electron transport layer hole & [

_ Anode

hole transport layer
: ) i

Figure 1.13: a) A schematic of Quantum dot light emitting diode (QDLED), b)
a digram showing the working principle of QDLEDs with respect to the energy

electron

ETL Cathode

level. Electrons and holes transports through the ETL and HTL and recombine in

QDs layer with an emission of light.

29



QD LEDs. It can be seen that the energy level of hole transport layer and elec-
tron transport layers are aligned in a way that they transport efficiently towards
the QDs layer. Variation in the thickness of HTL and ETL helps to control the
rate of electron and hole injection. Eventually, they both recombine in the QD
layer and emit a photon with a wavelength depending on the band gap of the
QDs [118]. Sometimes, recombination of electron and hole doesn't result in
the emission of a photon due to non-radiative recombination, which will be
explained in the next section [119]. The most common NCs used in QDLEDs
are CdS or CdSe, CulnS,, and InP [1, 120-122]. However, to date, CdS/ZnS
and CdS/CdSe core-shell QDLEDs have proven to be the most efficient, due
to almost 100 % PL quantum yield of these QDs with very stable and tune-
able emission spectra in the entire visible region [1, 2, 4, 11, 123]. This has led
to construct CdS/CdSe QDLEDs with a maximum EQE of 20.5 % in 2014 [11].
The only drawback to this technology is that CdSe contains toxic cadmium, a
heavy metal banned for use in electronics in some markets [123, 124]. Recently,
CsPbX3 perovskite NCs with PL QY as high as 90 % have been reported, sug-
gesting that these could replace CdSe as the active layer in OLED structured
devices [17]. Although, CsPbX3 contains a toxic element Pb in it, but the toxic-
ity of Pb is less than Cd and the amount of Pb in CsPbX3 is less than the amount
of Cd in Cd-based LEDs [125]. In perovskite structure, It is also possible to re-
place Pb with other metal such as tin or bismuth for the optoelectronic appli-
cations [22, 126, 127]. Therefore, researchers began working in the area of per-
ovskite NC LEDs (peNC-LEDs) [20, 30, 128-130]. Over time, significant devel-
opment has occurred regarding Perovskite LEDs: starting from the perovskite
QDLEDs to nanostructured 2D perovskite LEDs and finally, the Ruddlesden-
Popper phase perovskite LEDs (Section 1.4.3) [28-30, 86]
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1.4.3 Perovskite in LEDs

Halides perovskite has been proven to be a promising material not only for pho-
tovoltaics but also for LEDs and lasers [16, 131-134] Li et al. prepared a blend
of CH3NH3PbBr3 NCs with polyimide precursor (PIP) and incorporated in LED
device structure by using an organic electron and hole transport layer [135].
They reported 1.2 % EQE and opened the area in the field of flexible and effi-
cient LEDs [135]. Tan et al. fabricated a near infrared range perovskite based
LED (773 nm) by using a 15 nm layer of CH3NH3PbI3_,Cl, perovskite emitter
and achieved an EQE of 0.1 % [17]. However, hybrid organic-inorganic metal
halide perovskites have significantly less stability and potential than pure in-
organic perovskites for optoelectronic applications [136]. For the first time in
2015, Song et al. reported CsPbX3 NCs LEDs with maximum EQE 0.12 % in
CsPbBrj3 devices [21]. They used PVK as a hole transporting as well as elec-
tron blocking layer and TPBi as an electron transporting layer [21]. Zhang et
al. has also reported CsPbBrz NCs LED using poly-TPD as hole transport layer
and TPBi as an electron transport layer [130]. They claimed to increase the
peak brightness maxima and hole injection efficiency by introducing a per-
fluorinated ionomer layer between poly-TPD and QDs [130]. Later on, other
researchers improved the EQE of perovskite based LEDs [128]. Recently, quasi-
2D perovskite based LEDs have also gained attention due to their extra ordinary
performance [28, 29, 137]. A quasi-2D or Ruddlesden-Popper (RP) phase per-
ovskite is a layered perovskite structure with two dimensional perovskite layers
separated with each other by organic cations and form the thicker nanosheets
[137]. The thicker material weakens the binding energy and thus combines the
colour purity and tuneability of QDs with the conduction properties of 3D crys-
tals [35-37]

The fabrication of QDLEDs is generally conducted using the spin coating tech-
nique followed by thermal evaporation of top electrode [1, 20]. In the spin coat-
ing technique, QDs or any material dissolved in a low boiling point solvent.

Then, the QDs solution is deposited on the substrate to cover the entire area
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followed by immediate rotation of substrate at high RPM (>1000) for 30-60 sec.
Most of the solution sheer away due to the centrifugal force, which results in an
even thin film of NCs. Leftover solvent quickly dries due to the spin action. The
thickness of thin film depends on the concentration of solution and the RPM
[1, 20, 138]. HTL and ETL are also deposited using the spin coating techniques
[20]. However, the layer on top of QDs is preferred to deposit by non-solution
processed technique, usually thermal evaporation, in order to protect the QDs
surface from solvents [20]. Thermal evaporation is a physical technique to de-
posit a thin film on a substrate, in which a material is heated in a high vacuum
to its evaporation point, which is then coated on the substrate to form a thin
film [139]

1.4.4 Carrier Recombination in Semiconductors

During the recombination process, electrons from the conduction band and
holes from the valence band recombine with each other in the emissive layer
(Figure 1.14). The amount of energy released depends on the energy of ini-
tial and final state of electron. This energy can be released by three different
process. These three methods of carrier recombination describe the recombi-

nation process [140]

1.4.4.1 Radiative Recombination

The first process is radiative recombination, in which the recombination of an
electron and a hole releases the energy in the form of photon. An electron from
the conduction band falls into empty valence band, where it recombines ra-
diatively and emits a photon. This process usually occurs in a direct band gap

semiconductor and also called as band to band transition [140].
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Figure 1.14: An illustration of carrier recombination process in semiconductors.
An electron and a hole recombination can occur by three different mechanisms,

which results in either radiative or nonradiative recombination.

1.4.4.2 Trap-Assisted Recombination

The second process is called Shockley-Read-Hall (SRH) or trap-assisted recom-
bination, in which the electron from the conduction band falls into an energy
level within the band gap called deep-level traps. These deep-level traps are
created due to the presence of impurity or foreign atom in the crystals. After
a while, the electron from the deep-level trap can fall into an empty valence
state to complete the electron-hole recombination process. The trap-assisted
process is basically a two step nonradiative recombination process of electron
and hole. This process occurs usually in indirect band gap semiconductors.
However, it can also occur if the carrier density is very low in a direct band gap
semiconductor [140, 141]
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1.4.4.3 Auger Recombination

Auger recombination is a non radiative recombination process, where the elec-
tron gives its energy to the another carrier before recombination, which is in
the higher energy level without moving to a new energy band. After taking the
energy, this carrier releases the energy in the form of thermal vibrations. This
process only occur if the carrier density is very high [141]. Auger recombination

is one of the major reasons for efficiency drop in LEDs [3, 142-144].

1.5 Solar Cells

In addition to making LEDs, parts of this work on these materials is to build so-
lar cells. Appendix includes the solar cell side of the project conducted in col-
laboration with Dr Yingzhuang Ma at Victoria University of Wellington. Some
of the perovskite NC samples were also provided to Dr Hannah Zheng for the

fabrication of perovskite NCs solar cells.

Solar cell is a semiconductor device which converts the solar radiation into
electricity. When the light hits on the surface of the device, it absorbs the light
and generate electron hole pairs. At this point, these charge carriers get sepa-

rated and travel towards the electrode for current to flow.

1.5.1 Carrier Generation in Solar Cells

In semiconductors, carriers can be generated with the illumination of light.
When a photon interacts with an electron in semiconductor, it excites the elec-
tron from lower energy level to a higher energy level. If the photon energy is
larger than the band gap of the semiconductor, the electron is excited from the

valence band to the conduction band. Thus, the generation of electron-hole
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pair occurs (Figure 1.15). Multiple electron-hole pairs can also be formed if the
energy of a photon is much larger than the band gap of the semiconductor in

QD based solar cells, which is called multiple exciton generation.

1.5.2 J-V Characteristic of a Solar Cell

Figure 1.15b shows the J-V curve of a solar cell fabricated in our research group.
When the cell was illuminated with the light of calibrated solar lamp, the cur-
rent shifts in the 4/ quadrant. The J-V curve helps to calculate the power con-
version efficiency of a solar cell. The term V,, labelled on the graph, stands
for open circuit voltage which means the voltage at zero current. I, stands for
short circuit current which means the current at zero voltage. M,,, is the maxi-
mum power point, where the supplied power is at maximum value. V,, is the

maximum voltage power point and I, is the maximum current power point.
Mpp = Vimp x Imp (1.33)
The fill factor (FF) of a solar cell defines the squareness of J-V curve in 4° h quad-

rant. it is the ratio between the maximum power point (M) and the product
of Vo and J.
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Figure 1.15: a) An illustration of carrier generation in solar cells and b) current

density vs. voltage characteristic of a solar cell fabricated in the Halpert Group.
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Vmp x ]mp

FF = (1.34)
Voc x Jsc
The output power of a solar cell is the multiplication of V,, Js., and FE
Poutput = Voc x Jsc x FF (1.35)

Power conversion efficiency (1) of a solar cell is the ratio between input power
and the output power.

_ Poutpur (1.36)

Pin put

The input power of the solar cell was the power of the solar lamp (100 mW/cm?)

and the output power of a solar cell is calculated using Equation 1.35.

% FF
_ Yocx Jse x FF (1.37)

P input
1.5.3 Perovskites in Solar Cells

Perovskite has shown excellent properties for solar cell applications. In less a
decade the power conversion efficiency of perovskite solar cells has reached
very close to the commercially available Si solar cells. The National Renew-
able Energy Laboratory (NREL) for solar cell efficiency also suggested that the
perovskite device has the highest rate of efficiency increase than other types of
devices (Figure 1.16). However, the stability is yet to be resolved in perovskite

photovoltaics.

The first reported perovskite solar cells were made in 2006 using CH3NH3PbBr3
and CH3NH3Pbl; as a sensitizer in a dye-sensitized solar cell (DSSC) and achieved
0.36 % and 2.19 % power conversion efficiency (PCE) respectively [145]. In
2009, Kojima et al. reported a similar type of DSSC and achieved 3.8 % PCE for
CH3NH;3Pbl3 and 3.1 % efficiency for CH3NH3PbBrs [146]. Initially, these de-
vices were reported to have only 3-4 % PCE. Later, Park’s group at Sungkyunkwan
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University (S. Korea) used a spin coating technique to deposit methylammo-
nium lead iodide (MAPDbI3) perovskite sensitizers on a thin film of TiO, NCs sur-
face and achieved 6.5 % PCE. These materials were found to be more stable in
electrolyte solutions [147]. Due to the dissolution problem of OMH perovskite
devices in polar liquid electrolyte, perovskite devices were not found to be suc-
cessful as DSSCs and this led researchers to focus on solid-state perovskite de-
vices. Kim et al. used a solid state semiconductor organic molecule (spiro-
MeOTAD) and perovskite instead of the liquid based hole transport layer into
titanium dioxide scaffold and they achieved 9.7 % efficiency [148]. Later Lee et
al. replaced TiO, by Al,O3 and obtained an increment in efficiency to 10.9 %
[149]. Liu et al. also fabricated perovskite devices using a planar hetrojunction,
planar interface between layers of two different crystalline semiconductor ma-
terials, and achieved 15.4 % PCE [150]. Jeon et al. used the combination of pla-
nar and scaffold layer of bromide-iodide mixed halide (methylammonium lead

bromide-iodide) with optimised thickness of both layers and chemical compo-
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cient solar cells. Credit: NREL.
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sition, eventually they were able to achieve 16.2 % of PCE with no hysteresis
[151]. Noh et al. have been working to improve device efficiency by tuning the
chemical composition of the material in order to absorb light of the entire solar
spectrum [152]. In 2017, Yang et al. further improved the PCE to 22.1 % by ad-
dition of triiodide ion during the formation formamidinium lead iodide films,
which resulted in the reduction of deep level defects in the perovskite crystals
[153]

1.6 Methods

The synthesis of NCs and device fabrication are explained in each chapter in
detail. This section explains the sample preparation and basic principles of
characterisation techniques used in this work. Nanoparticles were characterised
by microscopy including transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM) for structural analysis. X-ray diffraction (XRD),
ultraviolet-visible (UV-Vis) absorption spectroscopy, photoluminescence (PL)
spectroscopy, and transient absorbance spectroscopy were used, in collabora-
tion with the Hodgkiss group, to analyse and monitor the detailed properties
of nanoparticles. The device fabrication process involves the spin coating and
the thermal evaporation technique followed by measurements of its electrical

properties.

1.6.1 TEM

TEM is a microscopy technique to analyse the shape, size and morphology
of NCs. In this technique, an electron beam is transmitted through an ultra-
thin layer of specimen. The magnification of TEM is up to about 1,000,000x.
An ultra-high vacuum, high voltage, and condenser, objective, and projector

lenses are important parts of a TEM. The electron beam which is emitted by a
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filament is focused and concentrated by condenser lenses onto the sample. The
transmitted beam consists of elastically scattered electrons which pass through
the objective lenses and form the image of the illuminated portion of the spec-
imen that is magnified and enlarged further by the intermediate and projector
lens. The formed image is shown on a fluorescent screen and detected by a CCD
camera. A Jeol TEM 2100 was used for the optical analysis in this project. All of
the samples were dispersed in a suitable solvent followed by sonication for two
min. The NCs solution was then drop casted on a Cu-200 mesh on formvar grid

followed by plasma cleaning for 10 min.

1.6.2 SEM

A scanning electron microscope uses an electron beam to produce an image of
a sample by scanning it. The electron beam is generated by a tungsten filament
in the electron gun, which is then passed through electromagnetic lenses and
apertures to produce a focused beam. The interaction of the beam with the
sample causes electrons to be removed from the sample. These are known as
secondary electrons. These electrons are amplified and sent to a detector. The
electron beam scans everywhere on the sample to cover the entire area. The
whole process occurs under the vacuum and the sample must be conductive to
analyse via SEM. Otherwise, a thin layer of conductive coating can be applied
on the sample by sputter coating technique. The Jeol 6500 was used to analyse
the thin films.

1.6.3 XRD

XRD helps to study the crystal structure of samples. Additionally, it can also
provide the estimation of crystalline size using Scherrer equation [154]. XRD is
a non-destructive, versatile method to analyse the chemical composition and

crystallographic information of a material. When a material is bombarded with
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Figure 1.17: An illustration on the basic principle of XRD spectroscopy using
Bragg’s diffraction law.

a continuous beam of X-rays, they are scattered in all directions. In some direc-
tions, the diffracted radiation is intense due to constructive inference between
planes. The diffracted pattern is recorded by a goniometer. Constructive inter-
ference occurs, if the path difference between the rays is an integral multiple of

wavelength, which is Bragg’s diffraction law [154]

A =2dsin0 (1.38)

Scherrer equation was used to estimate the particle size for some of the sam-
ples. This equation can help to relate the decrease in particle size with the width
of diffraction peaks [154]. The decrease in the particle size results in the broad-
ening of diffraction peaks. This effect has been observed in nanocrystalline

materials [8, 20]

L K2
~ Bcosh

(1.39)
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Where, 7 is the crystalline size, K is the shape factor, which depends on shape
of the crystal, A is the wavelength of X-rays, £ is the full width at half maximum
(FWHM) of diffraction peak, and 8 is the Bragg angle. NCs samples, for XRD,
were prepared by drop casting the concentrated NC solution (in hexane) on
to a glass slide. The XRD patterns were recorded by a PANalytical X-Ray diffrac-
tometer using Cu-Ka radiation, with an operating voltage of 45 kV and a current
of 40 mA.

1.6.4 UV-Visible Spectroscopy

Absorption spectroscopy provides the details of materials optical properties
such as band gap. The UV-Vis spectroscopy is the absorption or transmittance
spectroscopy in the UV and visible region. This technique involves the interac-
tion of UV-visible range electromagnetic radiation with a sample. Non-bonding
electron (n-electron) or n-electron contained molecules absorb the UV-Vis range
energy and therefore excite the electrons from the ground state [155]. UV-Vis
is based on the Lambert Beer’s law. This relationship shows the linear depen-
dence between absorbance and concentration of the absorbing species [156,
157].

I,
A:log7:€xch (1.40)

Where A is the absorbance, L is the path length of the sample, c is the concen-
tration of sample, I, is the intensity of the incident light, and I is the intensity of
transmitted light through the sample. ¢ is the extinction coefficient or absorp-
tivity, which defines how strongly a material can absorb light per unit molar
concentration at a given wavelength. In this work, a Cary 50 UV-Visible spec-
trophotometer was used. NCs were measured in the form of solution and a
10 mm quartz cuvette with only solvent was used to create the baseline. For
the device and thin film measurements, the sample was directly placed in the

spectrometer and a blank film was used to create the baseline.
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1.6.5 PL Spectroscopy

A PL spectroscopy provides the details about the emission properties of mate-
rials. Additionally, it can provide an estimation on the monodispersity in the
sample by FWHM of the emission peak. As NCs synthesised in this work were
used for optoelectronic applications, therefore PL spectroscopy is significantly
important. PL is the emission from a species after absorption of some photons.
PL spectroscopy is basically a nondestructive, contactless method to investi-
gate the electronic structure of any species. In this method, light of a given
wavelength photo excites the sample. After some time, the electron returns to
the ground level and emits some light in the case of radiative process (1.4.4.1)
[157].

Figure 1.18 shows the schematic representation of a PL spectrometer. The sys-
tem contains two monochromators. In order to measure the PL, the excita-

tion wavelength is chosen by excitation monochromator and the emission is

many one wavelength
wavelength (excitation)
light excitation
—_—— —
source : monochromator
luminescence at
many wavelength
emission
monochromator

One wavelength
(emission)

detector

Figure 1.18: A schematic diagram of PL spectrophotometer.
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scanned by the emission monochromator. Both monochromators are usually
perpendicular to each other in order to mitigate the scattering of emitted light
[157].

A Horiba Fluorolog-3 Spectrometer was used for the measurements. The base-
line for the blank was created using a 10 mm quartz cuvette with pure hexane
for the samples in solution form. In the case of NC thin film, a blank substrate

with the underneath layers was used to create a baseline.

1.6.6 J-V Characteristic

J-V measurement provide details about the electrical properties of LEDs, such
as turn-on voltage, break down voltage, resistance, and current. In order to
emit any radiation, the device requires a current flow. The LED was connected
to the power supply and voltage vs current was recorded with EL spectrum.
In our case, the Keithley 236 source measurement unit was used for the I-V
measurement. The current was converted to current density in order to plot

the J-V curve. The current density was calculated using the formula below:

(1.41)

D |~

Where, J is current density, I is current and A is the device area, which is 0.06
cm?. Figure 1.19 shows the standard J-V curve of the perovskite LEDs, which
has the same characteristics as a pn junction diode. There is a sudden drop in
the current which shows the device was not functional after = 8.1 V. The turn-

on voltage for LED can also be found by J-V curve and is labelled on the graph.
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Figure 1.19: A J-V curve of perovskite LEDs a) on a linear scale and b) on a semi-

log scale.

1.6.7 EL Measurement

In this phenomena, the material emits light when the electric field is applied.
Therefore, the fabricated LED was connected with a positive and a negative ter-
minal of corresponding electrode. The positive side of the electrode was con-
nected to ITO and negative side of the electrode was connected to the Al elec-
trode. The voltage was slowly increased up to 3.0-5.0 V depending on the turn-
ing on voltage of LEDs and then IV curve was recorded throughout the mea-

surement.

The EL measurements were carried out by an Ocean Optics integrating sphere
500 mm, ISP-50-8-1, connected to an ocean optics QEPro spectrometer using a
80 um optical fiber or using a QE pro ocean optics spectrometer connected with
a 200 pm optical fiber (QP200-2VIS-NIR). The fiber was carefully calibrated with
an ocean optics HL-3 plus VIS-NIR light source. A Lambertian profile was ob-
served and assumed in the EQE calculation [34, 158]. EL measurements along
with the JV curve provide the details on EQE, luminance (cd/ m?), luminous
efficacy (Im/W), current efficiency (cd/A) and Commission Internationale de

I’Eclairage (CIE) coordinates.
The amount of light power per unit steradian of solid angle in a certain direction

44



&
2
@
=3
bre

400

200+

Current Density (mA/cm#)

0o 2 4 s 8
b) Voltage (V)
649 nm

EL Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

Figure 1.20: a) A JV curve of perovskite LEDs b) EL spectrum of a perovskite LEDs
emitting a 649 nm, and c) A photograph of the same perovskite LED emitting at
649 nm. Anode (ITO) was connected with a positive and cathode was connected

with a negative (Al terminal.

emitted by a light source is called luminous intensity, which has candela (cd)
unit. Thus, luminous intensity per unit area of light traveled is called luminance
(cd/m?). Similarly, luminous intensity per unit current flow is current efficiency
(cd/A). Luminous flux is the total amount of total light emitted by a light source,
which has lumens (Im) unit. Therefore, luminous efficacy is the ratio between

luminous flux and input power (watt).

In this work, the EL spectra were recorded at a different voltages and time in-
tervals. The Ocean Optics spectrometer provides the data in wavelength vs
uW/nm for each EL spectrum, Which was converted to yW/nm/sr, after di-
viding by n. Then, luminous intensity (cd) was calculated using the following

formula:
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luminous intensity (cd) =683 x [m, x (uW /nm/sr) (1.42)

Where, Im, is the luminous efficacy coefficient, which is a function of the sen-
sitivity of the human eye at different wavelengths [159]. Maximum luminous
efficacy is 683 Im/w for the human vision [159]. The current efficiency (cd/A)
was calculated by taking the ratio of luminous efficacy (Equation 1.42) and the

current flowing in the device. Thus, the current efficiency will be:

luminous efficacy (cd)

current efficiency = (1.43)

current in the device (A)

Similarly, the luminous efficacy (Im/W) was calculated by using the following

formula:

luminous efficacy (cd) xx
current (A) xapplied voltage (V)

luminous efficacy (Im/w) = (1.44)

Thus, the EQE is the ratio between the number of photons emitted from the

device (N,) and the electrons (N,) injected into the device.

N, =Current x 1.6 x 10_19(charge of electron) (1.45)

Energy per photon can be calculated using the following formula:

e

Ep=— (1.46)

Where, h is the Planck constant (6.626176 x 1034 joule-seconds), c is the speed
of light (3.0 x 102 m/s) and X is the wavelength which was taken from the EL
spectrum. The number of photons emitted from the device can be calculated

using the following formula:
N, =(WI/nm)E, (1.47)
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Where, W/nm was extracted from the EL spectrum and E, was calculated in
Equation 1.46. Thus, the EQE is the ratio between Equation 1.47 and 1.45,
which is the number of photons emitted to the electrons injected into the de-

vice.

EQE= Np (1.48)

N,
For each spectrum, the EQE was calculated at each wavelength and the average
of EQE was considered to be the net EQE of that spectrum. For each pixel, sev-
eral spectra were recorded at different voltages and times, EQE, Im/W, cd/m?,
cd/A for all of the spectra were calculated and plotted against voltage, current
density, and time to see the rate of change in each device. All of these analysis

are included in Chapters 3 and 4.

The CIE coordinates, derived from 1931 colour space model, were also calcu-
lated for each LED. CIE defines the quantitative relation between physiological
perceived colours in human colour vision and physical pure colour in the elec-
tromagnetic visible spectrum (Figure 1.21b). CIE 1931 RGB colour space or XYZ
colour space were invented by the International Commission on Illumination
(CIE) [160]. Cone cells in the human eye have sensitivity at three different spec-
tral wavelengths; 420-440 nm in short (S cone) , 530-540 nm in middle (M cone),
and 560-580 nm in long (L cone) wavelengths (Figure 1.21a). The human eye is
more sensitive towards the green spectral region than it is for the blue and the
red spectral regions. That means the brightness of green light appears to be
higher than blue and red light. Therefore, the perceived brightness of different
wavelengths is the function of M cone (530-540 nm). The CIE model defines
Y as luminance, Z as short cone response, and X as a linear combination of
cone response curves [161]. Thus, Y and Z describe the chromaticity while X

describes the luminosity related to the eye’s detection.

X=Axix0A (1.49)
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Figure 1.21: a) Spectral sensitivity of human cone cells in short (S), middle (M),
and long (L) wavelengths. b) CIE 1931 colour space diagram.

Y=Axyx6A (1.50)

Z=AxZx0A (1.51)

Where, A is the wavelength from the emission spectra in W/nm/sr. X, jy, z are
the colour matching functions. A colour matching function is the numerical
description of the chromatic response of human eye, which is the combination
of light that seems to produce the same colour to the human eye. It also allows
to reproduce the same colour qualities like saturation or hue. The values of X,

¥, 2 were taken from the literature [161].
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Chapter 2

Size and Composition Dependent
CsPbXj; (X= Cl, Br, I) Nanocrystals

Parts of this chapter have been published in the following articles:

Butkus ], Vashishtha P Chen, K, Gallaher JK, Prasad SK, Metin DZ, Laufersky G,
Gaston N, Halpert JE, Hodgkiss, JM. The Evolution of Quantum Confinement in
CsPbBrs Perovskite Nanocrystals. Chemistry of Materials 2017.

Vashishtha P & Halpert JE. Field-Driven lon Migration and Color Instability in
Red-Emitting Mixed Halide Perovskite Nanocrystal Light-Emitting Diodes. Chem-
istry of Materials 2017.

2.1 Introduction

Semiconducting NCs have proven to be useful materials for optoelectronic ap-
plications, such as solar cells, LEDs, and lasers due to their thin linewidth emis-
sion spectra, high PL quantum yield and high absorption coefficient [1, 2, 162].
Significant efforts have already been made over last two decades to control the
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shape and size of NCs [10, 163, 164]. Additionally, perovskite materials have
drawn tremendous attention due to their promising properties such as high
absorption coefficient, halide composition tuneability, long charge carrier life-
times (= 54 u s), charge diffusion length (= 37 p m), and low defect densities
(= 10°-10'° cm™3) [81-83, 165-167]. Perovskite NCs combine the properties of
both perovskites and NCs. To date, researchers have made high quantum yield
and tuneable perovskite NCs using methylammonium lead halide (MAPX) and
pure inorganic caesium lead halide (CsPbX3) [17, 18, 168]. Due to their quan-
tum confined and composition dependent tuneable properties, the NCs of per-
ovskites have proven themselves to be a promising candidates for LEDs and
electrical pumped lasers [21, 158, 169]. Lead free perovskite NCs, CsSnX3, were
also synthesised but the quantum yield was measured to be only 0.14 % [22].

Therefore they found to be very inefficient for any optoelectronic applications.

Quantum confinement in NCs can be estimated with the help of Bohr diame-
ter of bulk material. A Bohr diameter is the diameter of exciton quasiparticles,
which is unique for each material. If the material’s diameter is larger than the
Bohr diameter, then it is in the weak confinement regime. Whereas, if parti-
cle dimension is smaller than the Bohr diameter, then it is in the strong con-
finement regime. However, if the particle dimension is in the region of Bohr

diameter, then it is considered to be in the intermediate confinement regime.

Confinement effect is responsible for changing the material’s properties due
to the constraints on carrier wave function within the NC. This results in the
change of material energy levels. The confinement effect has been observed
in many types of NCs in the last last two decades [9, 170-172]. To date, one
of the best quantum confined NCs are CdSe due to their emission tuneability
through the entire visible spectrum [173]. The extensive quantum confinement
study has been carried out on CdSe NCs, which shows the size of NCs can be
even smaller than their Bohr diameter [174]. All these size tuneability in CdSe
NCs make them a promising material for LEDs, solar cells, sensors, optical fil-

ters, and lasers [175-179]. However, due to the toxicity of Cd, there are multiple
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barriers for them in the markets of Europe and Japan [180].

This chapter includes the synthesis of highly luminescent CsPbXs3 (X= Cl, Br,
I) perovskite NCs with size and composition dependent band gap by colloidal
route. The effect of quantum confinement on the photophysics of the size de-
pendent CsPbBrs NCs was yet to be observed in literature. Therefore, CsPbBrs
NCs were characterised by steady state absorption and PL spectroscopy to un-
derstand the quantum confinement in these NCs. They were further charac-
terised by ultrafast transient absorption (TA) spectroscopy by Hodgkiss group
at VUW to support the quantum confinement observed by steady state mea-
surements. The halide composition dependent NCs demonstrated the emis-
sion tuneability through the entire visible spectrum. These NCs were further

used in the preparation of LEDs (Chapter 3).

2.2 Experimental

2.2.1 Synthesis of Size Dependent CsPbBr; NCs and Microcrys-
talline Film

2.2.1.1 Materials

All the chemicals were used without any processing. Caesium carbonate (99%,
Aldrich), lead(IT) bromide (99.999%, Aldrich), oleylamine (98%, Aldrich), oleic
Acid ( 99%, Fluka), caesium bromide (99.999% Aldrich), 1-Octadecene (90%,
Aldrich), caesium bromide (99%, Aldrich), dimethyl sulfoxide (DMSO) (99% an-
hydrous, Aldrich), and acetonitrile (99% anhydrous, Aldrich).
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Figure 2.1: A diagram for the hot-injection synthesis method of CsPbBrs NCs.

2.2.1.2 Method

The synthesis method was adapted from those reported by Protesescu et al [17].
In this method, Cs-oleate was used as a caesium source; PbBr, was used as a
lead and halide source. Oleylamine and oleic acid were used as capping agents.
It was possible to tune the emission spectra and apparent band gap energy by
changing the size of quantum dots. The synthesis procedure is divided into
two parts: 1) synthesis of Cs-oleate precursor and 2) synthesis of perovskite NC
(CsPbBrj).

Synthesis of Caesium Oleate: Caesium oleate was synthesised by loading 0.4
gm caesium carbonate (99%, Aldrich), 15 mL ODE (90%, Aldrich) and 1.2 mL
oleic acid (99%, Fluka) into a 50 mL 3-neck flask. The reaction mixture was
degassed for 1 h at 120 °C under vacuum and then temperature was raised to
150 °C and heated for 30 min for the Cs,COs to react with the oleic acid.
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Synthesis of NCs: 5 mL ODE and 0.18 mmol PbBr, were added to a 50 mL 3-
neck flask and degassed for 1 h under vacuum at 120 °C. Simultaneously, 0.5
mL oleylamine and 0.5 mL oleic acid were degassed under the same conditions
in a separate vial and then added to the reaction mixture under N. It should be
noted that Oleylamine and oleic acid were always stored in a refrigerator below
6 °C and degassed as described above in order to remove water or aqueous so-
lution. The reaction temperature was increased to 140 °C and held for 30 min
in order to dissolve all reactants. 0.4 mL Cs-oleate was injected quickly into the
reaction flask at a particular temperature (140-200 °C). The reaction flask was

cooled down after few seconds (see Table 2.1) [17].

Purification of NCs: Perovskite NCs are very hygroscopic therefore precau-
tions needed to be taken to exclude water in the reaction. To remove the ex-
cess ligands and organics from NCs surface, they need to be washed properly
by solvent/anti-solvent method (Section 1.2.5.3). NCs are dispersed in a good
solvent and then an anti-solvent (bad solvent) is added which mixes with the
solvent but does not mix with the particles causing aggregation. Then, the so-
lution is centrifuged to aggregate the NCs and this process needs to be repeated
a number of times to get rid of excess organic. Choosing the right anti-solvent
for washing the NCs, which does not damage their surface, is a very important
step. The entire purification process was carried out in an anhydrous solvent in
a N, glove box. Several purification methods were carried out. The NCs solu-
tions were dissolved in 5 mL of hexane after which 10 mL of ethanol was added
as an antisolvent. The solution was centrifuged at 10000 RPM and the process
was repeated two times. Finally, the NCs were re-dispersed in hexane. How-
ever, due to the presence of OH groups, ethanol even removed the necessary
ligands from the particle surface, resulting in agglomeration of the particles.
Different ratios of ethanol/hexane were investigated but there was no signif-
icant improvement. Additionally, the emission of NCs appeared to decrease
after each purification step. Acetonitrile is another anti-solvent which does not
have OH group. The next purification approach was carried out by using ace-
tonitrile. The growth solution was centrifuged at 10,000 RPM for 10 min, the

53



supernatant was then discarded and the precipitate was redispersed in 6 mL of
anhydrous toluene and 2 mL of anhydrous acetonitrile was added as an anti-
solvent. The resulting solution was centrifuged again at 10000 RPM for 8 min.
This cycle was repeated one more time. After discarding the supernatant, the
precipitate was dried under vacuum for 5 min and then re-dispersed in anhy-
drous hexane with 12 mg/mL concentration. NCs were filtered through 0.2 pum
PTFE filter before the fabrication of devices.

Fabrication of CsPbBr; Microcrystalline Film: CsPbBrs microcrystalline films
were prepared by dissolving the equimolar ratio of CsBr and PbBr; in dimethyl
sulfoxide (DMSO) followed by spin coating on a TiO, coated glass substrate at
2000 RPM for 60 s. The film was annealed at 100 °C in a nitrogen glove box in

order to induce a crystallisation.

2.2.2 Synthesis of Composition Dependent Perovskite NCs

The caesium oleate was synthesised by the same method as described in the
Section 2.2.1.2. In this method, 0.5 mL of ODE, x mmol of PbBr,, and (0.18-x)
mmol of Pbl, or PbCl, were added to a 50 mL 3-neck flask and degassed for 1 h
under vacuum at 120 °C (Table 2.3). Simultaneously, 0.5 mL oleylamine and 0.5
mL oleic acid were degassed under the same conditions in a separate vial and
then added to the reaction mixture under nitrogen. The reaction temperature
was increased to 140 °C for 30 mins in order to dissolve all of the reactants. 0.4
mL Cs-oleate was injected quickly into the reaction flask at 170 °C. The reaction
flask was cooled down after 5-20 s [17]. The reaction conditions were optimised
in order to achieve the desired particles size. The purification process was simi-
lar to pure CsPbBrs samples Section 2.2.1.2. In that case, The NCs were purified
using acetonitrile as an anti-solvent and toluene as a solvent. The final precip-
itate of NCs was re-dispersed in hexane for further characterisation and device

fabrication.
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2.2.3 Synthesis of CsPbX; NWs

The synthesis of NWs is similar to NCs with slight change in the reaction con-
ditions. Therefore, the amount of oleylamine was increased to 2 mL and the
growth time was extended to 12 h for CsPbBr3 and 6 h for CsPbls. The growth
solution was centrifuged at 10000 RPM for 10 min followed by washing in toluene
and an acetonitrile mixture at 10000 RPM up to two cycles (Section 2.2.1.2). The

precipitate of the NWs were dispersed in hexane for further characterisation.

2.3 Results and Discussion

Several characterisations have been performed to understand the reaction mech-
anism, morphology, and optical properties. TEM and XRD measurements were
carried out to observe the morphology of these NCs. However, steady state UV-
Visible, PL, and ultrafast transient absorption spectroscopy provided details on
the optical properties. Ultrafast transient measurements were measured and
analysed by Dr Justinas Butkus under the guidance of Prof Justin Hodgkiss at

Victoria University of Wellington.

2.3.1 Morphological Characterisation on Size Controlled NCs

The NCs washed by ethanol/hexane appeared to agglomerate and lose their lu-
minescence. The Figure 2.22a suggests that the particles were not even washed
properly and still had the organics around. Both ethanol and acetone were not
proven to be good solvents for hydrophobic NCs. Later on, the purification
step was improvised with the acetonitrile/toluene. The TEM image (figure 2.2b)
shows properly washed monodispersed cubic NCs of CsPbBrs with no damage

to their surface.
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Figure 2.2: TEM micrographs of CsPbBrs NCs washed by a) ethanol and b) ace-
tonitrile. The TEM samples were prepared by drop-casting hexane NCs solution

on a Cu-200 mesh on formvar grid.

To understand the reaction rate, the growth time was extended to 2 min. It was
found that some large sheets appeared along with well dispersed NCs due to the
fusion of NCs with their neighbouring particles [181]. Figure 2.3 shows the TEM
images of larger nanosheets which were formed during this fusion process. In

order to control the reaction kinetics, the growth time should be limited to 30 s.

Three different samples of CsPbBrs NCs were synthesised with the average par-
ticle sizes of 4.1, 7.3, and 8.6 nm. Size of the particles was measured by Image]J
and then the histograms were created for each TEM image. Figure 2.4 shows
the TEM image of these NCs and the histogram on top of each image confirms
the average particle size with standard deviation and shows the monodisper-
sity in NCs. The size of the particles was tuned by changing the reaction time

and temperature. Table 2.1 shows the reaction conditions for individual NCs

56



SGBRENG |- SOt bRt e

—n
/

it

# A % 10 nm

c) Fusion.of NCs
_ {. JFormation of
%% larger NC sheets

Figure 2.3: TEM micrographs of CsPbX3 NCs shows the fusion of NCs into their
neighbouring particles and forming larger nanosheets. The TEM samples were
prepared by drop-casting hexane NCs solution on a Cu-200 mesh on formvar

grid.

sample, which describes the growth time and reaction temperature required

for each sample.

The nucleation and growth kinetics of the reaction were found to be very fast.
Therefore, high reaction temperature or longer time led to larger particle size.
Controlled hot-injection reaction ensured the monodispersity of the NCs which
can be seen in the TEM micrographs (Figure 2.4). The high resolution TEM im-
age (Figure 2.4b) shows the crystalline lattice fringes. The lattice fringes were
used to create the fast Fourier transform (FFT) using Image], which is shown
in figure 2.4c. This FFT was compared with the FFT of standard crystal struc-
ture taken from X’'Pert HighScore (Ref. Code- 04-017-4526) in CrystalMaker to

confirm the perovskite crystal structure.

The XRD samples were prepared by drop casting the concentrated NCs solution
(in hexane) on to a clean glass slide. The microcrystalline film was prepared by

spin coating a 100 nm thick layer on to a TiO, coated glass substrate.
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Figure 2.4: (a,d,e) High resolution transmission electron micrographs (HR-
TEMs) (b) imaging of lattice planes of a CsPbBrs NCs and (c) a fast Fourier trans-
form (FFT) image from (b) showing the crystallinity of the NCs. A photograph of
NC-8.6 sample in hexane solvent under UV light (overlaid a), Histograms (over-
laid a,d,e) of particle size, measured as mean length of the edge of the cube, are
also included for three samples with average edge length in Table 2.1. TEM sam-
ples were prepared by drop-casting hexane NCs solution on a Cu-200 mesh on

formuvar grid. Copyright 2017 American Chemical Society.
Table 2.1: A table of synthesis conditions for the CsPbBrs NCs along with the

resultant particle size.

Sample Name | Growth Time (s) | Temperature (°C)

NC-4.1 4-5 140
NC-7.3 4-5 165
NC-8.6 8-10 175
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Figure 2.5: XRD spectra of CsPbBrz NCs and microcrystalline film. XRD pat-
terns were recorded by a PANalytical X-Ray diffractometer using Cu-Ko radia-
tion, with an operating voltage of 45 kV and current of 40 mA. The standard
spectra of CsPbBrs3 was taken from PANalytical X Pert HighScore Plus with the
reference code 04-017-4526.
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XRD spectra were taken with a PANalytical X-Ray diffractometer using Cu-Ka
radiation on a spinner stage, with an operating voltage of 45 kV and current
of 40 mA. XRD peaks of NCs were found to be broadened compared to the
microcrystalline peaks according to the Scherrer equation (1.39). The average
crystalline size of microcrystalline sample was estimated to be = 51 nm using
Scherrer equation (1.39). XRD spectra of both NCs and microcrystalline films
were matched to the index spectra using PANalytical X’Pert HighScore Plus soft-
ware data file (Ref. Code: 04-017-4526). The matching of lattice planes in fast
Fourier transform (FFT) with cubic perovskite standard XRD crystal structure

(Figure 2.5) further confirms the formation of perovskite material [182].

2.3.2 Optical Spectroscopy on Size Controlled CsPbBr3 NCs

Optical spectroscopy can give details of the material properties and can help
to understand the quantum confinement effect. Each NCs sample was diluted
in hexane for the UV-Vis and PL measurements. A Cary 50 UV-Visible spec-
trophotometer was used to do the UV-Vis spectroscopy and a Horiba Fluorolog-
3 Spectrometer were used for the PL measurement. NCs were measured in the
form of solution and a 10 mm quartz cuvette with pure hexane were used to
create the baseline. For the microcrystalline film, a blank TiO, coated substrate

was used to create the baseline.

The absorption and PL measurements were carried out on the CsPbBrs micro-
crystalline films and each NC sample. We observed the change in the optical
properties of the materials as the size changes. The PL peak was blue shifted
with decreasing size as per the confinement effect. The Tauc plot also supports
the blue shifting of emission peak as the estimated band gap increased with
the decrease in particle size (Figure 2.6b). The bandgap of smallest NCs shifted
about 5.2 % of its bulk value, which is one of the appearance of confinement
effect (Table 2.2). Although, the blue shift of the PL. matches with the band gap,
this evidence is still not enough to prove the confinement effect. So, we used
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Figure 2.6: a) Absorbance (broad peak, left) and PL (Gaussian peak, right) spec-
tra of the four CsPbBrs samples showing emission peaks at 522 nm (red curves),
516 nm (green curves), 512 nm (blue curves), and 495 nm (purple curves) for the
different samples b)Direct bandgap Tauc plots of the same samples to calculate

the band gap of each sample.

the absorption edge and the PL peak to estimate the Stokes shift, which is basi-
cally the energy difference between lowest energy absorption edge and PL peak
position. We found that the estimated Stokes shift for the NCs increased as the
size decreased. The smaller NCs tend to have higher crystal disorder due to
their higher surface area. Therefore, the smallest NCs have the largest Stokes
shift. This agrees with our previous conclusion of the blue shifting of emission
peak with decreasing the particle size. The estimated Stokes shift for micro-
crystalline films was 0.070 eV, which is larger than the shift calculated in even

the largest NCs. But possibly, it is due to the thermalisation of the material
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[183]. The higher energy absorption peaks were also observed in smallest NCs
(NC-4.1). These higher energy absorption peaks correlate to the divulgation of

energy level splitting due to the quantum confinement effect [184].

To compare the accuracy of experimental band gap, we calculated the theoret-
ical direct band gap values at different particle sizes from the following form of
the Brus equation [185, 186]

nrlui,  1.8e
2r?

E=E+ (2.1)

4meegr
Where, p,, is the exciton reduced mass and can be calculated using the follow-

ing equation:

1 1

%
,uex = * + *
me mh

(2.2)

Where, 1 is the radius of particle, m} is effective mass of electrons, m;’; is the ef-
fective mass of holes, ¢, is the relative permittivity, and Eg is the bulk band gap.
Figure 2.7 shows the experimental and theoretical plot of band gap against the
quantum confinement regime [17]. Both band gaps align with each other rea-
sonably well. According to figure 2.6, NC-8.6 and NC-7.3 samples fall under

Table 2.2: NCs size estimate, optical characterisation measurement data, and
Stokes shift

Measurements | Films | NC-8.6 NC-7.3 NC-4.1
Edge length (nm) 51 859+1.0 | 732+£0.74 | 4.14 +0.57
PL peak (nm) 522 516 512 495
PL FWHM (nm) 20 22 21 32
BG (eV) 2.37 2.38 2.40 2.50
Stokes shift (eV) | 0.070 0.022 0.027 0.090
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Figure 2.7: Experimental versus theoretical (effective mass approximation) size
dependence of the band gap energy with quantum confinement regimes noted in
relation to the Bohr diameter (db = 7 nm). Copyright 2017 American Chemical
Society (Courtesy of Dr Justinas Butkus).

weak and intermediate confinement regime. However, for the NC-4.1 samples,
both band gaps lie under strong confinement regime, which supports the for-
mation of the multiple absorption edges in this sample and therefore the for-

mation of discrete energy levels.

In order to further support our observation on the quantum confinement effect
in these NCs, the ultrafast transient absorbance (TA) characterisations were
carried out by Dr Justinas Butkus under the guidance of Prof Justin Hodgkiss.
The TA spectra of the largest and smallest NCs is shown in Figure 2.7. Figure
2.8b shows the TA spectra of NC-8.6 and NC-4.1, which gives a clear indica-
tion of ground state bleach (GSB). The monomodal GSB shape of the largest
NCs is the characteristic of Burstein-Moss effect, which is basically the incre-
ment in the apparent band gap of semiconductors due to a higher energy shift
in absorption edge since all the states close to the conduction band becomes

populated (Figure 2.8a) [187]. The broad negative differential transmission fea-
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Figure 2.8: a) A schematic diagram of Burstein-Moss effect in semiconductors, b)
transient absorbance (TA) spectra of NC-8.6 and NC 4.1 NCs with corresponding
development of molecular energy state from continuous to molecular like states
(Courtesy of Dr Justinas Butkus).

ture above the band gap was correlated to scattering for NCs solution due to the
photorefractive effect [187]. Both samples shows several similarities including
GSB feature, band gap renormalization, and a negative differential transmis-
sion feature in their TA spectral profile. However, the GSB is blue shifted in
smaller particles (figure 2.8b) like steady state absorption spectra (figure 2.6a).
The other major difference is the multimodal GSB feature which is very pro-
nounced in NC-4.1 sample. Therefore, the smaller NCs resembles the emer-
gence of molecular like states, while the larger NCs and microcrystalline film
indicates the continuous bands. This shows that NC-8.6 is not in the strong
confinement regime, but in the weak confinement regime. Thus, the TA mea-
surements also suggests the strong confinement in the smallest sample and the
weak confinement in the larger NCs. TA measurements were also conducted on
other samples but the details can be found in our recent report, as this work was

done in collaboration with Prof Justin Hodgkiss [188]

In conclusion, we found a similar trend in all of the samples. The increment in
band gap as the particle size decreased, the blue shifted emission peak with the
particle size, increment in Stokes shift as the particle size decreased, the origin

of discrete energy levels observed by the higher energy absorption spectra in
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NC-4.1, and also the multimodal GSB in NC-4.1 demonstrated the quantum

confinement effect in the material.

2.3.3 Morphological Characterisation on Halide Composition
Dependent Perovskite NCs

Due to the limitations of the confinement effect, the emission can be only tuned
by +15 nm in perovskite NCs as observed in previous section. Therefore,the
halide composition tuning is required to cover the entire visible spectra. CsPbBrs_4Ix
and CsPbBr;.4Cly (x= 0-3) NCs were synthesised by loading the different ratio
of halides to achieve the desire emission spectra. Table 2.3 shows the ratio of

halide composition with their respective PL peaks.

Table 2.3: Loading ratio for Halide composition tuned NCs and their respective
PL peak.

Sample Name | Formula equivalent of Br (3-x) in NCs | PL peak (nm)
B499 2.25 492
G518 3.00 516
0558 1.88 558
R607 1.375 603
R621 1.25 621
R636 0.875 632
R642 0.75 640
R653 0.625 651
R665 0.50 667
R671 0.375 673
R688 0.28 683

In this table, name of the samples are labeled with their respective emission
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colours. For example, 0558 emits in the orange spectral region and R621 emits
the red spectral region. Incorporation of iodide shifted the emission towards
higher wavelength and incorporation of bromide moved it towards the lower
wavelength. Therefore composition tuning in the NCs was able to cover the
entire visible spectrum by altering the I/Br and Br/Cl ratio. Figure 2.9 shows
the TEM micrographs of these mixed halide NCs, which represent their cubical
shape. NCs edge dimension was between 10-18 nm, which was calculated from
their TEM images by using Image] software. CsPbX3 also crystallises in the or-
thorhombic phase but for the optoelectronic application, only the cubic phase
is useful. The bulk CsPbls is unstable at room temperature and the orthorhom-
bic phase transition occurs below 320 °C [189]. Whereas, the bulk CsPbBr3 was
found to be more stable and therefore the mixed halide was proven to be more
stable than pure CsPbl;. However, even in the CsPbBr; ¢l 9, the phase transi-

tion occurred at 100 °C [189] which was suitable to stabilise the crystal but was

CsPbBr;

Partig:ié’éiz.e =10 nm

Figure 2.9: TEM micrographs of mixed halide perovskite NCs. The average edge
length of the particles are between 10-18 nm and the samples were prepared by

drop-casting hexane NCs solution on a Cu-200 mesh on formvar grid.
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not desirable to produce emission wavelength above 600 nm.

Figure 2.10 shows the NCs hexane suspension under UV lamp. The emission
from these NCs were very sharp and the quantum yield was measured between
50-68 %. This proves that CsPbX3 NCs are promising materials for LEDs. Due
to the suitable ligands, the NCs of these materials demonstrated the phase sta-
bility in cubic phase at room temperature but they were still not very stable in
ambient condition and were always stored in the nitrogen glove box. The softer
basic nature of iodide forms weaker interaction between the amine ligands and
halide resulting in the phase transition of cubic CsPbl; to the orthorhombic
phase [190].

The crystal structure of these NCs were confirmed by the XRD measurements
(figure 2.11). The standard XRD spectra of orthorhombic and cubic phase is
shown in Figure 2.11 for references. All of the peaks in the spectra are labelled

with their corresponding literature data. Both the XRD spectra were matched

CsPb(Br, ,5/Cly 75)3 CsPbBr3 CsPb(Br; 3;/1; ¢3)3 CsPb(Brg375/1;63)s

Figure 2.10: A photograph of Mixed halide NCs in hexane under UV lamp with

radiation focused at 365 nm. NCs show wide colour gamut from blue to the red.
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Figure 2.11: XRD spectra of CsPbXs NCs XRD patterns were recorded by a PAN-
alytical X-Ray diffractometer using Cu-Ko radiation, with an operating voltage
of 45 kV and current of 40 mA. The standard was taken from PANalytical X Pert

highscore plus. Copyright, American Chemical Society 2017.
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to the index spectra using PANalytical X'Pert HighScore Plus software data file.
The change in the crystal structure from CsPbBr; to CsPbl3 moved the two theta
peak towards the lower angle. Therefore, the mixed halide NCs have peak which
lies in between those of the pure CsPbBr3 and CsPbls NCs. It was observed that
the CsPbl; started forming non-perosvkite orthorhombic phase, which also be-
gan to appear in iodine rich mixed halide NCs. XRD peaks of NCs were found
to be broader compared to the microcrystalline peaks according to the Scherrer

equation (Equation 1.39), which also confirms the formation of NCs.

2.3.4 Optical Characterisation on Halide Composition Depen-
dent Perovskite NCs

Optical spectroscopy gives detailed study of material properties due to change
in the halide composition. Each sample was diluted in hexane for the UV-Vis
and PL measurements. A Cary 50 UV-Visible spectrophotometer were used to
do the UV-Vis spectroscopy and a Horiba Fluorolog-3 Spectrometer were used
for the PL measurement. NCs were measured in solution form and a 10 mm

quartz cuvette with pure hexane was used to create the baseline.

All of the NCs were washed with solvent/antisolvent method as described in
Section 2.2.1.2. We observed the change in the optical properties with halide
composition. The PL peak was red shifted as the Br/I ratio decreased. This is
because the iodide ions are larger in size and changes the emission towards
the higher wavelength. the monodispersity in the samples can be observed by
FWHM of PL spectra. All of these NCs were used to fabricate perovskite LEDs,

which is discussed in Chapter 3.
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Figure 2.12: UV-Vis absorption spectra of perovskite NC samples in hexane. The
absorption edge is red shifting as the Br/I or Cl/Br ratio is decreasing.
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Figure 2.13: PL spectra of perovskite (pe) NCs samples in hexane. The emission
peak is red shifting as the Br/I or Cl/Br ratio is decreasing.

2.3.5 Characterisation on Perovskite NWs

In order to observe the morphology and crystal structure, TEM and XRD anal-
ysis were carried out on these NWs. The TEM samples were prepared by drop-
casting hexane NWs solution on a Cu-200 mesh on formvar grid. The XRD sam-
ples were prepared by drop casting the concentrated NWs solution (in hexane)
on to a clean glass slide. The thickness of The CsPbBr; and CsPbl; were cal-
culated to be = 39 and 14 nm using TEM images. However, a wide range of
size distribution can be seen in the TEM micrographs. Additionally, reaction of
CsPbBr; did result in the formation of some nanoparticles along with the NWs
(Figure2.14a). All the NWs were also found to agglomerate in the solution. The
NWs showed very weak luminescence and the suspension in any solvent was
found to be turbid. This limits the processing of these NWs for any solution

processed semiconductor device applications.
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1 pm

Figure 2.14: TEM micrographs of NW suspension in hexane for a) CsPbBrs and b)
CsPblz. The photograph of each sample is overlaid on top of its TEM image. The
TEM samples were prepared by drop-casting hexane NWs solution on a Cu-200
mesh on formvar grid.

The XRD spectra show the formation of CsPbBrs and CsPbls perovskites. How-
ever, the NWs also exhibited the orthorhombic non-perovskite phase which is
clearly visible in the XRD spectra. This orthorhombic non-perovskite phase is
not suitable for optoelectronic applications. Therefore, these NWs were not

found to be very efficient to be implemented in perovskite LEDs.

NWs have extraordinary electrical and optical properties but they were not found
to be as efficient as perovskite NCs for the LED applications due to poor quan-
tum yield, solubility, and size distribution [191]. Therefore, we diverted our
focus only towards NCs. However, the optimisation of these NWs could be the
part of future research in the Halpert Group. The application of these NCs is
demonstrated as a LED in Chapter 3.
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Figure 2.15: XRD spectra of perovskite NWs for a) CsPbBrs and b) CsPbl3.XRD
patterns were recorded by a PANalytical X-Ray diffractometer using Cu-Ko radi-
ation, with an operating voltage of 45 kV and current of 40 mA. The standard
spectra was taken from PANalytical X'Pert HighScore Plus.

73



2.4 Conclusion

We have synthesised size- and composition-dependent CsPbX3 NCs. A quan-
tum confinement study was carried out on size tuned CsPbBrs NCs. The sam-
ples of three different sized particles were used. Steady state absorption and
the PL spectra were used to confirm the confinement in these NCS. The blue-
shifted emission peaks with decreasing size along with the formation of high
energy absorption edge in the smallest NCs showed the strong confinement
effect. The increment in estimated Stokes shift with decrease in particle size
also supported the similar evolution of confinement. All these studies were fur-
ther supported by ultrafast transient absorption spectroscopy, which showed
the multimodal GSB in the smallest NC-4.1 samples. Also, the larger NCs were
found to be in weak confinement regime due to their dimension larger than
the Bohr diameter (7 nm). Overall, the size tuneable CsPbBrs NCs were used to

demonstrate the quantum confinement effect.

The NWs of these materials were also synthesised but due to their low stabil-
ity and poor performance, they were not further analysed and used in opto-
electronic application. However, investigating these NWs and improving their
properties could be the part of future research in Halpert group. The compo-
sition dependent NCs were synthesised to be implemented in LEDs, which is
discussed in next chapter. We observed the phase transition instability in pure
CsPblIs NCs sample due to the softer basic nature of iodide. The monodisper-
sity of NCs was analysed by TEM and PL spectroscopy techniques. All samples
showed very high quantum yield (50-68%) and the emission spectra was tune-
able in the entire visible spectrum with very thin emission linewidth. All these

properties made them very promising materials for the fabrication of LEDs.
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Chapter 3

Colour Instability in CsPbXj
Perovskite Nanocrystal LEDs

Parts of this chapter have been published in the following article:

Vashishtha P & Halpert, JE. Field-Driven lon Migration and colour Instability in
Red-Emitting Mixed Halide Perovskite Nanocrystal Light-Emitting Diodes. Chem-
istry of Materials 2017.

3.1 Introduction

Semiconductor QDs are one of the most promising candidates for optoelec-
tronic applications, due to their thin emission line width (FWHM), high PL
quantum yield, band gap tuneability with size and shape, and relatively longer
life time [2, 11, 123, 192]. Over the last two decades, researchers have worked
on improving the synthesis method in order to achieve monodisperesed NCs,
which offers a very thin emission linewidth for various applications includ-

ing LEDs [1, 13, 193]. In general, the hot-injection method offers high qual-
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ity NCs than a normal heating-up colloidal method (Section 1.2.5) [194]. Pro-
cessing of NCs is also a very crucial step to wash the NCs without damaging
their surface and losing the PL quantum yield. Optimising all these properties
for the efficient LEDs fabrication is an area of interest in semiconductor QDs
[120, 121, 195]. Various type of materials have been investigated for LEDs ap-
plication, including III-V such as, GaN, InP, and AIN, I-III-VI such as CulnS,,
I1-VI such as GaN, and IV-VI of the periodic table, such as CdSe, CdSe/Zns,and
CdS/Zns [120-122]. To date, the cadmium-based core QDs, with various Type
I shell coatings, including CdS or ZnS, have been found to be the best for LEDs
application due to their nearly 100 % PL quantum yield, stable emission peak,
precise colour tuneability with the use of confinement effect during synthesis
(1, 2, 4, 11, 123]. The only drawback of this technology is that CdSe contains
toxic cadmium, a heavy metal banned for use in electronics in some markets
(123, 124].

Recently, CsPbX3 perovskite NCs with PL QY as high as 90 % have been re-
ported, suggesting that these could replace CdSe as the active layer in OLED
structured devices (See Chapter 2) [17]. Although, CsPbX3 contains a toxic ele-
ment Pb in it, the toxicity of Pb is less than Cd and the amount of Pb in CsPbX3
is less than the amount of Cd in Cd-based LEDs [125]. In perovskite structure, It
is also possible to replace Pb with other metal such as tin or bismuth for opto-
electronic applications [22, 126, 127]. However, lead- free perovskites have not

been found to be very efficient yet, and further research is required [22, 196].

Since the reported synthesis of CsPbX3 NCs, several groups have been success-
ful in producing functional peNC-LEDs [21, 128-130]. Colour tuning in these
materials is achieved by altering the I/Br or Br/Cl ratio in the crystal structure
to achieve RGB emitters. However, it can also be achieved by changing the par-
ticle size up to some degree.(see Chapter 2). Song et al. were the first group
to report the pure inorganic NCs based blue, green and orange peNC-LEDs
with external quantum efficiencies (EQEs) of 0.07, 0.12, and 0.09 %, respec-
tively [21]. Zhang et al. improved the EQE of CsPbBrs NCs LED from 0.026
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% to 0.06 % by implementing a perfluorinated ionomer with hole transport
layer [130]. Other researchers worked to improve the EQE of these LEDs fur-
ther and reported more efficient peNC-LEDs [129]. However, at the time of
our report, they were not able to report red LEDs, which need CsPb(Br/I)3 NCs
with relatively higher iodide content as an active layer of the device, due to its
metastable state in cubic phase [21]. Red is a critical colour for any display, and
"pure" red is generally produced from emission that peaks between 620 and
650 nm. Lower wavelengths appear orange-red, and higher wavelengths ap-
pear less bright, because of the sensitivity of the human retina to red photons
that falls off rapidly at higher wavelengths. Therefore, fabricating red LEDs us-
ing this material was a major area of interest in the research at that time. The
stability of LEDs is defined as the change in performance with time, tempera-
ture, presence of moisture, and drive current. Researchers have reported that
the performance of LEDs decays faster at higher temperature and drive current
[197]. Perovskite materials are also extremely sensitive to moisture, which af-
fects the performance of perovskite based LEDs [198]. Additionally, Colour sta-
bility is one of the major concern when it comes to performance of LEDs [199].
Therefore, Our main interest in this chapter was to understand and analyse the

colour stability in perovskite based LEDs.

This chapter includes the fabrication of peNC-LEDs through low cost solution
processing techniques. NCs were synthesised by the hot-injection colloidal
method described in Chapter 2. Here, the emission is tuned in the entire visible
region by changing of the halide composition. LED performance was optimised
by varying the thickness of the transport and the active layers. A systematic
investigation was carried out to understand the stability of these devices with
changes in halide composition and applied electric field. A temperature depen-
dent PL study was also carried out to understand the cause of colour instability
in these LEDs. We also used longevity and colour stability trends that suggest

next steps for improving performance in devices using these materials [20].
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3.2 Experimental

This section describes the method for fabricating peNC-LEDs along with the
sample characterisation techniques for absolute irradiance measurement. The
techniques used for device fabrication includes spin coating, thermal evapora-
tion, and shadow masking. The absolute irradiance graph is used to calculate
the efficiency values such as, EQE (%), luminance (cd/m?), luminous efficacy

(Im/W), and current efficiency (cd/A), as described in Section 1.6.7.

3.2.1 Fabrication of LEDs
3.2.1.1 Materials

Poly- (ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) was purchased
from Ossila. Poly[N,N’-bis(4-butylphenyl)-N,N’-bis-(phenyl)benzidine] (poly-
TPD), poly(9-vinylcarbazole) (PVK), and 1,3,5-tris(N-phenylbenzimidazol-2-yl)
benzene (TPBi) were purchased from Lumtec. Acetone and isopropanol were
purchased from Sigma-Aldrich. ITO coated glass substrates were purchased

from Kintec. NCs were taken from the project carried out in Chapter 2.

3.2.1.2 Methods

A 12 mm x 12 mm ITO coated substrate was used to fabricate the devices. The
left side of Figure 3.1a shows a schematic diagram of ITO coated glass substrate
with Al electrodes (thermally evaporated). The device was fabricated on top of
ITO coated film. Al was used as a top electrode (Figure 3.1). Each device has six

pixels, each at the intersection of an Al electrode with ITO film.

ITO substrate was used as an anode. It was cleaned by ultra sonicating for 20

min in soap solution, distilled water, acetone, and isopropanol successively.
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Figure 3.1: Schematic of ITO coated glass substrate with Al top electrode. Device
was fabricated on top of the ITO layer and then the top electrode was thermally

evaporated through a shadow mask.

They were then heated under vacuum for 30 min followed by O, plasma clean-

ing for 4 min.

Devices were fabricated using a commonly used device architecture for QD-
LEDs wherein, PEDOT:PSS and poly-TPD or PVK were used as a hole transport
layer and TPBi were used as an electron transport layer [1]. NCs were dispersed
in anhydrous hexane (10 mg/mL), and poly-TPD and PVK were dissolved in
chlorobenzne (12 mg/mL). PEDOT:PSS was already dispersed in water from the
supplier. PEDOT:PSS was filtered through polyvinylidene fluoride (PVDF) fil-
ters (0.45 um) and then spin-coated onto the clean ITO-coated glass substrates
at 4000 rpm for 60 s followed by annealing at 145 °C for 20 min in air. Substrates
were transferred to the nitrogen glove box. The hole transport layer, poly-TPD
(12 mg/mL), was spin-coated onto the PEDOT:PSS layer at 4000 rpm for 60 s
and annealed at 120 °C for 30 min. The NCs layer was spin-coated at 2000 rpm
for 60 s, and then devices were moved to the thermal evaporator for the depo-
sition of a 40 nm electron transport layer of TPBi. Thermal evaporation was
performed under high vacuum. A 100 nm Al electrode deposition was achieved
by thermal evaporation through a shadow mask. CsPb(Br/Cl)s and CsPbBrj
have larger band gap, therefore PVK (12 mg/mL) was used instead of poly-TPD

as a hole transport layer due to the band alignment with valence band of NCs.
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Figure 3.2: (a) Device schematic, (b) energy diagram for the peNC-LEDs inves-
tigated here along with (c) a photograph of peNCs in hexane excited by a UV
lamp, and (d) a TEM of CsPbBrs; NCs with a diagram of the perovskite NCs (in-
set). Energy levels relative to vacuum are shown for reference [20]. Copyright

2017 American Chemical Society.

A clear device schematic is shown in Figure 3.2 with the estimated thickness of
each layer. Energy band diagram shows the energy level relative to the vacuum
and the estimation of energy level was taken from the literature [130, 200, 201].
Figure 3.2c shows the photograph of perovskite NCs under 365 nm UV lamp.
The TEM micrographs of CsPbBrz NCs are shown in Figure 3.2d. These per-
ovskite NCs, synthesised in Chapter 2, were taken for the fabrication of peNC-
LEDs.

80



3.2.1.3 LED Measurement

Corner of the devices was carefully scrubbed using chloroform in order to con-
nect the probe with ITO electrode. A Keithley 236 Source Measurement Unit
(SMU) instrument was used as a power source for the LED. Positive terminal
of power source was connected with ITO and negative terminal was connected
with Al electrode. The input voltage was slowly ramped up from 0 V and the
EL spectrum was recorded at certain voltages or time intervals after the turn-
on voltage. EL spectra were recorded with a QE pro ocean optics spectrometer
connected with an ocean optics integrating sphere (ISP-50-8-1) through an 80
pum optical fiber (QP200-2-VISNIR). Devices were placed on the port of the in-
tegrating sphere to record the EL spectra.

3.3 Results and Discussion

Current-voltage (IV), PL, and EL measurements were carried out to measure
the device characteristics. PL. measurements provided the details of the emis-
sion properties in these NC thin films. The EL along with the IV measurements
were carried out to calculate the device metrics such as, external quantum ef-
ficiency (EQE), luminance (cd/ m?), luminous efficacy (Im/W), and current ef-
ficiency (cd/A). Temperature dependent PL. measurements were carried out on
perovskite thin films to understand the effect of temperature on the device. EL
at different voltages and time were recorded to study the change in the EL peak
position as a function of electric field and halide composition. All of these mea-
surements not only allowed us to measure the efficiency but also allowed us to

probe the cause of colour instability in mixed halide peNC-LEDs.
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3.3.1 Device Performance

All devices were characterised in the ambient conditions at RT. A photograph
of the peNC-LEDs at their turn on voltages (3.5-6.0 V) are shown in Figure 3.3.
The EL position is labelled on top of each photograph. Blue (B499) and green
(G518) LED measurements are provided for reference, while orange, orange-
red, and deep red devices are investigated in detail. PL spectra are taken from
Figure 2.12, as the same samples were used in the fabrication of LEDs. The cor-
responding EL spectra were recorded at early times near the turn-on voltages.
PL and EL spectral peak positions with their FWHM are labelled in the graph.

The EL peaks are similar to the PL peaks with a slight red shift of a few nanome-
ters. This can be described to the transition from solution to thin films, where
in Forster resonance energy transfer (FRET) occurs to neighbouring NCs with
a lower band gap. An excited state donor molecule transfers its energy to an
another ground state acceptor molecule, which is in the lower energy level,
through a nonradiative process [202]. This phenomena has been observed in
NC-LEDs in previous reports as well [134, 203]. Devices investigated here are
described in Table 3.1.

Table 3.1: PL and EL metrics for champion peNC devices with varying Br content.

LED | PLgousion| FWHM PL|EL;4iria: | FWHM EL EQE, ... | ELfinal [FWHM EL
label| (nm) (nm) (nm) (nm) CIE-x | CIE-y |V, (V) (%) (nm) (nm)
B499| 492 27 499 28 0.043 | 0.491| 6.0 - 500 20
G518| 516 22 518 19 0.092 | 0.797 | 4.0 0.80 518 28
0558| 558 31 653 45 0.711]0.289 | 5.0 |1.4x107'|518,663| 22,49
R607| 603 29 607 36 0.6320.368| 5.0 [2.1x107!| 680 49
R621| 621 62 621 61 0.654 | 0.346 | 5.8 [6.0x1072| 679 43
R636| 632 33 636 66 0.664 |0.336| 6.2 |7.1x1072| 663 56
R642| 640 36 642 35 0.708 |0.292 | 6.0 [2.4x1072| 678 43
R653| 651 39 653 55 0.698 |0.302| 6.0 [1.3x107!| 683 41
R665| 667 45 665 45 0.720 | 0.280 | 4.0 [2.9x1072| 678 43
R671| 673 50 671 32 0.728 0.272| 3.9 | <1072 - -
R688| 683 41 688 35 0.729|0.271| 3.2 [2.7x1073| 687 41
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As can be seen in Table 3.1, there is no EL shift in the green LEDs (G518), as the
initial and final EL peak was observed to be at same position. No characteris-
tic deep blue emission was observed from the organic molecules which were
used as a hole and an electron transport layers in peNC-LEDs [1]. Pure iodide
NCs (x = 3) were found to lose their luminescence during processing and did
not produce functional LEDs. The stability of CsPbl; is discussed in Chapter
2. The EQE was observed to be in the range of 0.02 to 0.2 %, which was com-
parable to those reported in literature value for untreated perovskite LEDs at
the time this research was completed [21, 130]. As one can see that the initial
and the final EL peak position in red devices are not at the same position. All
of the red devices showed red shift in the EL peak corresponding to the char-
acteristic emission of pure CsPblz emission (= 680 nm). A detailed analysis of
EL instability is added in the next sections. The turn-on voltage for devices fab-
ricated in the study are given in Table 3.1. Devices with higher iodide content
have lower band gap than devices with higher bromide or chloride content. It
usually takes less built-in potential to turn-on the devices with lower band gap.
Therefore, the devices with higher iodide content showed low turn-on voltages
than rest of them. However, some lower band gap devices showed relatively
higher turn-on voltages, this could be due to the instability in these devices as

discussed in next sections.

Figure 3.4 shows the device metrics for peNC-LEDS at different voltages. The
device statistics for all of the LEDs fabricated in this study are shown in Table
3.2. It should be noted that the NCs were capped with longer chain oleylammo-
nium ligand, which is not ideal for the electronic applications due to its poor
conductivity. Therefore, the achieved efficiency is quite reasonable. In all the
devices, the EQE increased rapidly after their turn-on voltages and then it be-
gan to decrease at higher voltages. However, R688 was found to be very less
efficient. In R636, the device burnt out before the scan could reach the comple-
tion. Therefore, the EL peak movement could only be observed till 7.0 V. 0558
displayed the initial EL peak at 653 nm, which was then later split into two dif-
ferent peaks at 518 and 663 nm. R642-R665 LEDs, which contained moderate
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Figure 3.3: Normalised PL spectra (top) taken at 400 nm excitation of a solution
of CsPbBrs3. I, for varying values of x from 01.3(green) to 2.75 (deep red). Blue
NCs consist of CsPbBrs.Cl, x (x = 0.75). Normalised EL spectra (bottom) from
ITO/PEDOT:PSS/poly-TPD/peNC/TPBi/Al LEDs for these same peNCs. EL spectra
were recorded immediately after turn-on (prior to red-shift). As an exception, the
orange-emitting sample from the PL spectra did not produce an orange-emitting
LED (gray dashes to mark the absence) as discussed in the text. At the right are
shown unprocessed photos of LEDs. Copyright 2017 American Chemical Society.

amount of Br (see Table 3.1), were found to produce more stable LEDs with rel-

atively high EQE and luminance.

In Figure 3.4, the luminance is found to be relatively linear as it does not depend

on current or applied voltage of the device. However, the current efficiency de-
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pends on the current flow in the active layer. There is always an increase in
the current as the voltage increases, therefore the cd/A was found to be rela-
tively dynamic. EQE is also current dependent and vary similarly like current
efficiency (cd/A). At the same time, luminous efficacy is nothing but the volt-
age dependent current efficiency, therefore, the Im/W was found to be even
dynamic than cd/A. Overall, all of these parameters were found to be changed

with increase in voltage.
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Figure 3.4: Chart of the a) EQE vs. voltage, b) Luminance vs. voltage, c) current
efficiency vs. voltage, and d) luminous efficacy vs. voltage in CsPb(Br/I)s LEDs.
Red devices generally show lower luminance as the peak shifts towards 680 nm,
since the luminosity scale is determined by the sensitivity of the human eye which
tapers off rapidly after 650 nm. An Ocean Optics QE Pro spectrometer was used
to characterise these LEDs. Copyright, American Chemical Society 2017.

Other QD-based LEDs display a stable emission during the entire operation pe-
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Table 3.2: Device statistics on all of the fabricated LEDs at applied voltage.

LED | Number of| EL;pitiai | ELfinal | Turn-on| EQEax [EQEaverage

label | devices (nm) (nm) V) (%) (%) Standard deviation
B499 3 499+1 500+ 1 6.0+0.3 - - -
G518 3 518+1 |518+1|4.0+0.5 0.80 0.67 0.12
0558 3 653+1 |518+1|5.0+04|1.4x107}| 1.1x107} 3.3x1072
R607 3 607+2 |680+1/5.0+03|2.1x107}| 1.7x107} 4.0x1072
R621 3 621+3 |679+1|5.8+0.2|6.0x107%|3.69x1072 2.5x1072
R636 2 636+1 [663+1|6.2+0.1(7.1x1072| 3.6x1072 4.1x1072
R642 5 642+1 |678+2|6.2+0.1(2.4x1072| 1.7x1072 6.2x1073
R653 5 653+2 |683+2|6.0+0.1(1.3x1072| 9.0x1073 2.7x1073
R665 6 665+2 678 +4|4.0+0.2(29x1072| 2.5x1072 45x1073
R671 1 673 - 3.9 <1072 - -
R688 2 688 687 32 |2.7x1073| 3.1x1073 5.7x1074

riod. For instance, CdSe QDs samples with comparable quantum yields have
been used to produce LEDs with >1% EQE using this device architecture and
display no shift in the EL peak even after prolonged use at a high current den-
sity (10 mA/ cm?) [1]. However, these mixed halide peNC-LEDs were found to
be red shifted under operation condition, which cause the colour instability in
the LEDs. They also showed relatively low EQE than CdSe QD LEDs [1]. A de-

tailed study was carried out to understand this phenomena.

3.3.2 EL Peak Shifting in Mixed Halide Red LEDs

All mixed halide devices showed significant shift in the initial EL peak position.
Table 3.1 shows the starting and final EL peaks for each device during operation
from 0 V to the maximal voltage for each device (at 8-10 V) prior to burnout.
As is apparent from the table, the EL peaks of the red-emitting peNC-LEDs
(devices R607-R665) shift significantly to higher wavelengths as the voltage in-

creases. An EL measurement as a function of time was carried out to analyse
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the reversibility of peak shift in detail. NCs emitting at 635 nm was prepared for
this LED fabrication (Figure 3.5a) and the device was constructed as described
in the methods section. The PL in this device was observed to be at 638 nm.
The device was operated at 6.0 V for several min to record the EL at different
time interval. Figure 3.5c shows the EL spectra of the same device. The EL peak
moves from its initial position of 641 nm to 684 nm in 13 min of operation pe-
riod. To evaluate the reversibility of the PL peak shift, PL. measurements were
carried out after certain time intervals of device operation. It was found that
the peak shift was not immediately reversible. However, after several hours (16
h), the PL peak did return to its initial position (Figure 3.5d). The similar peak
shift and reversibility were observed in all of the mixed halide red LEDs. The
initial EL peak moved with the increase in voltage or time towards the higher
wavelength to values between 670 and 680 nm (Figure 3.6), which is near the
characteristic emission peak of pure CsPblz NCs [17]. This limits the value of
halide composition tuning in these materials and represents a significant chal-
lenge to the development of mixed halide perovskite LEDs. In summary, the
peak shift was observed in all the red LEDs with the PL peak reversibility after

several hours.

These data allow us to discount several possible factors causing the emission
peak shift. One possible reason for peak shifting could be due to Stark effect,
which is the shifting or splitting of spectral lines of molecule in the presence of
external electric field. However, it is clear from Figure 3.5 and 3.6 that the band
shift is too extreme to be due to a Stark shift or a similar electrostatic change in
the band energies of individual NCs [204]. Emission from organics or interfa-
cial exciton would be clearly distinguishable from NC emission by the width of
emission peak, as the organic molecules used in these LEDs have higher FWHM
and peak positions at lower wavelength (400-500 nm) [1, 205, 206]. The other
possible reason for the red shift could be the growth of NCs in the thin film dur-
ing device operation, a phenomena which has been seen in peNCs films [207].

The growth of NCs could be caused by three possible events:
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Figure 3.5: a) UV-Vis and PL of NC-635 in hexane exciting at 400 nm, b) PL of the
NC-635in the LED thin film exciting at 400 nm, c) EL of the LED device using NC-
635 on 6.0 Vat varying times, and d) PL of the NC-635 LED after the operation at
varying times after shutdown. The EL peak shifts from its initial value towards
=~ 680 nm. However, after = 16 h the PL emission shows the reversibility towards

its initial position. Copyright American Chemical Society 2017.

1. Incorporation of unreacted precursors present in improperly purified NC

solutions and deposited in the thin film.

2. Ostwald ripening in which large NCs could go at the expense of their

neighbour particles, due to the chemical activity of the ligands.

3. Fusion of neighbouring NCs, an effect has been previously observed in

perovskite NCs (Section 2.3).[208]

The confinement effect can only tune the emission spectra by +15 nm, which

is explained in Section 2.3.3. The peNCs used in these LEDs have a particle size
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of 15 nm (Figure 2.9) which is larger than the Bohr diameter (7 nm). Therefore,
these NCs should fall in the weak confinement regime (Figure 2.7), which fur-
ther limits the emission shift towards higher wavelengths [188]. The observed
emission shift in NCs is more than 50 nm which can never be due to the growth
of NCs [209]. In addition, fusion or growth of the NCs should be an irreversible
process. Whereas, we have observed a reversibility of emission peak after the
device operation (Figure 3.5). The last possibility could be the movement of
the ions within the NCs and that the composition of individual emitters within
the NC film changes during the operation. This means, the bromide and io-
dide ions are possibly moving within the NCs, and creating iodide rich domains
which emit in the higher wavelength. This ion migration could occur due to
the several possible reasons including heating in the device during operation,
electric field, or excitation density. Therefore, a temperature and electric field
dependent study is needed to probe this phenomena. In the next section the

effect of temperature on the optical properties of perovskite NC is explained.
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Figure 3.6: a) J-V curve of peNC-LEDs, showing higher current density for the less
stable NCs sample and b) Plot of EL peak positions vs voltage for mixed halide

red peNC-LEDs (607-665).
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Figure 3.7: a) UV-Vis and PL of peNCs in hexane, exciting at 400 nm, shows the
emission at 566 nm with first absorption edge at 529 nm, b) photo of NC-566 thin
film before and after the heat treatment under room light with UV lamp off (top)
and UV light only (bottom).

3.3.3 Temperature Dependent PL Study on Mixed Halide NCs

When an electric field is applied to a LED, there is a subsequent increase in
temperature up to to a certain degree due to the power dissipation in the diode
[210]. To observe the change in PL spectra while the film is heated, a temper-
ature dependent PL. measurement was carried out. Where the film was heated
up to certain temperature and the PL was recorded constantly using QE Pro
Ocean Optics spectrometer connected with a 80 um optical fiber (QP200-2-
VISNIR). Figure 3.7a shows the absorption and PL spectra of mixed halide peNCs
with bromide to iodide loading molar ratio of 0.63 : 0.37. Due to the mixed
halide structures, the PL emission was observed at 566 nm with 33 nm FWHM
(Figure 3.7a), which is somewhere in between the emission from pure CsPbBr3
and pure CsPblz NCs (Chapter 2). The band gap was calculated to be 2.3 eV

from the first absorption edge in Figure 3.7a.

These NCs were dissolved in hexane (40 mg/mL) then spin cast onto a cleaned

glass slide in a N, glove box. This spin coating process was repeated 6-8 times
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Figure 3.8: a) PL measurement of NC-566 film at varying temperature from
room temperature to 140 °C. and b) PL measurement when the NC-566 film ap-
proaches 75 °C. Copyright American Chemical Society 2017.

to form thick, close-packed films (Figure 3.7b). The sample was then placed on
a hot plate and temperature was slowly raised from 25 °C to 140 °C. At room
temperature, NCs films were highly luminescent (Figure 3.7b). However, after
heating up to 140 °C, the NCs lost all of their emission, which can be seen in
Figure 3.7b. The PL was recorded using an Ocean Optic QE pro spectrometer
while the NCs film was excited using a 365 nm UV lamp. Figure 3.8a shows the
PL spectra of NCs films. Initially, the PL peak was recorded at 574 nm, which
is slightly red shifted than the NCs solution, due to the transition from solution
to film. As the temperature increased, the PL peak moved slightly around the
same position (Figure 3.8a). However, at higher temperature (>100 °C), a slight
red shift of 10 nm was observed just before the NCs lost their emission. The
shift near the melting point of NCs is possibly due to the fusion of the NCs,
an effect that has been observed previously in perovskite materials (Chapter 2)
[181, 208].

To observe any emission peak splitting due to the temperature gradient in the

perovskite films, another PL. measurement was conducted, where the tempera-
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ture was set at 75 °C and PL was recorded as the substrate warmed quickly from
room temperature to 75 °C. During this time, there should be initially a signifi-
cant temperature gradient in the film as the film was about 1 pm thick and the
heat was supplied from the bottom of the substrate. Again, no peak splitting
or significant PL shift was observed here at any point in the heating cycle (Fig-
ure 3.8b). These results suggest that the peak shifting observed in peNC-LEDs
is not solely a function of temperature. While heat does aid generally in ionic
mobility, ionic separation must be possible due to an electric field. Therefore,
a systemic study of emission shift with change in voltage was needed, which is

described in the next section.

3.3.4 Halide Composition and Voltage dependent EL Studies

In this study, all red devices were tested at different voltages. Specially, device
R665 and R607 were tested for field stability by slowly scanning from the turn-
on voltage (=~ 4—5 V) to 9.0 V at a rate of 5 mV s~!. As illustrated in Figure

Q
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Figure 3.9: Peak-normalised EL spectra for example device (a) R665 and (b) R607
showing spectral shapes and red-shifting of the peak during J-V measurement
from near their respective sample PL peak to ~ 680 nm. The effect is noticeably

stronger for the high-bromide content peNC-LED:s.
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3.9, devices with NC films with a high Br/I (R607) ratio shifted earlier and at
field strengths lower than those with films with a high I/Br (R665) ratio. R665
showed the stable EL till 7.0 Vand the EL appeared to move from 8.0 V. Whereas,
In R607, the EL peak started moving just after the turn-on voltage. The thick-
ness of the organic and NC layers was similar, presumably the field strength at
the interface is similar for each LED. Deeper red devices also appear to be more
stable in that the onset of the peak shift occurs at a higher applied bias. This
indicates that a high iodide content in fact produces more stable peNC-LEDs
and that high-iodide NCs appear to be more resistant to field-induced separa-
tion. A similar behaviour was observed in all the devices (Figure 3.10). Device
R642 was found to be more stable at higher electric field than R621. Device
R688 was stable at its original position. However, the efficiency of this device
was found to be very low due to the instability of CsPbls NCs. The higher rate
of ion migration in bromide rich material is also consistent with the theoretical
reports, where the ionic migration barrier in perovskites is found to be lower
for bromide (0.23 eV) than for iodide (0.29-0.30 eV) [211]. Thus, a huge halide
composition dependency was found in those mixed halide red device against
electric field. However, at the end, all the devices showed the EL peak around
680 nm. This colour instability is the result of ion migration in mixed halide
NCs. The NCs are losing some bromide ions and creating iodide rich species,
which is emitting at higher wavelength. The increase in the voltage possibly led
to an increase in the rate of ion migration, which created higher iodide content

emitters. This resulted in the final emission at ~ 680 nm.

On the other side, peak shift has given us the indication of field dependency
in ion migration. Therefore, the same devices were operated at different con-
stant voltage for certain time intervals to observe the change in EL (Figure 3.11).
Similar halide composition dependency was observed in this measurement. At
constant voltage, the EL in R607 was found to be shifted at early time compare
to the EL in R665. As observed in R665, it took 12 min for the EL peak to reach
678 nm at 4.5 V but it only took 45 s for the EL peak to reach 680 nm. A similar

behaviour was seen in R607, at 5.1V, it took about 65 s for the peak to move
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completely till 680 nm. However, at 6.5 V, the peaks moved to 679 nm in only
about 15 s. When the device R607 ran at 9 V the initial EL peak was recorded
at 678 nm. This shows that at higher voltage the peak moved quickly and with
further increase in voltage, the peak shift was so fast that the initial EL was ob-
served at 676 nm. Therefore in both LEDs, the EL peak shift was found to be
faster at higher voltages. To have a clear overview of peak shifts over time at
constant voltages, a graph between peak wavelength vs time was plotted in Fig-

ure 3.12. At low voltages, the linearity is disturbed by a relatively slower initial
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Figure 3.10: EL spectra with respect to voltage of device a) R621, b) R642, c) R636,
d) R688. Similar behaviour can be seen here, the EL peak moves from its initial
position to the higher wavelength (= 680 nm) as the voltage increases. Device
with higher bromide content found to be less stable against the electric field. De-
vice R636 burnt out before scan could reach its completion. Copyright American
Chemical Society 2017.
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Figure 3.11: EL peaks movement at different constant voltages with respect to
time in a) R607 and b) R665. The EL peak shift is faster at higher voltage and in
R607, which contained higher bromide content. Copyright American Chemical
Society 2017.

increase. At low power (low voltage, where current increases with the voltage),
devices take some time reach their steady state temperature, after which the
rate of change appears voltage dependent. Another graph was plotted in Fig-
ure 3.13 to observe the relationship between the rate of peak shifts with voltage,

current, and power.

The inverse of the final time (tf) in Figure 3.13, should be equal to the average
rate of peak movement, which itself can be viewed as a reasonable proxy for
the rate at which ions are migrating within the NC film. As can be seen from the
plot of voltage vs 1/tF, the rate varies linearly with the voltage, nonlinearly with
the current density, and nonlinearly with the power for R607. If the migration
effect is dependent on the local field strength, this could be expected to vary
linearly with the voltage at applied voltages above the threshold voltage for the
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device. Similarly, if the rate was solely dependent on the temperature, it could
be expected to be linear with respect to power, where dT/dt is proportional to
P such that T(t) is proportional to Pt, in the early stages of heating (before cool-
ing effects become significant and the temperature reaches a steady state). It
should be noted that the current density depends on the voltage by a power
law, V,, where n is approximately 2 to 4. Electrical power is the product of volt-
age and current so P should vary by equation 3.1. In a simple device model,
electric field varies with voltage by equation 3.2, where d is the distance be-
tween two relatively infinite rectangular electrodes, E is the magnitude of the
electric field and V is the voltage applied to those electrodes. This data suggests
that ion separation is indeed field driven, because it is linear with voltage [20].
However, there is some indication that heating is required to start the process
(Figure 3.12) but an applied field must be present to induce separation in this
system, and indeed, the rate of separation appears to be highly voltage depen-
dent.

V. =yl 3.1

V=Ed (3.2)

Device function appeared to be highly dependent on the voltage as the rate of
peak shift was found to be linear with the applied voltage. However, the real
dynamics within the device may be significantly more complex. Band bending
and charge injection will affect the internal electric field at the interface, as will
the differences and changes in the local dielectric in the NCs, the ligands and
the surrounding organic semiconductors. We were only able to probe at macro
level and a more realistic model may be warranted to fully understand the ion
separation phenomenon within these devices. Additionally, the the extent of
halide composition dependence was yet to be clearly understood. Therefore,
NCs with even higher bromide content (63 %) was synthesised for the fabrica-
tion of LEDs and the instability in this device is investigated in the next section.
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3.3.5 Colour Instability in High Bromide Content LED (0558)

The peNCs with a very high bromide content, which were used in the unsta-
ble orange-emitting peNCs in device 0558, gave completely unstable emission.
The peak shift of the emission in these devices provided a strong indication of
the source of the colour instability of mixed Br/I peNC-LEDs. Using this device,
we were able to examine the source of emission from NCs composition more
clearly. The PL of the peNCs in solution prior to thin film formation was found
to be 558 nm (red line in Figure 3.14a), corresponding to yellow-orange emis-
sion. The PL of the thin film was observed at 552 nm (red line in Figure 3.14a),
due to absorption and re-emission slightly skewing the initial PL measurement
in the concentrated solution to higher wavelength [20]. The device was then
operated at 5.0 V and the first EL emission was found to be at = 650 nm. This
indicates that the red shift was too fast to be observed at its original position.
This behaviour was not observed in other devices where the bromide content
was relatively lower (R607-R688). That means incorporation of bromide led to
highly unstable LEDs.

The same device was operated for longer time at 7.0 V, and the initial peak was
split into two different peaks, one red shifted to 665 nm with a FWHM of 50
nm and the other peak at 518 nm with a FWHM of 22 nm. The photograph of
LED also looks the mixture of green and orange colour (Figure 3.14). The peak
splitting was never observed in any mixed halide peNC-LEDs before. As the de-
vice was run for longer period of time at the same voltage (7.0V), the intensity
of the red peak slowly decreased and eventually disappeared with the increase
in the intensity of green peak. Eventually, the LED was found to be emitting
pure green colour at 518 nm. The 518 nm peak and thin emission line width are
unmistakably characteristic of large CsPbBrs NCs (pure bromide) with bulk-
like band edge emission (i.e., in the weak confinement regime) [188, 212]. The
other peak at = 665 nm matches the emission of peNCs with a 0.50/2.50 Br/I
ratio similar to those used in R665 LEDs. Thus, the mixed halide composition

was split into two different compositions, iodide rich and pure bromide emit-
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Figure 3.14: PL spectrum (left chart) of a solution prior to thin film formation
(red line) and of the LED before (orange line) and after (green line) device oper-
ation. The EL from the device after operation at 7.0 V for 2 min is included for
reference (dashed gray line). After the initial PL measurements, the voltage for
the LED was raised to the turn-on voltage of 6.2 V until EL was observed and
then switched to 7.0 V to ensure observation of ionic separation. EL spectra (top
center chart) and photos (top right) of the same LED were taken at the turn-on
voltage and at 7.0 V and then at 2 min intervals until the spectrum had shifted
completely. b) A diagram of ion migration creating green- and red-emitting NCs,
as well as charging of red NCs at later times. Copyright American Chemical So-
ciety 2017.
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ters, with eventual disappearance of iodide rich (red) emitters.

The eventual disappearance of the red emitters is particularly astonishing, be-
cause Forster resonance energy transfer (FRET) between NCs should give a
high probability of excited NCs transferring energy to the lowest-band gap NC
within = 1 nm (FRET radius) [195]. That means the NCs emitting at 518 nm
should transfer their energy to the NCs with redder emission in the excited
state. However, no emission peak was observed in higher wavelength after a
few min. That indicates that either the green-emitting NCs are not within 1 nm
of the red-emitting NCs or the red-emitting NCs are incapable of emitting due

to one of the following reasons:

1. Chemical alteration of the red NCs, which makes them incapable to emit.

2. The presence of nonradiative recombination pathways in red NCs due to
an increased level of Auger recombination as these NC becomes charged
during the operation [213]. In Auger recombination, the electron in ex-
cited state transfer their energy to an another electron in conduction band,
to increase the energy of second electron. Then, the first electron recom-

bines with the hole in valence band (See Section 1.4.4).

3. Phase change to the larger band gap non-perovskite orthorhombic phase
in higher iodide content red NCs. As CsPbl; structure is relatively unsta-
ble and preferably forms a non-perovskite orthorhombic phase. (Section
2.3.3) [214, 215].

In either case, the red NCs were found to be incapable of emitting light. Figure
3.14b shows the mechanism behind this phenomena. Initially, in the device,
there are few monolayers of CsPb(Br; gg/11.12)3 NCs, which shows the PL at 552
nm. When the electric field was applied, these mixed halide NCs lost some Br
and gained some I, which made them iodide rich NCs. At the same time, some
of the NCs, lost iodide and became bromide rich NCs. At 5.0 V, only iodide
rich NCs were able to emit emission at = 650 nm. But, the increase in elec-

tric field resulted in the increase in green emitter monolayers. This produces
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higher number of purified domains of CsPbBrs NCs within the thin film, which
are then electrically excited via charge injection, or FRET of excitons from the
surrounding organic layers, and emitting at 518 nm [216]. Ion separation here
creates a quantity of iodide free NCs large enough that many of these are unable
to FRET transfer energy to their now absent red-emitting neighbors. Instead,
excited states formed on green-emitting NCs can radiatively relax with the char-
acteristic green emission of a large diameter (>10 nm) CsPbBrs NC. Thus, the
iodide rich NCs lost their emission and only the emission from CsPbBrs could

be observed.

The green emission peak is apparent only in device 0558 because of the very
large quantity of bromide present in the initial sample. In devices with an io-
dide content greater than that of 0558 (e.g., R607-R688), there may be green-
emitting NCs, but never enough for green emission to be observed. Instead,
their excited states were transferred via FRET to neighboring deep red emitters,
or peNCs with deep red domains, in the films that emit uniformly near 670-680

nm once the maximal degree of ion separation has occurred [20].

Further evidence of internanocrystal ionic separation was apparent when the
PL of the thin film was measured again, and the initial emission peak near 550
nm was observed again (Figure 3.14a). Once the field is off, the ions are free to
re-equilibrate in the lowest free energy state, comprising of mixed halide ions.
Therefore, they should have moved back to their original PL position which was
at 552 nm. However, the remaining green emission peak in the "after" PL shows
that the degree of ion movement in these particles was so extreme that some
NCs were irreversibly changed to pure CsPbBrs NCs and were unable to com-
plete the ion exchange to a homogeneous system (Figure 3.14a). The redistri-
bution of ions between NCs was consistent with exchange in perovskite NCs in
solution [214]. Indeed, the irreversibility of the emission shift in NCs contain-
ing a very high level of bromide is more prevalent than the "after" PL would
suggest, because again FRET in these films skews the film emission towards red

emitters. The wide FWHM of the two peaks in the "after" PL is an indication
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that ion re-exchange is proceeding because the thin emission line widths of the
two species present during operation have widened as individual NCs begin to
exhibit a wider distribution of Br/I ratios during the re-exchange process once
the device is turned off. Thus, adding more bromide led to a completely unsta-

ble LEDs, which showed peak splitting and extreme peak shift in the EL.

3.3.6 Stability Test on Mixed Halide LEDs

In addition to the efficiency, the stability of a semiconductor device is very im-
portant. Therefore, a stability test was conducted on a mixed halide peNC-LED.
All mixed halide LEDs were found to be red shifted. However, LEDs with mod-
erate amount of bromide and iodide content (R642-R665) produced relatively

stable emission and higher EQE. Therefore, a device with optimised amount
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Figure 3.15: (a) Chart of the relative intensity of the EL spectra for R653 over
a period of 35 min at a bias of 6.2 V and = 120 mA cm™2 and (b) chart of the
EQE, luminance, and current density evolution during a 35 min operation. The
current density and EQE were stable within +15% of the average over the first
15 min. By contrast, the luminance (apparent brightness) decays as the peak
shifts to the red from 653 to 683 nm, where the human eye is less efficient. This
demonstrates that long-lived devices are feasible but highly dependent on the
colour stability of the NC. Copyright American Chemical Society 2017.
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of bromide and halide was constructed for the stability test, in which a con-
stant voltage was applied for a particular amount of time. The EL peak moved
from its initial position to the = 680 nm as the electric field was applied (Figure
3.15a). This phenomena was observed in all the mixed halide LEDs emitting in
the red spectral region. However, the unpackaged device was run over 35 min
in ambient conditions, considering the fact that organic transport layers (poly-
TPD, TPBi, and PEDOT:PSS) are air and moisture sensitive. The device showed
the maximum EQE of 0.13 %. In addition, the EQE remained above 75% of the
maximal value during a 15 min continuous operation at 6.2 V and 200 mA/cm?
of current density, decaying to 170 mA/cm? during a 35 min operation in air.
Therefore, the lifetime result suggests that long-lived peNc-LEDs could be pro-
duced if perovskite NCs were compositionally stable or if the ion migration in
the active layer could be suppressed. This ion migration in perovskites is cur-
rently a widely research topic. The synthesis of composition stable NCs could

be the part of future research in the Halpert Group.

3.4 Conclusion

We have constructed peNC-LEDs with emission in the entire visible region by
solution processing technique. More importantly, for the first time, we focused
in the red emission spectral region to show the precise colour tuning from 600-
680 nm. In red devices, by analysing the the EL peak evolution with respect to
the halide composition of the as-synthesised peNCs, we were able to discern
that differential ionic separation is driving colour instability in these devices.
This explains the observable red-shifting of the EL peak with respect to the PL
peak of the constituent peNC samples. This also explains observations of EL
peak splitting where two separate NC samples were apparently produced by
applying a bias voltage over time. From these data, it appears that iodide rich
devices were significantly more stable under high fields and that an increasing

bromide content, to tune the band edge toward the desirable emission range
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of 620-640 nm, seems to decrease the device stability. We have also shown that
the major cause of colour instability is the electric field as the average rate of

peak movement was found to be linear with voltage.

Ultimately, if peNC composition instability can be controlled, the colour insta-
bility and related inefficiency may not be an insurmountable challenge. Ionic
separation, to form separately emitting NC domains in NC films (as opposed to
thin films), has not previously been observed and indicates that there are fur-
ther dynamics in NCs systems that may be worth exploring in future. With im-
provements in surface coating chemistry, these results suggest that peNC-LEDs
could achieve device metrics that are more competitive with those of commer-
cial NC-LED technologies.

So far, we have observed the remarkable properties such as, high PL quan-
tum yield, composition tuneability, and thin emission line widths with tune-
able colour in perovskite NCs. However, the EQE in these devices were found
to be very low. This could be due to fast ion migration, bulky ligands, large
exciton binding energies, or surface defects [86]. One of the most promising
approaches to overcome this issue is to use a quasi 2D/3D perovskite structure.
The processing technique for this device is even easier than peNC-LEDs. Ad-
ditionally, a quasi-2D perovskite combines the colour purity and tuneability of
QDs with the conduction properties of 3D crystals [17, 35, 36]. Chapter 4 de-

scribes the fabrication of quasi-2D perovskite LEDs in detail.
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Chapter 4

Quasi-2D Inorganic Metal Halide
Perovskite LEDs

4.1 Introduction

Inorganic metal halide perovskites are one of the most promising materials for
LEDs due to their composition colour tuneability, high PL quantum yield, and
low trap density [21, 132, 217, 218]. As observed in Chapter 3, perovskite NCs
exhibited narrow emission with high PL quantum yield (QY). But, to date, the
LEDs based on perovskite NCs always suffered with low EQE and stability, due
to their bulky organic ligands and surface defects [20, 21, 86]. Ligand exchange
is one of the possible way to overcome the surface defects. However, even
with ligand exchange, these LEDs have been performed poorly due cracks and
poor morphology in NC films [27]. It was also found that if the NCs are very
closely packed, they tend to quench them self which results in low PL quan-
tum yield [26]. Therefore, relatively larger ligands are required to have high QY
in NCs. On the other hand, 3D micorocrystalline perovskite showed relatively

broader emission, high quantum yield only at high excitation density, low sta-
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Figure 4.1: Illustrated structure of BA;Cs,—1Pb,X3,+1 perovskites for, a) n= 1,
andb)n=2.

bility in ambient conditions and less colour tuneability [86, 87]. 2D perovskites
were found to have remarkable colour purity and brightness. However, due
to their larger exciton binding energy, they were found to be relatively ineffi-
cient [35, 36]. The larger exciton binding energy was due to the geometric and
dielectric constant in these 2D materials and thus more energy was required
to achieve the adequate conduction for electrons [35, 36, 219]. Therefore, the
binding energy needs to be relatively low for the optoelectronic applications. In
all of these cases, including 3D, 2D or NC perovskites, the challenges were still

remained.

To overcome this issue, a perovskite material, which has moderate binding en-
ergy, high PL quantum yield at lower excitation, less bulky ligands, and rela-
tively higher stability is needed. A quasi-2D perovskite material, which has
relatively higher number of planes, is an alternate solution [30-33, 133]. This
crystal phase is called a Ruddlesden-Popper (RP) phase perovskite, which is a
multi-layered phase of perovskite separated from each other by a cation. In this
research, we are using an organic cation as a separating layer. Figure 4.1 shows
the illustration of the crystal structure. When n=1, there is only one monolayer
of perovskite octahedra connected with the next group using organic cation

(butylammonium). However, when n=2, two monolayers of perovskite octa-
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hedra are connected together forming a multi-layered structure (Figure 4.1b).
Each multi-layered structure is connected with its neighbouring nanosheets
by a single layer organic cation (butylammonium). If number of monolayers,
n=1, then it it is a pure 2D structure. As number of monolayers, n, increases
the structure becomes more 3D. When n is infinity then the structure is pure
3D polycrystalline. Thus, If number of monolayers are more than one then it
forms a quasi-2D or RP phase perovskite structure. The mobility of charges
were also found to be increased from 0.9 cm?V~1s—1 to 6.5 cm?*V~!s—1 with the
layer thickness from 1 to 5 in MAPI based quasi-2D perovskite thin films, as the
Coulombic interaction between electron and hole reduces. This results in the
lower binding energy [37, 220]. The thicker materials weakens the binding en-
ergy of the excitons and thus combines the colour purity and tuneability of 2D

structures with the conduction properties of 3D crystals [35-37].

Here, we synthesised RP phase perovskites with a formula of A'»A;_1Pb,X3,+1,
where A’ is a large ammonium organic cation (butyl ammonium), A is the mono-
valent inorganic cation (Cs™), and X is a halogen (Cl,Br, I), n is the number of
monolayers of octahedra, which were between = 16-40 in the structure. The
larger band gap organic cation (A’) works as an insulating layer or a barrier
between Pblg~ octahedra (Figure 4.1). In addition, varying the the number
of inorganic perovskite layers (n) between the larger cation (A), it should be
possible to tune the optical properties, such as band gap and emission [32].
The optical properties can also be tuned by mixing the halide anions (Br/I,
Br/Cl) similar to Chapter 3 [221]. Thus, a tuneable emission spectra should
be achieved in quasi-2D perovskites similar to other perovskite materials by
using composition and the degree of confinement (monolayer thickness). The
moisture stability of methylammonium lead halide and formamidinium lead
halide perovskite solar cells and LEDs were found to be improved using A’ group
cations, such as phenylethylamine or 4-tertbutylamine [33, 222, 223]. Chang et
al. produced the RP perovskite phase CsPbls LEDs, with 7.3 % EQE, using 1-
naphthylmethylammonium(NMA) cations as A’ group [224]. Shang et al. pro-
duced pure CsPbBr3 RP phased perovskite LEDs using phenylethylammonium
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(PEA) as A’ group and reported EQE of 4.5 % at 501 nm [28]. Cheng et al. also
produced inorganic RP perovskite phase LEDs emitting at 491 nm with 0.01 %
EQE [39]. Si et al. reported pure inorganic CsPbBr; and CsPbl; based RP per-
ovskite LEDs using phenylbutylammonium (PBA) as the A’ group with EL peak
at 514 nm for CsPbBr3; and 683 nm for CsPbls [30]. However, there is no re-
port on precise colour tuning in caesium based pure inorganic RP perovskite
LEDs. Whereas, CsPbBrs RP perovskite LEDs displayed high EQE (= 10 %) in
the green spectral region, efficient LEDs emitting in the pure blue spectral re-
gion (460-490 nm) were yet to be produced [30, 39]. Blue LEDs are generally
more difficult to produce as they require even precise tuning of the band gap
(39, 225].

This chapter includes the synthesis of colour tuneable in-situ grown RP phase
CsPb(Br/Y);3 (Y=Cl, I) perovskite nanosheets using butylammonium (BA) as the
A group. The emission wavelength is tuned by varying the number of layers (n)
(Figure 4.1) and halogen composition [221] [32, 131]. The RP perovskite crys-
tals were grown by a solution processing technique in a nitrogen glove box. The
chemical formula of the RP perovskite layer is BA2Cs,,—1Pb,,(Br/Y)s,+1 (Y=Cl,
I). The chapter further shows the use of these inorganic RP phased perovskites
in light emitting diodes (LEDs). For the first time, we demonstrated the RP per-
ovskite LEDs with precise colour tuning in the entire visible spectrum from 465
to 680 nm. The LEDs produced by this material showed high EQE in the blue
and green spectral region and low EQE (<0.5 %) in the red spectral region. LEDs
in the blue regions showed peak EQE of 2.4 % and 6.2 % at 465 and 487 nm
EL wavelength, which is the best reported blue perovskite LED to date. In ad-
dition, we also produced a blue-green device, emitting at 506 nm, with best
overall EQE of 10.1 %.
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4.2 Experimental

This section includes the synthesis of caesium based RP perovskite followed
by the fabrication of LEDs. The fabrication process includes the spin coating
and thermal evaporation techniques. It also includes the method of electri-
cal and optical characterisation, which includes the use of spectrometer for EL
measurement and Keithley source measurement unit for electrical characteri-

sation.

4.2.1 Materials

TPBi LT-E302 (MW= 654.76 g - mol~!) and PVK LT-N4077 (MW>20000 g - mol~!)
were purchased from Lumtec. PEDOT:PSS (AL4083) was purchased from Os-
sila. N-butylammonium bromide and n-butyl ammonium iodide were pur-
chased from GreatCell Solar. caesium bromide, caesium iodide, lead(II) chlo-
ride, lead(IT) bromide, lead(II) iodide, anhydrus dimethyl sulfoxide (DMSO),
anhydrus chlorobenzene, m-xylene, and chloroform were purchased from Aldrich.

ITO coated glass substrates were purchased from Kintec.

4.2.2 Method

CsPbXj3 RP perovskite were prepared in-situ on ITO coated glass film. The syn-
thesis method involved the preparation of perovskite precursor solution fol-
lowed by spin coating of the precursor solution on a substrate. Appropriate
hole and electron transport layers were also spin coated to fabricate perovskite
LEDs.
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4.2.2.1 Synthesis of Perovskite Precursor Solution

The precursor solution was prepared by mixing n-butylammonium bromide
(9.5 mg), lead(IT) bromide (31.7 mg), and caesium bromide (23.1 mg) in 1 mL of
anhydrus DMSO at room temperature under N» glove box. In the case of mixed
halide certain ratio of chloride or iodide precursors were mixed with bromide

precursor to synthesise the mixed halide precursor solution (Table 4.1).

4.2.2.2 Fabrication of LEDs

Similar to Chapter 3, a 12 mm x 12 mm ITO coated substrate was used to fabri-
cate the devices. The device was fabricated on top of ITO coated film and which
sandwiched between ITO back electrode and Al top electrode. Section 3.2.1.2
explains the device schematic in details.

Patterned ITO substrates were used as an anode due to its high conductivity
and transparency. Substrates were cleaned by the standard process of ultra
sonicating for 20 min in soap solution, distilled water, acetone and isopropanol
successively. They were then heated under vacuum for 30 min followed by four

min oxygen plasma cleaning.

LEDs were fabricated using a common device architecture of QD LEDs with
some slight modification [1]. Where, PEDOT:PSS, poly-TPD, and PVK were used
as a hole transport layer and TPBi were used as an electron transport layer.
poly-TPD (8 mg/mL) and PVK (10 mg/mL) were dissolved in chlorobenzne. PE-
DOT:PSS was already dispersed in water from the supplier. PEDOT:PSS was
filtered through polyvinylidene fluoride (PVDF) filters (0.45 pm) and then spin-
coated onto the clean ITO-coated glass substrates at 4000 rpm for 60 s followed
by annealing at 145 °C in air for 20 min. Substrates were transferred in the nitro-
gen glove box. The hole transporting layer, PVK (in chlorobenzene, 10 mg/mL),
was spin-coated onto the PEDOT:PSS layer at 3000 rpm for 60 s and annealed
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Table 4.1: A table for precursor concentration to synthesise perovskites solution.

These quantities produced 1 mL of precursor solution in DMSO.

PL emission BABr | CsBr PbBr; BAI/BACI Csl/CsCl| Pbl,/PbCl,
(nm) (mg)  (mg)  (mg) (mg) (mg) (mg)
465 95 | 23.1| 3.1 0 0 21.5
486 9.5 | 23.1| 18.9 0 0 9.5
500 17.1 | 23.1 | 31.7 0 0 0
505 9.5 | 23.1| 31.7 0 0 0
514 48 23.1| 31.7 0 0 0
546 6.6 | 16.1 | 22.1 3.7 8.4 11.7
590 5.7 | 13.9| 19.0 4.9 11.2 15.6
641 43 103 14.2 6.8 15.4 21.4
681 1.0 | 23 3.1 11.2 25.2 35.1

at 140 °C for 30 min. The perovskite precursor solution was spin-coated at 5000
rpm for 60 s followed by annealing at 100 °C for better crystallisation. Devices
were then moved to the thermal evaporator for the deposition of a 40 nm TPBi
electron transport layer of TPBi. A 100 nm Al electrode deposition was achieved
by thermal evaporation through a shadow mask. Then a thin layer of Ag elec-
trode was deposited on top of Al to prevent the Al oxidation. For CsPb(Br/I)3
LEDs, a thin layer of poly-TPD (in m-xylene, 8 mg/mL) was spin coated at 4000
RPM on top of PEDOT:PSS followed by annealing at 120 °C for 20 min and then
a very thin layer of PVK (in chlorobenzene, 5 mg/mL) was spin coated at 4000
RPM on top of poly-TPD for the compatibility of perovskite film, as the per-
ovskite films formed a rough surface on top of poly-TPD. The PVK film was an-
nealed the same way at 140 °C for 30 min and then the perovskite layer was spin
coated as described above. A clear device schematic is shown in Figure 3.2 with
the estimated thickness of each layer. Energy band diagram shows the energy

level relative to the vacuum and the estimation of energy level was taken from

111



the literature [130, 200, 201].
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Figure 4.2: a) Device schematic and b) energy diagram for the
ITO/PEDOT:PSS/PVK/CsPbBrs RP perovskite/TPBi/Al LEDs. In order to align the
band positions for hole injection, A poly-TPD layers was used in between PE-
DOT:PSS and PVK layer for CsPb(Br/I)3 LEDs, as poly-TPD has a lower valancce
band position (5.43 eV) for hole injection (Figure 3.2).

4.2.2.3 LED Measurement

The corner of the device was carefully scrubbed by chloroform in order to con-
nect the probe with ITO electrode. A Keithley 236 source measurement unit
(SMU) was used as a power source for the LED. Positive terminal of power
source was connected with ITO and negative terminal was connected with Al
electrode. The input voltage was slowly ramped up from 0 V and the EL spec-
trum was recorded at certain voltages or time intervals after the turn-on volt-
age. All devices were characterised in ambient conditions using a QE pro Ocean
Optics spectrometer connected with a 200 um optical fiber (QP200-2VIS-NIR).
The fiber was carefully calibrated with an Ocean Optics HL-3 plus VIS-NIR light
source. A Lambertian profile was observed and assumed in the EQE calculation
(34, 158]
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4.3 Results and Discussion

The RP perovskite films were structurally characterised by TEM, SEM, and XRD.
TEM helps to determine the morphology with a rough estimation on number
of layers of quasi-2D perovskites. Optical properties, such as emission and ab-
sorption studies, were characterised by UV-Vis and PL spectrometer. The EL
along with the IV measurements were carried out to calculate the device met-
rics such as, EQE (%), luminance (cd/m?), luminous efficacy (Im/W), and cur-

rent efficiency (cd/A).

4.3.1 Morphological Characterisation of RP Perovskite

TEM samples were prepared by extracting the perovskite nanosheets from the
ITO substrate on which they were grown on top of PEDOT:PSS and PVK layer.
The substrate was dipped in an anhydrous chloroform solvent followed by ul-
trasonication for five min. Chloroform dispersed the nanosheets and dissolved
the underlying organic layers. The resulting solution was drop casted on a Cu-

200 mesh on forvar grid for TEM measurements.

Figure 4.3: TEM images of a) BA» Cs,—1Pb,, (Br/Cl)sp+1, b) BA2Csp—1PbyBrap1,
and c¢) BA, Csy,—1 Pb,, (Br/D)3,+1 RP perovskites nanosheets after removal from the

substrate. The loading ratio of each halogen is labelled on top of each TEM. The
samples were prepared by drop-casting chloroform nanosheets suspension on a
Cu-200 mesh on formvar grid.

Only BAZCSn_Ian (BI‘/CD3n+1, BAZCSn_lpanl‘gn_H, and BAZCsn_len(Br/I)gnH
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were characterised to observe the morphology, as the similar methodology was
conducted to synthesise all of the mixed halide samples. Figure 4.3 shows the
TEM image of nanosheets. As can seen that all of the samples consist entirely
of nanosheets. In TEM images, the size of nanosheets are found to be widely
distributed because some of the nanosheets appeared to be from the top view,
whereas some of them were found to be tilted at the side. Therefore, the size
distribution on side angle nanosheets were analysed. High resolution TEM
analysis (Figure 4.4) on side angle nanosheets showed the reasonable size dis-

persion.

To estimate the number of layers, sample was looked at higher resolution. But,
It was relatively difficult to observe the clear lattice fringes as the sample had
underlying organic layers on the TEM grid and was also found to be melting
with electron beam. Figure 4.4 shows the high resolution TEM images of CsPbBr3
RP perovskite sample. A side view of single nanosheet can be seen in the TEM
micrographs, which illustrates the lattice fringes with d spacings of 5.9 A in all
of the nanosheets. The number of layers were estimated by measuring the total
number of lattice fringes in each side viewed nanosheet. The number of planes
were found to be varying from 17 to 40 and the mean number of planes (n) for
the sample was estimated to be = 24 + 7 monolayers. The bottom of Figure 4.4
shows the illustration of RP perovskite structure when the number of layers is
24. As one can compare this from Figure 4.1, where the number of layers is only
1-2, which shows the increase in number of layers lead to a thicker nanosheet.
TEM micrographs also suggest the same concept, the thickness of nanosheet is
10.6 nm for n=17, however, for n= 40 the thickness changes to 23.4 nm (Figure
4.4). Thus, the TEM analysis confirms the formation of RP perovskite phase,

where the number of layers are in the range of 16-40.

X-ray diffraction measurements were taken with a PANalytical X-Ray diffrac-
tometer using Cu-Ka radiation on a spinner stage, with an operation voltage
of 45 kV and current of 40 mA. The same samples were used for XRD analy-

sis prior to use for TEM measurements. Figure 4.5 shows the XRD spectra of
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Figure 4.4: Top) High resolution TEM images of BA» Cs,—1 Pb,, Brs;,.1 nanosheets.
The number of planes can be observed in the material from a side view of a single
nanosheet and were found to be between 17 to 40. The samples were prepared by
drop-casting chloroform nanosheets suspension on a Cu-200 mesh on formvar
grid. Bottom) An Illustrated structure of BA, Cs,—1 PbnXs,,+1 perovskite for n= 24,

which shows the increment in number of planes with nanosheet thickness.
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Figure 4.5: XRD spectra of BA2Cs,—1 Pbn(Br/Y)s3,+1, Y= Cl or I. Perovskite thin
films were spin coated onto PVK and PEDOT:PSS for the XRD measurements.
Low angle XRD peaks (20 <10) were absent as n was larger than 16 in these RP
perovskite thin films.

BA,Cs;—1Pbn(X/Y)3,+1, Y= Cl or  nanosheets thin film. The pure CsPbBr; XRD
spectrum shows the diffraction peaks at 15.1° and 30.4° which correspond to
the (010) and (020) planes of perovskite NCs. [30]. A similar trend was observed
in the mixed halide, however the diffraction peak was shifted towards lower an-
gles in the case of bromide-iodide mixed halides and towards a higher angle
for bromide-chloride mixed halide perovskites. Lower angle diffraction peaks,
consistent with phase pure and thin nanosheets, were not expected to be ob-

served as the number of planes was higher than 16, on average [30]. XRD peaks
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were broader than bulk spectra of CsPbX3 as per the Scherrer equation (1.39).
Thus, the X-ray diffraction analysis confirmed the formation of perovskite crys-

tal structure and also the tuneability of mixed halides.

4.3.2 Optical Characterisation of RP Perovskite Thin Films

Optical spectroscopy can provide the details of the materials’ band gap and
emission properties. It can help us in observing the effect of halide compo-
sition or confinement effect in the band gap and PL properties. A Cary 50
UV-Visible spectrophotometer was used to do the UV-Vis spectroscopy and
a Horiba Fluorolog-3 Spectrometer were used for the PL measurement. Per-
ovskite thin films coated on ITO/PEDOT:PSS/PVK were tested for the optical
characterisation. A baseline was created using ITO/PEDOT:PSS/PVK thin film.

All of the samples are labelled with their respective emission peaks.

Figure 4.6 shows the absorption spectra of RP phase perovskite thin films. All
of the samples showed the broad absorption edge, which was consistent with
previously reported RP perovskite thin films [30]. The broad absorption edge
shifts to the blue from R681 to B465, as the halide mix goes from high I/low Br
to pure Br, to high Cl/low Br. That means incorporation of I shifts the absorp-
tion edge towards the higher wavelength and incorporation of Cl shifts the ab-
sorption edge towards the lower wavelength. The similar feature was observed
with halide mixing in Chapter 3 as well. Additionally, shifts in G506 and G513
samples were achieved by altering the BA concentration. Device G513 con-
tained only 50 % of butylammonium bromide (BABr), which results in thicker
nanosheets and therefore a shift in absorption edge towards higher wavelength
(Table 4.1). We were only interested to observe the change in absorption prop-
erties with varying the halide composition and number of layers. A detailed
absorption study was not required to fabricate the LED and could be the part
of future research.
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Figure 4.6: A UV-Vis absorption spectra of BA> Cs,—1 Pb,, (Br/Y)3,+1, (Y= CI, I) RP
perovskite thin films. Similar features have been reported in the literature for
other CsPbXs3 RP perovskite thin films [30]
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Where as the absorption spectra have shown the dependence on halide compo-
sition and confinement. Similar behaviour should also be expected from the PL
spectroscopy, i.e. the change in emission properties. Figure 4.7 shows the emis-
sion spectra of CsPb(X/Y)s RP perovskite thin films in the entire visible spec-
trum. In Figure 4.7, it can be seen that the emission peak is tuned by changing
the halide composition and BA concentration. That means incorporation of I
shifts the emission peak towards the higher wavelength and incorporation of Cl
shifts the emission peak towards the lower wavelength. B465 has a higher con-
tent of Cl therefore it shows the bluest emission. As the Cl content decreased
(B487) the emission shifted towards the higher wavelength and the emission
peak was found to be at 487 nm. When there was no Cl in the thin film the
emission was found to be at 505 and 514 nm. A similar feature was observed by
varying a I/Br ratio such that samples with higher iodide content showed the
emission at higher wavelength (= 680 nm). As the iodide content decreased,
the emission was found to be blue-shifted and sample with the lowest amount
of iodide showed emission at 546 nm (Table 4.1). Thus, similar to perovskite
NCs, halide composition tuning had a significant effect on the emission prop-

erties of RP perovskites.

To a degree, the emission properties were also able to be tuned by changing the
butylammonium halide concentration. In Figure 4.7, emission spectra ranging
from 500-514 nm, showing colour tuning by changing the BABr concentration.
The emission peak was found to be at 505 nm when the BABr concentration
was similar to other samples. However, when the concentration was increased
1.8x, the emission peak blue-shifted to 500 nm and when the concentration
was decreased to 0.5%, the emission peak red-shifted to 514 nm. The change
in emission peak with BABr concentration alters the number of monolayers (n)
in nanosheets [32, 35, 36]. This can be attributed to the fact that the number of
inorganic perovskite layers (n) between the large organic cation (A’) alter the de-
gree of excitonic confinement in each nanosheet (Figure 4.4) [35]. Thus, colour
tuning was also achieved by confinement effect albeit to a lesser degree. Over-

all, by taking advantage of halide composition tuning and confinement effect, it
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was possible to tune the emission spectra across the entire visible region (465-
680 nm). All of these RP perovskite samples were then used to construct LEDs
(Section 4.2.2.2).

4.3.3 LED Performance

The EL along with the IV measurements were carried out to calculate the de-
vice metrics such as, EQE, luminance (cd/ m?), luminous efficacy (Im/W), and
current efficiency (cd/A). All of the devices were measured in ambient condi-
tions. Photographs of the rpp-LEDs at their turn on voltages (4.0-5.0 V) are

Tuning by Halide Composition PL Peak FWHM
< 5 464 nm 21 nm
Tuning bx Confinement N -

’:',-“ f 500 nm 27 nm
8 ——505 nm 22 nm
2 -514 nm 23 nm
g 546 nm 54 nm
% 590 nm 51 nm
E — 641 nm 43 nm

—_— 675 Nnm 44 nm

R s /o e | poctor ana _.I | .
400 500 600 700 800 900

Wavelength (nm)

Figure 4.7: Normalised PL spectra taken at 400 nm excitation for
BA;Csy,—1 Pby, (Br/Y)3u+1 (Y= Cl, I) RP perovskite thin films. The colour tuning
was achieved by varying the halide composition, as well as, BA concentration
(Table 4.1).
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Figure 4.8: Normalised PL spectra, taken at 400 nm excitation
BAyCsy—1 Pby, (X/Y)3n+1, of RP perovskite thin films in device (top left), un-
processed photos of LEDs (top right) and, normalised EL spectra (bottom left) of
the same devices, all operating at turn-on voltage. The EL spectrum for the 546

nm device could not be observed at the same position due to ion migration.

shown in Figure 4.8. Figure 4.8 (top right) shows the PL spectra of rpp-LEDs.
The corresponding EL spectra were recorded at early times near the their turn-
on voltages. PL and EL spectral peak positions with their FWHM are labelled
in the graph. The EL position of each device is also labelled at the top of its
photograph in Figure 4.8. Red emitting devices, BA2Cs,,—1Pb,,(Br/I)3,+1, were
found to have relatively larger FWHM than blue-green devices. The EL peaks
are similar to the PL peaks with a slight red shifted by few nanometers. The
red-shift can be described to the transition from solution to thin films, where

by Forster resonance energy transfer (FRET) occurs to neighbouring NCs with a
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Figure 4.9: Chart showing a) EQE vs. voltage, b) luminance vs. voltage, c) cur-
rent efficiency vs. voltage, and d) luminous efficacy vs. voltage in blue-green

champion devices).

lower band gap. In FRET, excited state donor molecule transfer its energy to an
another ground state acceptor molecule through a nonradiative process [202].
Similar to Chapter 3, no EL could be observed at = 546 nm, as will be discussed

in next section.

Figure 4.9 shows the change in EQE, luminance, current efficiency, and lumi-
nous efficacy with voltage for blue-green LEDs. In all devices, except B465, the
efficiency increased rapidly after their turn-on voltages and dropped off after
8.0 V. In B465, the maximum EQE was observed at the turn-on voltage (5.0 V).
B465 showed the maximum luminance of 4620 cd/m? at 7.5 V. B486 showed the
highest EQE for a blue perovskite LED of 6.2 % with the luminance was found
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to be 3340 cd/m? at 8.0 V. Device G506 showed the highest EQE of 10.1 % at
7.5V, however, the highest luminance of 8740 cd/ m? with 9.4 % EQE was ob-
served at 8.0 V. B513 showed the EQE of 7.2 % with 11,200 cd/m? luminance at
8.5 V. Efficiency roll-off at high current density was also observed for most of
the devices. As the efficiencies were first found to be slightly increased with the

current density then dropped down to the lower values (Figure 4.10).
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Figure 4.10: Chart showing a) EQE vs. current density, b) luminance vs. cur-
rent density, c) current efficiency vs. current density, and d) luminous efficacy

vs.current density in blue-green LEDs

Red devices were found to be relatively less efficient, it could be possibly due
to either a) a very thin layer of PVK on top of poly-TPD, as PVK has a lower va-
lence band position, which is not suitable for CsPb(Br/I)3, or b) instability in
CsPb(Br/I)3 perovskites [20, 226]. Figure 4.11 shows the change in efficiency

with voltage for red devices. The turn-on voltage for each device was observed
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Figure 4.11: A plot of a) EQE, b) cd/m?, ¢) cd/A, and d) Im/W vs voltage for Y546,
0615, R649, and R681 LED:s.

to be 4.0 V, which is consistent with the J-V curve (Figure 4.12). The efficiency
in these devices were much lower than blue or green devices. The, EQE, lu-
minance (cd/m?2), current efficiency (cd/A), and luminous efficacy (Im/W) in-
creased rapidly with the voltage until reaching about = 7.0 V and then it started
to decrease at high current density, similar to the blue and green LEDs. De-
vice Y546 showed the initial EL position at 654 nm with 0.69 % of EQE due to
ion migration in mixed halide perovskites [20]. Device O615 showed the EQE
of 0.4 % at 7.5 V with the luminance of 313 cd/m?. Device R649 showed the
maximum EQE of 0.13 % at 6.0 V with 18.5 cd/m? luminance. However, R681
showed the low EQE of 0.08 % with the luminance of 5.6 cd/m?. Thus, RP per-
ovskite LEDs showed the EL in the entire visible spectrum. Table 4.2 shows the
device metrics and statistic for all of the fabricated LEDs. It can be seen that
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Table 4.2: Device statistics for all of the fabricated rpp-LEDs. Blue and blue-green
LEDs were found to be highly efficient. RED LEDs have shown low efficiency but

still demonstrated the precise colour tuning in the pure red spectral region.

LED | No.of |ELpeak| V, |EQE, .. EQEay]std, Dev.|TUMiNanceq o[ [uminance at
label | Devices| (nm) W) (%) (%) | (EQEs) (cdm™?) EQE, .. (cdm™2)
B465 8 465+3 |5.0£0.1| 2.40 2.09 0.23 471 510

B487 8 487+1 |45+£0.5| 6.23 4.71 1.16 2320 3340
G506 7 5061 |4.5+05| 10.1 8.93 1.21 3790 3810
G513 5 513+2 |45+03| 7.27 6.4 0.83 7390 11200
Y546 3 654+5 (8.0+2.0| 0.69 0.37 0.28 677 1070
0615 3 615+5 (4.0+0.2| 0.41 0.35 0.06 254 310

R649 4 649+4 14.0+0.7| 0.13 0.08 0.035 12 18

R681 3 681+4 ({4.0+£0.7| 0.08 0.05 0.03 3.6 5.7

0615 was also slightly red shifted due to ion migration. The extent of ion mi-
gration reduced with the increase in iodide content in the perovskite structure.
Thus, CsPb(Br/I)s LEDs with high bromide content, in particular, were found to
be very colour unstable due to the extreme ion migration effect, a phenomena
also previously observed in perovskite NC LEDs [20]. Devices with high iodide
content were found to be more colour stable but showed very low EQE, possibly

due to the phase instability of the CsPbl; crystal structure [227].

Table 4.3 shows a comparison of our RP perovskite LEDs with some highly effi-
cient RP perovskite LEDs, reported in the literature. Researchers have reported
a variety of rpp-LEDs using different organic cations. However, no other report
showed the colour tuneability through the entire visible region precisely using
RP perovskite LEDs to the best of our knowledge (Table 4.3). Specifically, the
emission in the blue (465-487 nm) and pure red spectral region (615-649 nm)
has not been reported yet (Table4.3). In addition, the blue LEDs, reported here,
have outperformed the literature values [28, 39, 128]. Collectively, these RP per-
ovskite LEDs have shown high EQE in blue-green spectral region and precise

colour tuneability through the entire visible region.
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Table 4.3: A comparison of our RP perovskite LEDs with some highly efficient RP

perovskite LEDs from literature.

RP Perovskite LEDs EL (nm) EQE (%) Luminance (cdm?) References
PEA, (FAPbBTr3),,_;PbBr, 530 14.36 7000 Yang et al.[33]
NMA, (FAPbI3)Pbl, 760 11.7 - Wang et al.[31]
PEA,(MA),,_1Pb,,Brs;+1 520 7.4 8400 Quan et al.[29]
Ba,(MA),PbsX;0 468, 523,700 |0.01, 1.01, 2.29 21,2246, 214 Hi et al.[221]
OA,(FA),,-1Pb,,Br3,41 530 12.1 21,354 Chin et al.[133]
PBA,(CsPbBr—3),,_;PbBr, 491 0.01 186 Cheng et al.[39]
NMA,Cs,,_1Pb,,I3,+1 680 7.3 732 Chang et al.[224]
NF; — xC,PI, 783 7.3 - Yang et al.[228]
PBA,(CsPbBr3),_1PbBr, 514, 683 10.4,7.3 14000, - Si et al.[30]
PEA,Cs,,_1Pb,Br3,1 501 4.5 3259 Shang et al.[28]
EA,(MA),-1Pb,,Br3,41 485 2.6 200 Wang et al.[229]
465, 487,505, 2.4,6.2,10.1, | 962, 3339, 8738,
BA,Cs,,_1Pb, X341 514, 615-681 | 7.2, 0.08-0.41 1124,6-313 Our work

4.3.4 J-V characteristic

Figure 4.12 shows the current density vs. voltage (J-V) curve of rpp-LEDs. A
Keithley 236 source measurement unit was used to conduct the electrical mea-
surements. The JV curve shows a standard diode behaviour. It can be seen that
the turn on voltage in most of the devices is around 4.0-5.0 V, where the curve
starts to rise in linear axis JV curve. However, device Y546 showed the turn-
on voltage = 8.0 V. The current density in red devices was found to be higher
than blue devices. However, B465 showed higher current density than O615
and Y546. Overall, all of the devices showed the current in the order of mil-
liamp. Thus, The turn-on voltages in JV curve are consistent with the observed
turn-on voltages during the device operation. Power consumption values for
these LEDs were also calculated at peak EQE and described in the Table 4.4.
Power consumption values for Perovskite LEDs are in the range of 7 to 25 mW
for all devices except Y546, which showed very high value of 152 mW due to

poor performance.
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Figure 4.12: Current density vs. voltage curve of RP perovskite LEDs on semi-log
and linear axis.

Table 4.4: Power consumption in RP perovskite LEDs at their peak EQE.

Power Consumption, Luminance | Luminous Efficacy
Device Name| atEQE,,;, (mW) EQE (%)| (cdm™) (Im/W)
B465 25.2 2.45 962 0.72
B487 22.5 6.23 3339 2.80
G506 7.35 10.10 3810 9.80
G513 26.4 7.22 11224 8.02
Y546 152 0.63 1066 0.13
0615 25.0 0.41 313 0.26
R649 9.6 0.13 18 0.03
R681 15.6 0.08 5 0.007

4.3.5 Ion Migration

Similar to other mixed halide perovskites, RP perovskites also exhibit ion migra-
tion, although to a relatively lesser degree [20]. Figure 4.13 shows the EL peak
position over different voltages for all of the rpp-LEDs. The peak position at
each voltage is labelled on its respective graphs. All the peaks eventually moved

from their initial positions towards higher wavelengths in mixed halide red de-
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Figure 4.13: EL peak position over different voltage in LEDs for a) R681, b) R649,
c) 0615, d) Y546 e) G513, f) G506, g) B487, and h) B465. All the peaks eventually
move from their initial positions towards higher wavelengths at high voltage in

mixed halide devices.
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vices. The peak shift in Y546 was so fast that the initial peak showed emission at
654 nm. This effect has been seen in perovskite materials due to ion migration,
in particular in mixed Br/I devices [20]. However, the extent and rate of peak
movement in blue devices (B465 and B487) was very slow even at high voltage
(>9.0 V). The EL position in green devices (pure Br) was found to be constant
over voltage, as it was expected that the ion migration should not occur in pure

halide materials.

The similar behaviour has been seen in Chapter 3 as well, where the mixed
halide devices showed ion migration. However, the rate of ion migration here
was found to be relatively slower due to the RP perovskite structure [86]. As
can be seen that the rate of ion migration increases with the increase in higher
bromide content orange-red devices. R649 was found to be relatively stable
than rest of the mixed halide red LEDs, which is consistent with the previously
reported perovskite LEDs [20]. The blue LEDs (B465-B487) were found to be
relatively more stable than the red devices even at voltages higher than 9.0 V.
However, the emission peak was appeared to be slightly shifted at voltage more
than 9.0 V (Figure 4.14). Devices with pure bromide content showed no ion mi-
gration and the EL was stable at their initial position even up to 12.0 V, where
the device tends to break down. Thus, the ion migration in these devices is
yet to be completely resolved. Devices with pure halide perovskite showed no
peak shift, but it is not possible to tune the emission spectra in the entire visible

region just using the pure halide perovskite materials (Cl, br, or I).

4.3.6 Stability Test

For testing the stability in these devices, the LED (B506), emitting at 505 nm,
was operated at 7.0 V and = 26 mA/cm? current density. This device ran for
~ 75 min in the ambient condition without packaging. The EL, recorded at
different time intervals, was found to be at the same position. Figure 4.14 shows

the relative EL at different time intervals along with changes in the EQE and
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Figure 4.14: a) A chart of the relative intensity of the EL spectra for B505 over a
period of 75 min at a bias of 7.0 Vand =~ 26 mA/cm? current density. b) A chart of
the EQE, luminance with respect to the time. The unpackaged device ran about

75 min in ambient condition.

the luminance over time. The maximum EQE, for this device, was recorded
to be 9.27 % with the luminance of 5782 cdm™2. During operation, the EQE
remained above 75 % of its original value for first 45 min of operation. However,
the device was unpackaged in ambient conditions, and the organic layers are
also sensitive to moisture and air, this suggests that the stability and efficiency
of these perovskite LEDs improved significantly using quasi-2D structure than
using perovskite NCs (Chapter 3), where the device could ran only about 35 min
at very low EQE of 0.13 % [20]

4.4 Conclusion

We have shown solution processed in-situ growth of a colour tuneable RP per-
ovskite materials with the formula of BA,Cs;,—1Pb,,(Br/Y)s3,+1 [y= Cl, 1], where
the butyammonium was used as a separating layer between the inorganic oc-
tahedra. The number of CsPbBr; monolayers (n) in these 2D crystals was opti-
mised by changing the butylammonium concentration, which resulted in tune-

able optical properties up to some extent. The number of planes in the 2D
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Figure 4.15: The CIE chromaticity coordinate diagram for the CsPbX3 RP per-
ovskite LEDs at their turn-on voltages (4.0-5.0 V). The colour triangle from the
RP perovskite LED:s (black) is compared with the NTSC colour triangle (gray).

nanosheets of CsPbBrs were found to be around = 24 + 7 for optimal perfor-
mance at 505 nm. This balances the thin emission linewidth and high QY of
thin nanosheets with the superior conduction properties of thicker materials.
For the first time, the emission in caesium based RP perovskite was tuned by

halogen mixing.

Furthermore, these RP perovskites were used in the fabrication of highly effi-
cient LEDs emitting in the entire visible spectral region from 465 to 680 nm. We

have also shown maximum EQEs of 2.4 % and 6.2 % in the blue spectral region,
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which outperformed the current literature values for any blue perovskite LEDs.
The tuning in the green emission spectra is shown by varying the BA amount
in pure CsPbBr3 and these devices have shown a high maximum EQE of 10.1
%, which is competent with the literature values of some highly efficient rpp-
LEDs [28-30]. While the ion migration issue is yet to be completely resolved for
mixed Br/I perovskites, red LEDs were also achieved with this material set. The
CIE diagram of all the investigated LEDs showed the colour tuneability across
the entire visible spectrum. The thin linewidth of emission at 465 nm, 518 nm
and 640 nm gives points at the far edges of the diagram in National Television
Standards Committee (NTSC) (Figure 4.15). Compared with the NTSC colour
triangle (gray), the RGB colour triangle (black) of the RP perovskite LEDs shown
here is 30 % larger [230]. This proves that we have achieved a wide range of
colour tuneability in these LEDs. Additionally, these results show that mixed
2D/3D materials can be tuned for very high performance in the critical blue

and green spectral regions.
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Chapter 5

Shape-, Size-, and
Composition-Controlled Thallium
Lead Halide Nanowires and
Nanocrystals with Tunable Band
Gaps

Parts of this chapter have been published in the following article:

Vashishtha P Metin DZ, Cryer ME, Chen, K, Hodgkiss ], Gaston N, Halpert JE.
Shape-, Size-, and Composition-Controlled thallium Lead Halide Perovskite Nanowires

and Nanocrystals with Tunable Band Gaps. Chemistry of Materials 2018.
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5.1 Introduction

Perovskite NCs have proven themselves to be a useful material for both absorption-
and emission-based applications such as photodetectors, LEDs, and solar cells
[17, 20, 231-234]. In addition to the QD properties of size tunable band gaps,
MAPDbXj3 and CsPbX3 have demonstrated extraordinary properties such as facile
interparticle anion exchange [214], nearly 100 % PL quantum yield [17, 235],
relatively high charge mobility and conductivity, and low temperature parti-
cle fusion from 1D and 2D structures [16, 35, 36, 38, 137, 236]. All of these
properties have drawn the attention towards investigating materials based on
perovskite or perovskite like crystal structures. Some examples are FAPbXjs,
MA3BiXg, Cs3BiXg, CsSnXs, Cs3Sb,Brg, Cs3Sb,Clg (X= Cl, Br, I; FA= formami-
dinium; MA= methylammonium) [19, 22, 23, 126, 237, 238], and other per-
ovskite analogues such as double perovskites, alloys and doped perovskites in-
cluding Cs,AgBiBrg, Cs,AgInBrg, Mn?*- doped caesium lead halide perovskite
NCs [24, 239-242]. MAPI is one of the well characterised 3D structured per-
ovskite used for constructing highly efficient photodetector, solar cells and LEDs
[15, 243-247]. Therefore, finding novel perovskite and related nanomaterials
with useful relevant properties is a major area of research in this field and many
researchers have been working to replace A and B groups in the ABX3 perovskite

structure with feasible atom such as Bi, In, Ag, Sn, and Cu [22-25].

A potential candidate to replace group A can be Rb. However, RbPbX3 per-
ovskite crystal was found to be unstable at room temperature and it could only
crystallise at perovskite phase above 320 °C [248]. Another candidate to re-
place A group is thallium (TI). Thallium is an abundant monovalent or triva-
lent cation with crystalline radius of 1.61 A. Tl is also known for its toxicity, such
as its carcinogenic and teratogenic effects [249, 250]. Carcinogen substances
promote the formation of cancer and teratogen substances disturb the devel-
opment of fetus. However, Tl has several advantages in semiconductor appli-

cations such as X-ray radiation detectors, piezoelectric sensors, lasers, UV-vis

134



photodetectors, solar cells, and nonlinear optics applications when doped with
rare earth materials [251-257]. Moreover, TIPbls was found to be more stable
structure than CsPblz due to the strong bond between Tl and I which ultimately

results in lower total free energy for the crystal [257].

The bulk thallium lead halide crystals have an indirect band gap of 2.3-4.0 eV.
TIPbl; is a remarkable candidate for X-ray detectors due to its wide band gap
(2.3 eV), high atomic number, high photon stopping power, and high density
(6.6 g/ cm3) [255]. It is known to have a higher absorption cross section than
CdTe [255]. Therefore, the linear attenuation coefficient, which is the inten-
sity of x-rays absorbed on per unit thickness area, for TIPbI; is higher than
other high performing materials for radiation detectors. The higher band gap
also prevents the thermal generation of charge carriers, improving the signal to
noise ratio at room temperature [254, 255]. Other stable phase of thallium lead
halides such as Tl3PbX5, a perovskite like material, exists in the form of trivalent
cation. TI3PbXs have been used as a mid-infrared and near infrared non linear
optics [253, 258, 259] For example, Er’* or Pr** doped Tl3PbBrs have been used
in mid-IR solid state lasers [252, 256]. Therefore, NCs of this material can be
even more attractive for various applications. Tl4Pblg is also one of the crys-
tal phase but only exist above 298 °C and decomposes to TII and Tl3Pbls [260].
Khyzun et al. synthesised high temperature monoclinic crystal structures of
T1Pb,Brs and TIPb,Cls at 400 °C and 420 °C respectively [261, 262]. However, In
this research, we mainly focused on the synthesis of TIPbl3 and Tl3PbX5 NCs,

which are stable at room temperature.

This chapter includes the synthesis of thallium lead halide NCs and NWs by
colloidal route as a novel analogues to inorganic lead halide perovskites [17,
22, 23, 238]. Orthorhombic TIPbl; perovskite NWs were synthesised with an
indirect band gap of 2.30 eV. Additionally, an orthorhombic phase of Tl3Pbl;
and TI3PbBrs; and a tetragonal phase of Tl3PbCls NCs were synthesised with a
tuneable band gap, having a direct transition peak across the UV-blue spec-

trum, from 280-440 nm. The band gap was tuned by varying the halide mixture
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TI3PbYs5- »Brs (Y= Cl, I) in mixed halide concentration and to a lesser degree, by
changing the particle size. Size tuning was achieved by changing the reaction
conditions in the synthesis of TI3PbBrs NCs. TlsPbls NCs also showed a weak
PL. Furthermore, we demonstrate control over the shape and crystal structure
of thallium lead iodide by altering the reaction conditions to produce TIPbXs
perovskite NWs with high aspect ratios and lengths greater than 4 um. The
chapter also displays an application of TIPbl; NWs as a wide band gap pho-

toconductor.

5.2 Experimental

This section describes the synthesis of thallium lead halide NWs and NCs. This
also includes how the reaction conditions were varried to control the size, shape,

and composition of materails.

5.2.1 Synthesis of Tl3Pbl; Perovskite NWs
5.2.1.1 Materials

Oleic acid (90 %), oleylamine (99 %), thallium(I) acetate (99 %), 1-octadecene
(90 %), PbBr; (99.9 % trace metal basis), PbCl, (99.9 % trace metal basis), Pbl,
(99.9 % trace metal basis), hexane (95 % anhydrous), acetonitrile (99.8 % an-
hydrous), and tolune (99.8 % anhydrous) were purchased from Sigma-Aldrich.
Oleylamine and oleic were stored in the refrigerator. Anhydrous solvents such

as, acetonitrile, hexane, and toluene were stored in a nitrogen glove box.
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5.2.2 Method

This is the first report for the synthesis of thallium lead halide NCs. A hot injec-
tion colloidal route was used to synthesise these NCs. In the synthesis method,
thallium oleate was used as a thallium source; Pbl, was used as a lead and io-
dide source. Oleylamine and oleic acid were used to dissolve lead iodide in
1-octadecene and also served as a capping agent. The synthesis procedure
was divided into two parts; first is the synthesis of precursor, which is thallium
oleate and then the synthesis of TIPbl3 NWs.

Synthesis of Precursor: Thallium oleate was synthesised by loading 0.46 gm
of thallium(I) acetate, 15 mL of 1-octadecene, and 1.6 mL of oleic acid into a
50 mL of 3-neck round bottom flask. The reaction mixture was degassed under
vacuum at 120 °C for 1 h. Then, the temperature was raised to 150 °C for next
30 min and the reaction was switched to N, from vacuum. The final pale yel-
low colour solution was the thallium oleate, which was transferred to a Schlenk

tube and stored in N glove box until it was required for the synthesis of NCs.

Synthesis of NCs: A 0.38 mmol portion of PbX, was loaded in to a 50 mL 3-
neck round bottom flask along with 10 mL of 1-octadecene. The reaction so-
lution was degassed under vacuum at 120 °C for 1 h. Simultaneously, 1.0 mL
oleylamine and oleic acid were also degassed under the same conditions in two
separate vials. After degassing, oleylamine and oleic acid were injected into the
reaction flask under N;, and the temperature was raised to 130-175 °C. After
this, 1.1 mL of thallium oleate was quickly injected into the reaction flask. After

45 s the reaction flask was cooled down using an ice bath.

The reaction rate was found to be similar like CsPbX3 NCs. Therefore, reaction
flask was quickly cooled down in order to prevent the agglomeration. The par-
ticle size was controlled by reaction temperature and the composition tuning

was achieved by mixing the halide precursors in the reaction. Table 5.1 explains
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the amount for each precursor with reaction temperature and time in detail.

Purification of NCs: In order to remove the excess ligands and organics from
NCs surface, they should be washed properly by solvent/anti-solvent method.
NCs were capped with hydrophobicligands therefore special precautions needed
to be taken while choosing the right anti-solvent. The same purification method

was used as explained in Chapter 2 (2.2.1.2).

The growth solution was centrifuged at 10,000 rpm for 10 min, and then the
supernatant was discarded. The precipitate was redispersed in 6 mL of toluene
with 3 mL of acetonitrile as an antisolvent and centrifuged again at 10,000 rpm
for 10 min. After discarding the supernatant, the precipitate was dried under
vacuum for 5 min and then redispersed in hexane. This purification process
could be repeated for at least two cycles in all applications and as many as four

cycles for elemental analysis.

5.2.3 Synthesis of TIPbI; NWs

The synthesis of NWs was also divided into two parts: 1) synthesis of thallium
oleate precursor and 2) synthesis of TIPblzs NWs. The precursor was synthesised
by the same method as described in the Section 5.2.2, where thallium(I) acetate,
1-octadecene, and oleic acid were degassed under vacuum followed by heating
at 150 °C under nitrogen. After the synthesis, thallium oleate was transferred in

a Schlenk tube under nitrogen and stored in a nitrogen glove box.

A 0.38 mmol of Pbl, was loaded into a 50 mL 3-neck round bottom flask with
10 mL of 1-octadecene. The reaction solution was degassed under vacuum at
120 °C for 1 h. Simultaneously, 0.5 mL of oleylamine and oleic acid were de-
gassed under vacuum in two separate vials. After degassing, oleylamine and
oleic acid were injected into the reaction flask under nitrogen at 120 °C, and the

temperature was raised to 170 °C for hot injection. A 0.9 mL portion of thallium
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oleate was quickly injected in to the reaction flask, and in 30 s, it was cooled
down with the ice bath. TIPbBr; and TIPbCl; NWs were not observed during
the synthesis. It was found that even the bulk crystals of those have not been
reported at atmospheric pressure [263]. Therefore, even at higher temperature,
only larger NCs of TI3PbX5 (X= Br, Cl) could be observed (Table 5.1).

The purification was similar to the purification thallium lead halide NCs (Sec-
tion 5.2.2). The growth solution was centrifuged at 10,000 rpm for 10 min. After
that, the supernatant was discarded, and the precipitate was redispersed in 6
mL of toluene (solvent) with 3 mL of acetonitrile (antisolvent) and centrifuged
again at 10,000 rpm for 10 min. After discarding the supernatant, the precipi-
tate was dried under vacuum for 5 min and then redispersed in 10 mL of hex-
ane. The purification process was conducted in a nitrogen glove box due to the
high toxicity of thallium.

Table 5.1: A table of synthesis conditions for thallium lead halide along with the

resultant particle size.

Sample |lead halide | thallium oleate | oleic acid | 0leylamine | Temperature | Time | particle
name (mmol) (mL) (mL) (mL) (°C) (s) size

TIPbI; NWs 0.38 0.9 0.5 0.5 170 30 |45.1+9.3
Tl3PbI; NCs 0.38 1.1 1.0 1.0 130 45 |17.2+£3.0
Tl3Pb(Br/D)s 0.38 1.1 1.0 1.0 130 45 |15.2+2.2
TI3PbBrs 0.38 1.1 1.0 1.0 180 45 |28.0+2.5
TI3PbBrs 0.38 1.1 1.0 1.0 160 45 120.9+3.0
Tl3PbBrs5 0.38 1.1 1.0 1.0 130 45 |16.5+£2.5
TI3Pb(Br/Cl)s 0.38 1.1 1.0 1.0 130 45 |19.2+1.7
TI3PbCl5 0.38 1.1 1.0 1.0 165 45 |20.5+2.7

5.2.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS was carried out by Dr Bruce Charlier at the School of Geography, Envi-
ronmental, and Earth Sciences, Victoria University of Wellington. These mea-

surements were carried out to measure the elemental ratio between thallium
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and lead. Sample were purified three times by solvent/anti-solvent method
and then dissolved in nitric acid. Stock thallium and lead ICP-MS standards
certified at 1000 ppm were diluted in two stages using ultra-pure 1 % HNO3 to
produce a series of gravimetric instrument calibration standards at 1, 2, 5 and
10 ppb. TI-Pb samples were supplied as solutions and diluted to similar levels
as the standards also using 1 % HNO3. Pb and Tl were measured in the calibra-
tion standards, blank solutions (HNO3 used for all dilutions) and samples using
a Thermo Element II high resolution ICP-MS. Measured counts for Tl (atomic
mass 205) and Pb (atomic mass 208) in the diluent acid were subtracted from
those for the samples, then compared with the calibration standards in order
to calculate the concentrations for Tl and Pb in the diluted samples. The fi-
nal concentration in the supplied solutions was then calculated by applying a

dilution factor determined through gravimetry from the sample preparation.

5.2.5 Electrical Measurements

Electrical measurements on NWs were carried out by Matthew Cryer under the
supervision of Prof Jonathan E. Halpert at the School of Chemical and Phys-
ical Sciences, Victoria University of Wellington. The devices used for electri-
cal measurements were Si/SiO, wafers with 300 nm oxide layers. The first step
in fabrication was surface treatment, [(3-aminopropyl) trimethoxysilane in dry
toluene for 30 min] to deposit a silane self-assembled monolayer (SAM). Cr/Au
(5/50 nm) interdigitated electrode (IDE) (34 fingers per side, 2 mm long with
20 pum spacing; device area is 5 x 107® m? networks were deposited by a 1-
step process using photolithography. The NWs were spin-cast from hexane
onto the IDEs at 1000 rpm for 40 s. After each layer, the NWs were quickly
rinsed in ethanol and then dried with nitrogen. Before measurement, the base
and edges were cleaned with chloroform. Electrical measurements were con-
ducted with a Keithley SCS-4200 parameter analyser. The device was placed
on a temperature-controlled mount in a Janis VNF-100 liquid nitrogen cryo-
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stat and connected to the SCS-4200 instrument. Measurements were then con-
ducted in the dark, and when illuminated with a Thorlabs 405 nm laser diode
(6.4 mW/cm?), the optical path consisted of 5 cm in air and 2 Al,O3 windows (85
% transmission at 405 nm). In addition, measurements were carried out, when

the sample was illuminated with a microscope light at different intensities.

5.3 Results and Discussion

NCs were characterised by spectroscopic and microscopic techniques. TEM is
a promising tool to observe the morphology of NCs. XRD measurements were
conducted to confirm the crystal structure of the NCs. Crystallographic analysis
was conducted with the help of Dr Anna Henning. A theoretical modeling was
also performed by Dani Z. Metin at University of Auckland to model the crystals
and XRD spectra. UV-Vis measurements were carried out to observe the optical
properties such as band gap of the material. PL measurements were carried
out by Dr. Kai Chen at Victoria University of Wellington to observe the carrier

lifetime and emission properties in these materials.

Figure 5.1: TEM micrographs of thallium lead iodide NWs. The reaction results

the formation of NWs along with some NCs, which is not desirable for semicon-
ducting application. The TEM samples were prepared by drop-casting hexane

NWs solution on a Cu-200 mesh on formvar grid.
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5.3.1 Morphological Characterisation on Thallium Lead Iodide

In the first attempt of thallium lead iodide synthesis, we were able to achieve
the mixture of NCs and NWs (Figure 5.1). In this reaction 2.0 mL of oleylamine
and oleic acid were used at 160 °C for the same amount of other precursors
as explained in Table 5.1. The mixture of two different shapes is not ideal for
semiconducting applications, and therefore, control over reaction condition is

required to achieve NCs and NWs separately.

5.3.1.1 TIPbI3 NWs

The reaction conditions were optimised by varying the amount of the ligand
and the reaction temperature. Pure NWs were obtained by decreasing the amount
ofligands to 0.5 mL and increasing the temperature to 170 °C. This was possibly
favorable to get the anisotropic growth for synthesis of NWs. Figure 5.2a shows
the TEM micrograph of optimised NWs, where we were able to observe mostly
NWs. The NWs size was measured by Image] and then the histogram was cre-
ated, which is shown on top of the wider angle TEM micorgraph of NWs. NWs

were found to be longer than 4 um with = 45 nm mean width.

Figure 5.2: TEM micrographs of TIPbl; NWs after the reaction was optimised.

Wide angle image (left) shows there is no NCs and the reaction results the for-
mation of pure NWs. A histogram on top of wider angle TEM image displays the
mean width of 45.1 + 9.3 nm. The length of the particles is greater than 4 um.
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Figure 5.3: a) TEM image of TIPbls NWs, b) SEM image of TIPbls NWs, c) SEM
image of the NWs for EDS mapping, and d), e), f) SEM maps for Tl, Pb and L.
An ICP-MS analysis confirms the presence of Tl and Pb in a 1:1 stoichiometric
ratio. Two terminal device (Section 5.2.5) were used for SEM imaging. Copyright,
American Chemical Society 2018.

NWs were further examined by SEM EDS Mapping (Figure 5.3) to observe each
element from TIPbIs. Two terminal device, which was fabricated to carry the
electrical characterisation (Section 5.2.5), was used for the SEM analysis. Tl and
Pb have the EDS peak position at the same place, therefore it was not possible
to conduct the exact quantitative analysis. However, EDS mapping (Figure 5.3)
showed that NWs contain T1, Pb, and I. ICP-MS measurements were conducted
at the Department of Geography by Dr Bruce Charlier (Section 5.2.4) to quan-
tify the ratio between Tl and Pb which was recorded to be 0.9814. Thus, the

elemental analysis confirms the formation of TIPbl3 NWs.

While, the elemental analysis confirmed the formation of TIPbl;. The crystal
structure also needed to be analysed. Therefore, XRD studies were conducted
using a PANalytical X-Ray diffractometer. The NWs samples for XRD, were pre-

pared by drop-casting the concentrated NWs solution (in hexane) on to a clean

143



h) . . TIPbl, NWs
. . )
ot JjJ'. .o,w AR O A
+ Ref. Code- 04-015-4526 TIPbI.
: : |‘ L ! ‘ Ll oy
S« Ref. Code- 00-004-0686 Pb
s
(0-2-2) (1-3-3) .'E. : . : | - ] - | 1
&) _ Ref. Code- 00-005-0558 1,
a=46A =
- -
p|b=148A = || || ne I|JJIJ_‘,J_I_I_,_q.l_u_n_,;_n_|_|
c=118A ° Ref. Code- 00-001-0608 Pbl,
" O ; | = | = | III 1= | | 1S
. = Ref. Code- 00-002-0973 TH
= O ! I|l || : ||| |I|l||l I| T | I|' [ IIII
o EI 10 20 30 40 50 60 70
20

Figure 5.4: (a) High-resolution TEM micrograph of TIPbls; NWs showing the lat-
tice spacing and FFT planes. (b) XRD analysis of NWs and comparison with the
standard of orthorhombic TIPbIL; crystal structure. XRD patterns were recorded
by a PANalytical X-Ray diffractometer using Cu-Kuradiation, with an operating
voltage of 45 kV and current of 40 mA. The standard spectra of TIPblsz was taken
from PANalytical X'Pert HighScore Plus with the reference code 04-015-4526. (c)
Orthorhombic crystal structure of TIPbl;. Copyright, American Chemical Society
2018.

glass slide. Figure 5.4c shows the XRD spectrum of TIPbIs NWs, which suggests
the formation of orthorhombic TIPbI; crystal structure. The standard spectra
are taken from X’'Pert Highscore Plus software. The spectra is also compared
with some possible side products, such as TII, Pbl,, Pb and I,. Each peak is la-
belled with its possible corresponding standard peak. It can be seen that most
of the peaks are matched with the standard spectra of TIPbls with reference
code 04-015-4526. The high resolution TEM image on single NWs is shown in
Figure 5.4a, which was used to create a fast Fourier transform (FFT) using im-

age] software. The orthorhombic crystal structure of TIPbl; (Figure 5.4c) was
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modeled from the same X'Pert HighScore Plus software data file (04-015-4526).
CaRlIne software was used to draw the orthorhombic crystal structure with a
given lattice parameter to create the fast Fourier transform (FFT). The FFT from
the TEM image and the FFT from the crystal structure drawn by CaRIne were
compared. The matching of lattice planes in fast Fourier transform (FFT) with
standard XRD crystal structure of TIPbI; also supports the XRD analysis (Figure
5.4b) and suggests the formation of TIPbl; perovskite material. Thus, the crystal
structure and elemental analysis concluded the formation of TIPbl3 NWs. The
orthorhombic crystal has the Cmcm space group with lattice parameters 4.6,
14.8, and 11.8 A. In a typical sample the mean width was found to be 45.1 + 9.3
nm with the wires growing along the 133 plane and minimal formation of side
products. The stability of TIPbX3 orthorhombic perovskite crystal structure was
also calculated theoretically using Goldschmidt tolerance factors, which is the
indicator for distortion and stability of perovskite crystal [264]. Equation 5.1
was used to calculate the tolerance factor, where r4 is the radius of cation A,
which is Tl in our case; rp is the radius of cation B, which is Pb; and ry is the
radius of anion X, which is I, Br, or Cl. All the values for ionic radii were taken
from CRC Handbook of Chemistry and Physics [249].

Rs+Rp

=— (5.1)
\/ETB+TX

The Goldschmidt tolerance factors were calculated to be 0.772, 0.778, and 0.780
for I, Br, and Cl, respectively, are all in the range of stable orthorhombic per-
ovskite structures [265]. However, bulk ABX3 perovskite of thallium lead chlo-
ride and bromide have not been reported at atmospheric pressure [263]. We
were also not able to synthesise NCs or NWs of TIPbBr3 and TIPbCl; phase,
which is worthy of future investigation. Possibly, a high pressure synthesis set-
up will be required to synthesise these crystals. However, further investigations

could be the part of future research.
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5.3.1.2 TI;Pbl; NCs

TI3Pbls structure expects to form at lower temperature and is relatively a stable
structure than TIPbl3 [251, 266]. Therefore, by changing the reaction tempera-
ture and ligand concentration (Table 5.1), it was possible to change the compo-
sition and shape of NWs. We were able to synthesise TlsPbls NCs with faceted
spheroidal shape. The particle size was measured by creating a histogram of
each TEM image using Image]J (Figure 5.5d). The size for Tl3Pbls was calcu-
lated to be 17.2 + 3.0. Crystallographic structures of the orthorhombic Tl3Pbls
are based on the work of Keller ez al. [267, 268] but were fully optimised using

) b) —— Experimental c) oTl
3 — Theoretical Opp

; Ref. Code- 04-016-5137

10 12 14 16 18 20 22 24 26
Particle size (nm)

Figure 5.5: a) TEM micrograph of Tls Pbls NCs, b) XRD spectrum of the same NCs,
matched to index spectrum (X’pert HighScore Plus), as well as spectrum theoreti-
cally modelled in VESTA, c) the respective periodic crystal structures, 47-48 which
have been optimised in VASE d) Histogram of TEM micrograph produced using
Image] shows the particle size of 17.2 + 3.0 nm, and f) High resolution TEM mi-
crographs of Tl Pbl; NCs NCs along with the e) FFT of crystal planes. CaRIne
was used to make the crystal structure and the FFT was compared with the FFT
of high resolution TEM image (f).
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first-principles calculations by Dani Z. Metin. The details of theoretical mod-
eling, performed by Dani Z. Metin, can be found in our published report [8].
That crystal structure was then used to extract theoretical XRD spectra shown
in Figure 5.5. Figure 5.5b shows the XRD spectrum of Tl3Pbl; NCs measured by
PANalytical X-ray diffractometer. The XRD spectrum for Tl3Pbls, was matched
to the index spectra using Panalytical X’'pert Highscore Plus software data file
04-016-5137. XRD spectrum was also matched with the theoretically modeled
spectra in VESTA. The XRD peaks were also found to be broadened compared to
the bulk index peaks according to the Scherrer equation 1.39. Lattice fringes in
NCs are clearly visible in a high resolution TEM image (Figure 5.5f). The visible
lattice fringes of TlsPbl; were matched to the (312) crystal plane of the lattice
structures with space group P212121 (Figure 5.5a). Lattice planes were further
verified by first creating an orthorhombic crystal structure with given lattice
parameter using CaRIne software and then comparing the FFT of this crystal
structure with the FFT recorded by TEM. Figure 5.5e shows the FFT from high
resolution TEM image Tl3Pbls; NCs. The FFT from the TEM image and the FFT
from the crystal structure drawn by CaRIne were compared. The matching of
lattice planes in fast Fourier transform (FFT) with standard crystal structure of
Tl3Pbl; obtained by XRD data file also supports the XRD analysis (Figure 5.5e).
All of these results confirm the formation of orthorhombic crystal structure for
Tl3Pbls NCs.

5.3.1.3 TI3PbBrs and Tl3PbCl; NCs

A similar reaction was also able to produce bromide and chloride of TlsPbXs
NCs by changing the halide precursor from Pbl, to PbBr; and PbCl, (Table 5.1).
Halide composition tuning has been observed in other perovskite materials as
well, which allows us to tune the optical properties of the materials [17]. Fig-
ure 5.7 shows the TEM images of Tl3PbBr5 and Tl3PbCl; NCs with a faceted
spheroidal shape. Crystallographic structures of the orthorhombic Tl3PbBrs
and tetragonal Tl3PbCl; are based on the work of Keller et al. [267, 268], but
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Figure 5.6: HR-TEMs for a) = 28.0 nm of Tl PbBrs, b) = 20.5 nm of Tls PbCls NCs,
XRD spectra of these same NCs, matched to index spectra (X Pert HighScore Plus),
as well as spectra theoretically modelled in VESTA, and their respective periodic
crystal structures, which have been optimised in VASE for a) Tls PbBrs, and b)
Tl PbCls. Computational modeling was conducted by Dani Z. Metin. Copyright,
American Chemical Society 2018.

Figure 5.7: High resolution TEM micrographs of a) TlsPbCls, and c) Tls PbBrs
NCs along with the FFT of crystal planes. CaRIne was used to make the crystal
structure and the FFT was compared with the high rest TEM FFT (b, d). NCs were
found to be melting under electron beam during the imaging, which limits the
STEM mapping of these particles. Copyright, American Chemical Society 2018.
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were fully optimised using first-principle calculations as described in Section
5.3.1.2. That crystal structure was then used to extract theoretical XRD spec-
tra shown in Figure 5.5. The middle panel of Figure 5.6 shows the XRD spectra
of TI3PbBr5; and Tl3PbCls NCs measured by PANalytical X-ray diffractometer.
The XRD spectra for Tl3PbBr; and TlsPbCls, were matched to the index spectra
using PANalytical X'Pert Highscore Plus software data file 04-009-9985 and 04-
013-8819. XRD spectra were also matched with the theoretically modeled spec-
train VESTA. The XRD peaks were also found to be broadened compared to the
bulk index peaks according to the Scherrer equation 1.39. Lattice fringes in NCs
are clearly visible in high resolution TEM images (Figure 5.6). The visible lattice
fringes of Tl3PbBrs and Tl3PbCl; were matched to the (021) and (213) crystal
plane of the lattice structures with space group P212121 and P41212 (Figure
5.6). In order to proof check the crystal structure, CaRIne software was used to
draw the crystal structure with given lattice parameters from XRD data to cre-
ate the fast Fourier transform (FFT). Figure 5.7 shows the FFT from high reso-
lution TEM image of Tl3PbBr5 and TlsPbCls NCs. The FFT from the TEM image
and the FFT from the crystal structure drawn by CaRIne were compared. The
matching of lattice planes in fast Fourier transform (FFT) with standard crystal
structure of TlsPbBr5; and Tl3PbCl5 obtained by XRD data file also supports the
XRD analysis (Figure 5.7). Similar to Tl3Pbls NCs, all of these results confirm
the formation of a orthorhombic crystal structure for TlsPbBrs; and a tetragonal
crystal structure for Tl3PbCls; NCs.

Denysyuk et al. reported a high temperature tetragonal phase for Tl3PbBrs
[269]. This phase transition occurs at 245 °C [269]. The high temperature tetrag-
onal phase was found to exhibit a smaller bulk band gap of 2.26 eV, whereas low
temperature phase exhibits the bulk band gap of 3.06 eV based on our theoret-
ical calculation [269]. Similarly, TI3PbCls also exists in two different tetragonal
crystal phases with transition temperature occurring at 170 °C [270]. Theoret-
ical calculations suggested the high temperature phase has a band gap of 3.39
eV [270]. However, a band gap of 2.73 eV was estimated in the low tempera-

ture phase of Tl3PbCls. It should be noted that we have only observed the low
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Figure 5.8: High resolution TEM micrographs of Tls PbBrs NCs synthesised at
three different hot-injection temperature (lable 5.1) to observe the size tuning.
A histogram is created on top of each TEM image to calculate the particle size of
a)28.0+2.5,0)20.9+ 3.0, and c)16.5 £ 2.5 nm. Particles were dissolved in hexane
before the TEM sample preparation.

temperature phase of Tl3PbCls; and TlsPbBrs NCs.

The particle size was measured by creating a histogram of each TEM image us-
ing Image]. NCs size for Tl3PbBrs and Tl3PbCl5 was calculated to be 28.0 + 2.5
and 20.5 + 2.7 successively. The variation in the size of Tl3sPbBr; and TlsPbCls
is due to the hot-injection temperature. Size tuning is one of the major advan-
tage of NCs because it allows us to tune the optical properties of that material
up to some extent [271] To investigate the extent of size tuning, TlsPbBr; NCs
with three different sizes were synthesised. Size of these NCs was calculated to
be 28.0 + 2.5, 20.9 + 3.0, and 16.5 + 2.5 nm (Figure 5.8). The monodispersity in
these NCs was observed to be under 15 %, which is overlaid on top of each TEM

image.

5.3.1.4 Mixed halide TI;PbY;5_,Br, (Y=Cl, I) NCs

So far, shape of NCs, composition and size tuneability have been observed in
this material. However, halide mixing was yet to be performed. Similar to any
perovskite, TI3PbX5 also showed the advantage of halogen mixing. Mixed halide
NCs were synthesised by mixing halide precursor, as per the instruction given
in Table 5.1. Figure 5.9 shows the TEM micrographs of mixed halide NCs. NCs
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Figure 5.9: Histogram with the TEM micrograph of a) TlsPb(ly 43/Bry57)5 NCs
synthesised at 140 °C. NCs have 15.2 nm diameter with 2.2 nm standard devia-
tion. b) Tls Pb(Cly 36/ Bry.4)5 NCs synthesised at 130 °C. NCs have 19.2 nm diam-

eter with 1.7 nm standard deviation. Image] was used to create the histogram.

Copyright, American Chemical Society 2018.

showed similar shape like pure halide NCs with particle size of 15.2 + 2.2 nm for
Tl3Pbls_,Br, and 19.2 + 1.7 nm for Tl3PbCls5_,Br,. Particle size was calculated
by creating a histogram for each TEM image, which is plotted on top of the
Figure 5.9. The ratio between halides was calculated by taking the average from
TEM EDS data.

As can be seen in the Figure 5.10, the XRD peaks are broadened compared
to the theoretical modelled spectra, due to the Scherrer equation 1.39. XRD
spectra of mixed halides are first compared with theoretically simulated spec-
tra of pure halide (Figure 5.10). Figure 5.10a shows the comparison between
Tl3Pbls_,Br, experimental XRD and theoretically modelled Tl3Pbls. The graph
shows a good match between two highest intensity peak of experimental and
theoretical spectra. However, From 260 = 20°- 23° we observe an experimen-
tal peak that is not well described to experiment on the basis that two theo-
retical peaks of higher relative intensity lie outside of the range where the ex-
perimental peak is, and smaller theoretical peaks lie in between this. Figure
5.10b shows the comparison of Tl3Pbls_,Bry experimental XRD with theoreti-
cally modelled Tl3PbBrs. The graphs show a right shift in two highest intensity
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Figure 5.10: Comparison of experimental mixed halide XRD to theoretical pure
halide XRD, whereby a) Tl3 Pbls_Bry vs TlsPbls, b) Tls Pbls_Bry vs TlsPbls, c)
Tl PbCls—Bry vs Tls PbBrs, and d) Tls PbCls_ . Bry vs Tl PbCls. Copyright, Amer-
ican Chemical Society, 2018.

peak of TlsPbls_,Br, in comparison of Tl3PbBr5 standard spectrum. The next
two theoretical peaks (2 0 = 40°- 50°) of lesser intensity were also not found to be
matched but showed a shift towards higher 2. Overall, We see a reduced qual-
ity fit with the experimental XRD of mixed halide in comparison of the pure

halide standard spectra.

The lower panel of Figure 5.10 shows the XRD spectra of Tl3PbCls_,Br, com-
pared with theoretically modelled spectra of Tl3PbBrs; and TlsPbCls. In Fig-
ure 5.10d, the mixed halide XRD spectra shows a poor fit with the theoretically
modelled XRD of Tl3PbCls, as all of the high intensity peaks are shifted towards
higher angle with respect to the mixed halide spectra. However, The Tl3PbBr5
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Figure 5.11: Comparison of experimental mixed halide XRD to the theoretical
mixed halide XRD of a) Tls Pbls_Bry and c) Tls PbCls_,Bry, NCs. Crystal struc-
ture for b) Tls Pbls_ . Bry and d) Tls PbCls_ . Bry for two different halogen position.
Courtesy of Dani Z. Metin for computational modeling.

spectrum shows a good agreement with the experimental Tl3PbCls_,Br, data.
Based on the superior fit of the Tl3PbBr5 over Tl3PbCls, we proposed that the
NCs are ordered in an orthorhombic structure. Therefore, orthorhombic crys-
tal structures of mixed halide were computationally constructed for the further

comparison of XRD data.

To analyse the XRD spectra of mixed halide NC samples in details, we compared
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them with the theoretically simulated spectra of mixed halide, which were pro-
duced in VESTA using structures descended from the bulk low temperature or-
thorhombic crystal structure of TI3PbBr5 [268]. The structure was optimised
using the Vienna Ab-Initio Simulation Package (VASP) with two random vari-
ation in halide positions, named the Halogen Position 1 and 2 in the Figure
5.11 [272-274]. Lattice parameters of Halogen Position 1 are a= 15.77, b= 9.10,
¢=8.70 A for Tl3Pbl;s_,Br, and a= 15.0, b=8.70, c = 8.29 A for TlsPbCl5_Br,. Sim-
ilarly, lattice parameters of Halogen Position 2 are a= 15.63, b=9.35, c=8.59 A for
TlzPbls_Br, and a= 14.88, b=8.81, c = 8.27 A for Tl3PbCls_ ,Br,. Further details
on theoretical modeling conducted by Dani Z. Metin under the guidance of Prof
Nicola Gaston at University of Auckland, can be found in the supporting infor-
mation of our published report [8]. Figure 5.11a shows the XRD spectrum of
TI3Pbls_4Bry, as one can see that there is a superior fit to the peaks of highest
relative intensity over that of the pure halide case for both halogen substitution
case. It is clear from the XRD that there is a good reproduction of the trends
seen in the experimental XRD spectra. The shape of the XRD is well matched
with the experimental data. However, the number of the peaks and their rela-
tive intensity are represented in the spectra to be affected by the halogen posi-
tion. A similar trend was observed in the XRD spectrum of Tl3PbCls_,Br, NCs
(Figure 5.11c) and the spectrum fits reasonably well with the theoretically simu-
lated XRD spectra. As can be seen in Figure 5.11c, there are only minor changes
in the peak positioning of theoretical XRD with halogen substitution, possi-
bly due to the periodic disorder in halogen positions. Thus, the XRD spectra
of Tl3Pbls_,Br, and Tl3PbCls_,Br, NCs were found to match with their corre-
sponding theoretically simulated crystal structures. However, the distribution
of Br and I in Tl3PblIs_,Br, was not well ordered since high-order peaks could
not be clearly observed [8].
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5.3.2 Optical Characterization

Optical spectroscopy can give the details of material’s properties, such as band
gap, emission spectra, size distribution, and carrier life time. As the shape, size,
and composition in the material changes, there should be a change in the band
gap of the NCs. Each NC samples were diluted in hexane for the UV-Vis and PL
measurements. A Cary 50 UV-Visible spectrophotometer was used to conduct
the UV-Vis spectroscopy measurement. PL measurements were carried out
using SP2500 from Princeton Instruments equipped with an intensified CCD
(PIMAX 3 by Princeton Instruments) by Dr Kai Chen at Victoria University of
Wellington.

5.3.2.1 Absorption Spectroscopy

Absorption spectra for compositionally tuned NCs and NWs are shown in Fig-
ure 5.12a. NWs showed the first absorption peak at relatively higher wave-
length, 440 nm. Similar to other semiconductor NCs, the pure Tl3PbX5 NCs
displayed evidence of a strong first direct transition peak, which is a typical
peak of NCs under weak to intermediate confinement regime [20, 188]. First
absorption peak for each absorption spectrum in Figure 5.12 was fitted with a
Gaussian curve in Origin 9.1 and the width of the peak defines the size distri-
bution in NCs. As this material has the indirect band gap, therefore, an indi-
rect transition at higher wavelength was also observed in these NCs. The indi-
rect transition was also observed in the bulk crystals of TI3PbCls;, Tl3PbBr5, and
T13Pbls [251, 258, 270]. It can be seen from the absorption spectra (Figure 5.12a)
that the absorption edge moves towards lower wavelength as the composition
changes from I to Cl in Tl3PbX5 NCs. The mixed halide NCs were found to have
larger FWHM for their first absorption Gaussian fitted peak, possibly due to
surface defects in mixed phase NCs. The first absorption peak in mixed halide
materials was found to be intermediate between their respective pure halide

NCs. Thus, the halide mixing and composition dependent band gap tuning
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allowed us to tune the optical properties from visible blue to the UV spectral

region (Figure 5.12a).

Similar to other perovskite, halide composition tuning permitted the band gap
tuning in these NCs [20]. Therefore, the change in size, which was performed
in Section 5.3.1.3, should also display the band gap tuning up to some extent
in Tl3PbBrs NCs. Figure 5.12b shows the absorption spectra of size tuneable
TI3PbBrs; NCs. The TEM images of same NCs are shown in Figure 5.8. As one
can see in Figure 5.12b, increase in the particle size leads to move the first ab-
sorption edge, and therefore the peak of Gaussian fit, towards the higher wave-
length. NC16.5 showed the first absorption edge at 321 nm, however NC28.0
showed the red shifted first absorption edge at 333 nm. Therefore, both com-

position and size dependent optical properties were observed in these NCs.

To investigate the evolution of confinement in Tl3PbBr; NCs. The theoretical
values of the direct band gap (first absorption edge) at different particle size

were calculated from the following form of the Brus equation [185, 186]

nr?ui,  1.8e

E=E,+ 5.2
§ 2r2 Ame eqr (652
_—— L + L (5.3)

:uex - m; m;; .

Where, 1 is the radius of particle, y*cx is the exciton reduced mass, <, is the rel-
ative permittivity, and Eg is the bulk band gap. The fitting parameters include
the bulk band gap and the reduced mass of the exciton which were permitted
to vary, while the relative permittivity (¢,,bulk =~ 30) was initially fixed. The bulk
direct band gap of TI3PbBrs5 was calculated to be 3.65 eV, which was in the agree-
ment of the reported values [258]. The exciton reduces mass was calculated to
be 0.0242m,. The binding energy was found to be 57 meV and 5.2 nm of Bohr
radius. These values were found to be similar to CsPbX3 perovskite NCs; except
the fact that the first direct transition is not the band edge transition [17]. Fig-
ure 5.12c¢ shows the plot of theoretically calculated band gap of Tl3PbBrs with

156



a) TI,PbX, composition tuning  b) TI;Pb Br;size tuning

] ' ] " NC280
] 333 nm FWHM- 44 nm)]
i X b N ]
) 1 { Ny L & & 3 ',’ _‘
L - ) : ‘ -
B > ] 2 1 \324 nm NC20.9
"\ 1 ST FWHM- 38 nm |
- / — =
7 \ o r! 1
] - 4+ ‘:. . ' | g il
- ' < 7: ]
g | ] . J . . |
c ] 321 nm NC16.5
_g i 7 " FWHM- 30 nm
.6 1 | 2 1 . 1 L L | 'l 1
o [ TI.PbBr.NCs ] !
a 3 5 |4 A
< [ FWHM- 44 nm]
B — 300 400 500 600 700 800
— = N Wavelength (nm
Tlst(CIIBr}sNCs- 34 gt {nm)
2 rwkweerom ]S P i
i ’ 1 &42
/ (U]
1 - 1 1 1 " 1 -E
i TI:’PbCI5 NCs | & 4.0
m
B FWHM-48nm] &
] &38|
- - o
1 1L 1 o
200 300 400 500 600 700 80 BOEEE 0 L1 ue
Wavelength (nm) Nanocrystal Radius (nm)

Figure 5.12: a) Absorption spectra of TIPbls NWs and Tl Pbls, TlsPbBrs, and
Tl PbCls NCs along with mixed halides I/Br and Cl/Br synthesised via a 1:1 reac-
tion mixture, with a resulting 57% and 64% Br content confirmed by TEM EDS,
respectively. b) Absorption spectra for size controlled Tl3 PbBrs NCs. First absorp-
tion peaks were identified using a Gaussian curve fit to determine the change in
the direct band gap with size. (c) Plot of the direct band gap (as estimated from
the first strong absorption peak) vs the NC radius, and fitted to the Brus Equation
5.2. Copyright, American Chemical Society 2018.
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Figure 5.13: Tauc plot of TIPbls NWs and Tl Pbls, Tls PbBrs, and Tls PbCls NCs
along with mixed halides I/Br and Br/Cl shows the a) direct and b) indirect band
edge transitions peaks as estimates of the band gap energy. Copyright, American
Chemical Society 2018.

change in NC size. In addition, the experimentally observed band gap from the
first absorption peak is also labelled on the same chart. If the radius of NCs
is smaller than the Bohr radius then they should be in the strong confinement
regime [188]. However, NCs larger than the Bohr radius should be in the weak
confinement regime [188]. The radius of smallest Tl3PbBr;s NCs was calculated
to be = 8.2 nm (Figure 5.8) which is larger than the Bohr radius of Tl3PbBr5 (5.2
nm). Therefore, these NCs were found to be under weak confinement regime.
Particle size smaller than ~ 16.5 nm (radius- 8.2 nm) could not be observed

reliably and could be the part of future research.
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Table 5.2: A table of optical direct and indirect band gap in thallium lead halide
NCs calculated by Tauc plot and compared with literature values of bulk of these
materials [251, 258, 266, 270]

Material |1 absorption| TaucFit Tauc Fit BulkE; |pr, observed
name peak (eV) |E; direct (eV) | E; indirect (eV) | indirect (eV) (eV)
TIPbl3; NWs 2.81 2.59 2.47 2.30 -
TI3Pbls 3.04 2.71 2.50 2.29 2.23,2.49

TlsPb(Br/1)5 3.25 2.82 2.55 - -
TI3PbBrs 3.72 3.41 3.16 3.05 -
TI3Pb(Br/Cl)5 3.97 3.47 3.34 - -
Tl;PbCls 4.41 3.80 3.42 3.39 -

The optical band gaps in these material were calculated by constructing a Tauc
plot (Figure 5.13) for direct and indirect band transition. The optical band gap
values, observed in the Tauc plot, were in the agreement with the absorption
edge position observed in Figure 5.12. TIPbI3 showed the highest direct and in-
direct band gap of 2.59 and 2.47 eV, respectively. The direct and indirect band
gaps of Tl3PbX5 NCs were also found to be blue shifted as we moved up the
halide series from I to Cl. Band gaps of mixed halide NC were observed in be-
tween their parent pure halide NCs. All of these band gap values are compared
with literature values of bulk of these materials and summarised in Table 5.2.
Figure 5.14 shows the effect of composition on the direct band gap of the ma-
terial. It can be seen in Figure 5.14, the overall band gap is turned from vis-
ible blue to UV regions (2.59-3.80 eV) by changing the halide composition in
Tl3PbX5 NCs. Thus, Tl3PbX5 NCs showed the halide composition and size de-
pendent band gap tuneability similar to other perovskite materials [20]. These

tunable optical properties are beneficial for optoelectronic applications.
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Figure 5.14: A chart showing the effect of composition on the direct band gap of
the material, calculated by first absorption edge. Copyright, American Chemical
Society 2018.

5.3.2.2 Emission Spectroscopy

All of these samples were characterised for emission properties. A PL spec-
troscopy was carried out by Dr Kai Chen under the guidance of Prof Justin
Hodgkiss, at Victoria University of Wellington. No emission could be observed
in any of the samples except Tl3Pbls NCs. In this sample, a weak emission was
measured at high pump excitation density of = 42 pJ/cm?. Figure 5.15 (left)
shows the emission spectrum of Tl3Pbls with the PL lifetime (right). The graph
shows a broad band emission peak from 430 to 700 nm. The sample was excite
at 400 nm but due to the limitation of a 430 nm long pass filter, emission below
430 nm could not be observed. The emission spectrum did not appear to fit the

profile of a trap emission in NCs. However, the curve is fitted into a combina-
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Figure 5.15: Emission spectrum of Tls Pbl; NCs, observed at excitation density of
42 ujlem?, shows the wide emission across the visible spectrum. The spectrum is
fitted into two Gaussian curve when were then used to analyse the carrier lifetime
of NCs. Copyright American Chemical Society, 2018.

tion of two Gaussian curves. Additionally, some small intensity was observed
beyond 650 nm, which is indicative of trap emission. This approach can be fur-
ther justified by the presence of a visible shoulder to the curve, and the poor
fit of a single Gaussian profile [275-277]. The broad band emission peak is fit-
ted into two Gaussian peaks with emission at 554 and 498 nm Figure (5.15).
The first fitted peak at 554 nm or 2.24 eV accounts for 55 % of the integrated
emission signal. The emission at 2.24 eV is in the agreement with the literature
indirect band-gap energy of 2.29 eV for emission at 300 K in bulk Tl3PbI5 [251].
The second Gaussian fitted peak at 498 nm or 2.48 eV could be due to high en-
ergy trap sites for smaller NCs which have larger band gaps, or from the first di-
rect transition observed in the UV-Vis analysis. (Figure 5.12). A direct-indirect
energy contribution was previously observed in other perovskite analogues as
well [277]. The PL kinetics at 554 and 498 nm are fitted with double exponential
decay function in Figure 5.15b. In addition, they are numerically fitted by the
convolution of the instrument response function with the double exponential
decay by Dr Kai Chen.
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1(1) = Ayexp(——) + (1— Apexp(-—) (5.4)
T1 T2

Table 5.3: A table for the fitting values

Values| 554 nm | 498 nm
Ay 0.906 | 0.7164
T; | 0.1342 | 0.5143
T, | 2.6747 | 4.3853

In Table 5.3, A; for Gaussian fitted 554 and 498 nm curve is 0.901 and 0.716
respectively. Therefore t; has higher contribution for decay path ways than
To. These fitting values show the sub-nanosecond decay path way for t; and
long decay path ways (t2) of 2.7 and 4.4 ns for the 554 and 498 nm PL peaks.
As the larger percentage of the signal intensity was found to be decayed via 1,
which showed the shorter path ways, suggests that the material has a dominant,
fast, and nonradiative decay path. This could be due to the interband trap or
surface trap states, as the material showed very low quantum yield and there
is no type-I shell coating to passivate the surface defects. Additionally, as an
indirect band gap semiconductor, the presence of multiple trap sites should
contribute to the nonradiative decay process. The difference in decay rates for
these peaks suggest that two different processes are occurring. However, it is
apparent that the emission mechanism from these materials is complex, and a

detailed spectroscopic analysis may be needed to better assign each peak.

5.4 Application

As described in the Introduction 5.1, thallium lead halide have shown promis-
ing applications in semiconductor devices, such as solar cells, X-ray radiation

detectors, photodetectors, piezoelectric sensors, lasers, and non linear optics
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when doped with rare earth materials [251-257]. Therefore, NCs of these mate-
rials should have even more promising potential applications. Here, we demon-
strate the application of TIPbIs NWs as a wide band gap (= 2.47 eV) photocon-
ductor. The device fabrication process is explained in Section 5.2.5. The NWs
solution (20 mg/mL) was spin-coated onto the substrate without any ligand ex-
change. After the spin coating of the layer, the film was washed with ethanol.
Two terminal measurement was carried out on the device. The current was not
measurable in dark. However, current in the order of nanoamps was observed

in the room light (Figure 5.16a).

Figure 5.16b shows the effect of broad band light intensity on the current through
the device. As one can see in the graph, while the intensity of light increases,
there is a sudden change in the current. This suggests the photo response in
TIPbIs NWs. In order to do the quantitative analysis, the sample was excited
with a 405 nm laser diode (6.4 mW/cm?), above the band gap of the semicon-
ductor. Figure 5.16c shows the two-terminal conductivity of the film when illu-
minated with a 405 nm laser diode. The IV behaviour was observed to be ohmic,
which can be attributed to the fact that the majority of the conduction between
terminals occurs within the NWs themselves, with some minimal number of
hopping events between NWs required to complete the circuit. At a field de-
pendence beyond 5.0V, the graph displayed a completely linear behaviour with
the electric field. In Figure 5.16, the conductivity changes from 5.0 x 1078 Sm™!
at300 Kto4.2x 1077 Sm~! at 150 K, reaching its minimum value and then fur-
ther increases to 5.0 x 1077 Sm™! at 100 K. Due to the limitation of equipment,
the measurement was only conducted till 100 K. The conduction pathway is
most likely limited by the hopping, not the conduction through the NWs. Ad-
ditionally, these are oleic acid/oleylamine capped NWs so the hops are going
to be relatively longer range, which reinforces the point that the conduction is
hop limited. It is noted that current could only be recorded in light illumina-
tion. Therefore, thermal carrier plays only a small role in the conduction. As the
device is equally illuminated at all temperatures, the carrier density can be as-

sumed constant. The decrease in the conductivity from temperature range 300
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Figure 5.16: Electrical measurements on TIPbl; NWs a) Device structure and
IV curve under constant light intensity, b) a curve showing the change in cur-
rent with changing the broad band light intensity at 10.0 V, ¢) a contour map
of the conductivity (S/m) vs temperature (K) and voltage (V), and d) a contour
map showing the responsivity (A/IW) vs temperature (K) and voltage (V). Device
fabrication process is explained in Section 5.2.5. Copyright American Chemical
Society, 2018.

Kto 150 K is therefore most likely a result of decrease in hopping rate with tem-
perature (exp(-1/T) relationship) [278-280]. Below 150 K, with an assumption
of constant carrier density, the conductivity is most likely under a new hop-
ping regime with a different T dependence (exp(-1/T1/4 relation), which means
that the conductivity decreases very slowly with the decrease in temperature.
However, carrier mobility should be increased in NWs with decrease in hopping
rate, which results in an overall increase in the conductivity of NWs [278-280].
The conductivity mechanism in these NWs need an extensive future research.

All of this behaviour shows that the NWs are intrinsic semiconductor and be-
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have as such when illuminated with the light above its band gap. Figure 5.16d
shows the photoconductive response of the device with respect to the voltage
and temperature. The responsivity shows a very similar behaviour to the con-
ductivity. Low values of conductivity and responsivity were due to the insulat-
ing oleyl ligands. However, The photo response with change in light intensity
(Figure 5.16b) of these insulating films suggested that these NWs are worthy of

future investigation.

5.5 Conclusion

We have synthesised halide composition dependent Tl3PbX5 NCs (X= Cl, Br, I)
NCs with varying the particle size by colloidal route. The size tuneability was
achieved by varying the reaction temperature. Evolution of quantum confine-
ment was also understood in size tunable TI3PbBrs; NCs, where a weak con-
finement was observed in NC16.5. To a lesser degree, a band gap tuning was
demonstrated with varying the particle size in these NCs. Halogen mixing was
achieved during the synthesis to produce mixed halide NCs. A systematic XRD
study with computation analysis was conducted to confirm the orthorhombic
crystal structure for TlsPbls and TlsPbBr; NCs and a tetragonal crystal struc-
ture for TI3PbCls NCs. These materials exhibit size and composition tuneable
band gap (3.80-2.59 eV) with low estimated binding energy, which makes them
a potential candidate for photodetector and wide band gap solar cell. The rare
earth doping in Tl3PbBrs5, such as Er*3 or Pr3, could make them a feasible can-
didate for mid-infrared nonlinear optics, which is the part of future research
[252, 256].

On the other side, we have also synthesised thallium lead iodide NWs with ABX3
perovskite structure. The NWs were achieved by varying the reaction tempera-
ture and the ligand concentration. Bulk of TIPbl; is one of the promising can-
didates for X-ray radiation detector [255]. Therefore, the NWs of these mate-
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rials should be worthy of future investigation in the X-ray detectors. We have
demonstrated an application of these NWs in wide band gap photoconductor.
These materials showed superior stability over caesium or methylammonium
based perovskite analogues. Although, these materials showed a very weak
emission, but after the surface passivation or doping, they should have poten-
tial application in optoelectronic devices. This is the first use of thallium as a
monovalent cation in a perovskite nanostructure. Group A replacements within
the ABXs structure are rare among the metal halide perovskites, and have thus
far been limited to methylammonium, formamidinium, and caesium, with few
exceptions. Here we suggest the possibility of a new family of thallium-based

perovskite nanostructures with interesting and novel properties.
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Chapter 6

Conclusion and Future Work

Metal halide perovskite materials are potential alternative for silicon technol-
ogy in solar cell applications and cadmium based QDs in emission based appli-
cations such as LEDs. Several types of solution processed nanostructured are
being used in current research to improve the efficiency of optoelectronic de-
vices. However, some of the issues in these materials were not clearly resolved.
Colloidal NCs can be easily used in high-scale optoelectronic devices by taking
the advantages of spray coating, ink-jet printing, and other solution process-
ing techniques, which offer very cheap and larger scale production. Particu-
larly, pure inorganic metal halide perovskites have not only shown high stabil-
ity but also a relatively higher thermal stability than hybrid organic-inorganic

perovskite materials.

CsPbX3 (X= CLBr, I) NCs have shown very high quantum yield of up to 90 %,
with tuneable optical properties, suggesting their application in optoelectronic
devices. We synthesised size controlled CsPbBrs NCs with three different sizes
of = 8.6, 7.3, and 4.1 nm. We understood the evolution of quantum confine-
ment in these NCs using static state absorption and ultrafast transient absorp-
tion spectroscopy. The smallest NCs were found to be in strong confinement

regime, due to the higher energy absorption edges, higher Stokes shift, and blue
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shift in emission peak. In addition, the particle diameter was smaller than the
Bohr diameter (7 nm) of CsPbBr3, which supported our observations on strong
confinement in NC-4.1. However, the NC-7.3 sample was found to be in inter-
mediate confinement regime and NC-8.6 was under weak confinement regime
due to their diameter larger than Bohr-diameter. In addition, the transient ab-
sorption spectroscopy measurements support the strong confinement effect
in smallest NCs as the multimodal GSB was observed in NC-4.1. These size-
confined NCs showed emission peaks from 495 to 522 nm. Therefore, we took
the advantage of halide composition tuning and synthesised CsPb(Br/Y)s (Y=
Cl, I) NCs. These composition dependent NCs displayed the emission through
the entire visible spectrum (490-680 nm). These NCs showed high quantum
yield and were implemented in the fabrication of LEDs. NWs of CsPbX3 were
also synthesised but due to their poor performance and low quantum yield they
were not further investigated for LEDs application. However, optimising the
synthesis of these NWs with better purification processes could be the part of
future research.

We constructed peNC-LEDs with EL through the entire visible region. For the
first time, we have shown precise colour tuning in the red spectral region using
CsPb(Br/I)3 NCs. We systematically observed the red shift in the EL of these
devices. Temperature dependent PL studies were carried out to see the change
in the emission properties with temperature, which appeared to have no sig-
nificant effect. Then, we conducted the voltage and time dependent study on
these LEDs, and investigated that the change in EL is primarily the function
of electric field. In addition, the rate of ion migration was also found to in-
crease with increase in bromide content in (CsPbBr/I)3 and device with highest
amount of bromide content displayed the EL peak splitting in green (516 nm)
and red (665 nm) spectral region. Ionic separation, to form separately emitting
NC domains in NC films (as opposed to thin films), has not previously been
observed and indicates that there are further dynamics in NCs systems that
may be worth exploring. With improvements in surface coating and chem-

istry, these results suggest that peNC-LEDs could achieve device metrics that
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are more competitive with those of commercial NC-LED technologies. Device
function was found to be highly dependent on voltage. However, the real dy-
namics within the device may be significantly more complex. Band bending
and charge injection will affect the internal electric field at the interface, as will
the differences and changes in the local dielectric in the NCs, the ligands and
the surrounding organic semiconductors. We were only able to probe at macro
level and a more realistic model may be warranted to fully understand the ion

separation phenomenon within these devices.

Even after displaying high PL quantum yield, LEDs based on perovskite NCs
showed very low external quantum efficiency (<0.21 %). This is possibly due
to bulky ligands, larger exciton binding energies, and surface defects. There-
fore, we investigated a pure inorganic quasi-2D (Ruddlesden-Popper phase)
perovskite, which combines the advantage of colour purity and tuneability of
nanomaterials with the conduction properties of 3D crystals [20, 35-37]. For
the first time, we have shown the colour tuning through the entire visible spec-
trum by halide mixing in CsPbX3 RP perovskite materials. The colour tuning
was also achieved by varying the number of monolayers (nanosheet thickness)
in these materials. LEDs were also fabricated with significant improvements
in the EQE and stability of these device compared to the peNC-LEDs. Specifi-
cally, these LEDs outperformed the literature values in the blue and blue-green
spectral region. The maximum EQE was recorded to be 10.1 % at 506 nm. Even
with these improvements, these mixed halide LEDs still showed colour instabil-
ity to a relatively lesser degree due to ion migration. The ion migration can be
suppressed either by creating a type-I core-shell structure or a surface passiva-

tion with suitable ligands, which could be the part of future research in Halpert

group.

Nanostructured perovskite were proven to be a promising material, therefore
researchers have drawn attention towards investigating novel perovskite by re-
placing A or B groups in the structure with other feasible atoms [22-25]. We

also focused our research towards this direction to invent novel perovskite NCs
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for similar properties and applications. For the first time, We synthesised NCs
of thallium lead halide, which is a wide band gap semiconductor. We demon-
strated the shape-, size-, and composition-tuning in these NCs. We synthe-
sised TIPbI3 perovskite NWs with an indirect band gap of 2.47 eV. Thallium lead
halide NWs are potential candidates for highly efficient X-ray radiation detec-
tors, piezoelectric sensors, and solar cells [254, 255, 257, 266]. We demonstrated
the use of TIPbl3 as a photoconductor, where an increase in current was ob-
served with increase in light intensity. However, NWs of TIPbBr; and TIPbCls
could not be synthesised at atmospheric pressure and could be the part of fu-
ture research [263]. By varying the reaction conditions, we were able to synthe-
sis the NCs of TlsPbX5. The band gap of these materials were tuned from visible
blue to UV region (2.59-3.80 eV) by varying the halide composition as well as
size of NCs. A weak confinement was observed in these NCs, which was esti-
mated using Brus equation. In addition, Tl3Pbls NCs displayed a weak broad
band emission from 430 to 700 nm, which was fitted in two different Gaussian
peaks. However, a detailed spectroscopy analysis is still needed to better assign
each peak. These NCs have potential applications in non linear optics when
doped with suitable rare earth materials [251-253, 256]. The rare earth material
doping, such as Er¥* or Pr**, in these NCs is also the part of future research.
In addition, building an X-ray detector using TIPbls NWs is under the future
research for the development of these materials in the Halpert Group.

Overall, we have fabricated the mixed halide composition dependent perovskite
NC LEDs with EL mainly focused in the red spectral region by using CsPb(Br/I)3
NCs. The ion migration mechanism in these NC LEDs was understood for the
first time in this research. Furthermore, we constructed inorganic RP based
perovskite LEDs with tuneabble EL through the entire visible spectrum. These
inorganic RP perovskite based LEDs outperformed the literature value in the
blue spectral region (460-490 nm). Various possible perovskite nanocrystals
were investigated and we successfully demonstrated the colloidal route syn-
thesis of TIPbls perovskite NWs and Tl3PbX5 NCs for the first time. The control

over the NCs size shape and composition was displayed by varying the reaction
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conditions. Eventually, the application of TIPbl3 NCs was demonstrated as a

photoconductor.

CsPbXj3 synthesised in Chapter 2 were not fully optimized as they showed poor
emission, solubility, and agglomerated morphology. The optimization of these
NWs for optoelectronic applications could be the part of a future research. For
LEDs application, overcoming the ion migration effect completely is yet to be
achieved and could be the part of future research. The conduction mechanism
in TIPbl3 NWs is not fully understood and a realistic modal is warrant to study
the change in conductivity with temperature in TIPbls NWs. One of the other
major application of TIPblj; is in the radiation detector [255], which is yet to
be explored and could be the part of future research in the Halpert group. In
addition to that, rare earth materials doping in Tl3PbX5 NCs for the application

of non linear optics could be investigated in future.
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Chapter 7

Appendix

7.1 Appendix 1- Improving the Performance of Per-
ovskite Solar Cells using CIS NCs

Parts of this research have been published in the following article:

Ma Y, Vashishtha B Shivarudraiah SB, Chen K, Liu Y, Hodgkiss JM, Halpert JE. A
Hybrid Perovskite Solar Cell Modified With Copper Indium Sulfide Nanocrystals
to Enhance Hole Transport and Moisture Stability. Solar RRL, 2017

7.1.1 Introduction

The power conversion efficiency (PCE) of perovskite solar cells has been im-
proved from 2.6 % to 22 % in less than a decade [15, 146, 153]. However, the
stability of these solar cells against the moisture is still one of the biggest con-
cerns. Several strategies were used to enhance the device stability, including
mixed cations and encapsulation of perovskite layers with organic layer [281-

284]. Commonly used hole transport layers, such as spiro-MeOTAD and PTAA,
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were not found to be very efficient due to the doping of a hygroscopic element
(Li) [285]. Dong et al. encapsulated perovskite layer with a thin layer of Al,Os3,
which resulted in the poor device performance due to the decomposition of
perovskite during atomic layer deposition (ALD) process [286]. Another possi-
ble candidate to encapsulate perovskite layer is copper indium sulfide (CulnS,)
NCs. CulnS; can be deposited by solution processing technique and are very
robust against moisture [287-289]. Additionally, CulnS; NCs can be synthe-
sised as a p-type semiconductor for better hole transport [287]. In this project,
we synthesised CulnS; NCs by colloidal route adopted from literature [290].
These NCs were then used between perovskite and spiro-MeOTAD (HTL) layer.
The incorporation of Culn$S; layer not only enhanced the moisture stability but

also improved the charge transport which resulted in relatively higher PCE.

7.1.2 Experimental

This section includes the synthesis of CulnS, NCs followed by the fabrication
of perovskite solar cells. The solar cells were fabricated with or without CulnS,

NC layer on top of perovskite layer.

7.1.2.1 Synthesis of CulnS; NCs

Synthesis of CulnS; NCs were conducted using a single-pot colloidal route method
(Section 1.2.5), where the precursor of copper, indium, and sulfur were heated
up in the presence of suitable ligand, and solvent. NCs were purified by solvent/anti-

solvent technique from its growth solution (Section 1.2.5.3) [290].

Materials: 1-octadecene 90 %, 1-DDT (< 98 %), copper (I) iodide (99.999 %,
trace metal basis), indium (III) acetate (99.99 % trace metal basis), chloroform,

and acetone were purchased from Sigma-Aldrich.
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nitrogen

230°C

indium acetate +
copper iodide +
1-dodecanthiol +

magnetic octadecene

stirring bar

Figure 7.1: A schematic for the synthesis of CulnS, NCs with a photograph of the
reaction flask during the synthesis.

Methods: The CulnS, (CIS) NCs were prepared by typical single-pot synthe-
sis described in 1.2.5.2, discovered by Peter Reiss, using copper(l) iodide, in-
dium(IIl) acetate, 1-dodecanethiol (DDT), 1-octadecene, and oleylamine. In
this method, indium acetate (0.1mmol) and copper iodide (0.1mmol) were dis-
solved in 8 mL of ODE and 1 mL of DDT in 3-neck 50 mL round bottom flask.
The reaction mixture was degassed for 1 h. After degassing the reaction so-
lution, the temperature was raised to 230 °C under nitrogen, which resulted
in change of the reaction colour from colourless to yellow, red, and then dark
brown. After 40 min, the heating source was removed and the flask was cooled
down with iced-water bath. NCs growth solution was washed two times with

acetone and chloroform and subsequently dispersed in anhydrous chloroform.
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7.1.2.2 Fabrication of Solar Cell

A spin coating and thermal evaporation techniques with shadow masking were
used for the fabrication of devices. Fabrication of solar cells including the elec-
trical measurements were carried out by Dr Yingzhuang Ma under the supervi-

sion of Prof Jonathan E. Halpert at Victoria University of Wellington.

Fluorine doped tin oxide (FTO, Nippon Sheet Glass, 10 ohmsq_l) glass was
cleaned sequentially in detergent, water, acetone, and isopropanol under ultra-
sonication for 15 min, respectively, and then treated with O, plasma for 3 min.
A compact TiO; layer on the FTO glass was prepared by spin-coating of 0.15 M
titanium diisopropoxide bis(acetylacetonate) (75 wt. % in isopropanol) solu-
tion in 1-butanol (99.8 %, Sigma-Aldrich) at 4000 rpm for 30 s, dried at 125 °C
for 5 min. After that, the mesoporous TiO» film was prepared by spin-coating a
20 nm-sized TiO, paste (diluted in ethanol with a ratio of 2:7 by weight, Dyesol)
at 4000 rpm for 30 s, dried at 125 °C for 5 min, then heated at 500 °C for 15 min.
For the preparation of perovskite layer, 1.0 M Pbl, (anhydrous, 99 %, Sigma-
Aldrich) in N,N-Dimethylformamide (anhydrous, 99.99 %, Sigma Aldrich) was
spin-coated at 4000 rpm at 70 °C for 30 s, dried at 70 °C for 10 min. After that,
0.5 mL CH3NH;3lI (Dyesol) solution (8 mg/mL in isopropanol) was continuously
drop-casted on PbI, for 20 s at 2000 rpm to form perovskite crystalline, and then
further annealed at 90 °C for 60 min. For the device with CIS NCs, a layer was
spin-coated at 2000 rpm for 30 s. The HTL was then deposited by spin coating
at 4000 rpm for 45 s. The spin-coating formulation was prepared by dissolv-
ing 72.3 mg spiro-MeOTAD (99 %, Lumtec), 28.8 uL 4-tert-butylpyridine (96 %,
Sigma-Aldrich), 17.5 pL of a stock solution of 520 mg/mL lithium bis(trifluor-
omethylsulphonyl)imide (98 %, Sigma-Aldrich) in acetonitrile (anhydrous, 99.8
%, Sigma-Aldrich) in 1 mL chlorobenzene (anhydrous, 99.8 %, Sigma-Aldrich).
Finally, 1000 nm Au was thermally evaporated under vacuum [246].

Solar cells were electrically characterised using a Keithley 236 Source measure-

ment unit and a xenon lamp based solar simulator (Sciencetech, 500-1G) was
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used to photo-excite the devices by Dr Yingzhuang Ma [246]. SEM measure-
ments on solar cells were conducted using Jeol 6500 by Dr Yingzhuang Ma. The
PCE, fill factor (FF), open circuit voltage (V,.(, and short circuit current density
(Js¢) of solar cells were calculated by method described in Section 1.5.2.

7.1.3 Results and Discussion

NCs were characterised by TEM (Jeol 2100) and XRD (PANalytical X-ray diffrac-
tometer) to confirm their morphology and crystal structure. The NCs solution
in chloroform was drop casted on a Cu-200 mesh on formvar grid for TEM mea-
surements. A histogram was created using Image]J, which is placed on top of
TEM image (Figure 7.2). The particle size was estimated to be 5.65 + 0.62 nm.
The XRD sample was prepared by drop casting concentrated solution of NCs on
a glass slide. XRD spectrum shown in Figure 7.2 are compared with its standard
spectrum taken from from PANalytical X'Pert HighScore Plus. This confirms
the formation of CulnS, crystals. However, the diffraction peaks were broader

compared to their index spectrum according to the Scherrer equation 1.39.

CulnS2 NCs

Intensity

Ref Code: 00-027-0159

20 30 40 50 60 70 80

Figure 7.2: TEM micrograph of CulnS, NCs (left) confirming the particle size
of 5.65 + 0.62 nm using a histogram and XRD (right) of the same sample con-
firms the formation of CulnS, crystal structure. The standard index spectrum of
CulnS, was taken from PANalytical X'Pert HighScore Plus (Reference Code: 00-
027-0159).
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Figure 7.3: Absorption spectra of CulnS, NCs in chloroform solvent and in thin
film on a glass substrate by Cary 50 UV-Vis spectrophotometer. All the samples
were washed by solvent/antisolvent method before the measurement. b) Tauc
plot of CulnS, NCs for the band gap calculation. Copyright Willey Online Library
2017.

UV-Vis measurements were carried out using Cary 50 UV-Vis spectrophotome-
ter on CulnS; NCs solution in chloroform solvent and thin film on a glass sub-
strate (Figure 7.3a). It can be seen that the absorption edge was found to be
around = 700 nm. Figure 7.3b shows the Tauc plot of CulnS, NCs for the direct
band gap semiconductor, which suggest the band gap of 1.55 eV.

In order to observe the CIS NCs thin film on perovskite, SEM measurements
were conducted on FTO/TiO,/perovskite and FTO/TiO,/perovskite thin films
by Dr Yingzhuang Ma. Figure 7.4 shows the SEM micrographs of both the thin
films. Figure 7.4 confirms the formation of perovskite cubic crystalline. It can
be also seen that the CIS NCs were uniformly deposited on top of perovskite

crystals.

Figure 7.5 shows the energy diagram of perovskite solar cells [246]. As can be
seen that the electrons transport through the electron transport material TiO»
and holes transport through the hole transport materials (CulnS, and spiro-

MeOTAD). CulnS, NCs layers improve the hole transport as the valence band
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Figure 7.4 SEM  measurements on  FTO/TiO./perovskite  and
FTO/TiOs/perovskite/CulnS, thin films. Courtesy Dr Yingzhuang Ma. Copyright
Wiley Online Library

of CulnS;, NCs is very close to the valence band of spiro-MeOTAD (Figure 7.5a).
This improved hole transport results in higher power conversion efficiency (PCE)
of these solar cells from 12.4 to 13.8 % (Table 7.1). Figure 7.5c and d shows the
schematic of perovskite solar cells with and without CulnS,; NCs layer. This
also illustrates the another role of CulnS, NCs, which is to enhance the stabil-
ity against moisture. In order to check the moisture stability, fabricated solar
cells were exposed to different humidity conditions for 20 h in a sealed box.
As can be seen from Figure 7.5b, the perovskite solar cells with CulnS; layer
(red colour) showed higher stability against humidity. Under 90 % humidity,
the power conversion efficiency and fill factor of pure perovskite solar cells
dropped down significantly. Whereas, devices with a layer of CulnS; NCs showed
relatively less decay in the power conversion efficiency and fill factor of solar
cells even after several hours (Figure 7.5a). The detailed study of PCE, J, Vo,
and FF at different humidity conditions, conducted by Dr Yingzhuang Ma, can

Table 7.1: Efficiency metrics of perovskite solar cells with and without CulnS,
NCs layer.

Device Structure | J,. (mA/cm?) Voo mV) | FF (%) | PCE (%)
No CIS 21.8 1010 56.3 12.4
With CIS 21.8 1040 61.2 13.8

179



E (eV)

spiro-MeOTAD

Pbl,
MAPbI,

Tio,

FTO

No CIS [With CIS| No CIS |With CIS| No CIS [with CIs

50% RH

- -

90% RH
20 hours storage 4 hours exposure

0 20 24

Time (h)
H,O

Figure 7.5: a) Energy diagram of perovskite solar cells,[246], b) a chart showing
the change in PCE as a function of time and humidity for perovskite solar cells
with and without CulnS, NCs, ¢) a schematic diagram of perovskite solar cell
without CulnS, NCs, and d) the same schematic diagram of perovskite solar cells
when the CulnS, NCs were deposited on top of perovskite layer. The illustration
shows that the CulnS, surface tend to repel the water molecules (moisture) and

thus make it more stable in ambient conditions. Copyright Wiley Online Library

2017. Courtesy of Dr Yingzhuang Ma.

be found in our publication [246].
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7.1.4 Conclusion

We have synthesised high quality CulnS; NCs by colloidal route with desired
band gap to enhance the charge injection in perovskite solar cells. These CulnS,
NCs were used as one of the hole transport layers which resulted in improved
efficiency of perovskite solar cells from 12.4 to 13.8 %. Humidity tests were per-
formed with and without CulnS, NCs layer in perovskite solar cells, in which
several humidity conditions were artificially created to observe the performance
of these devices. Perovskite solar cells with CulnS,; NCs layer were found to
have higher resistance towards the moisture and even at higher humidity of 90
%, the stability of these devices were found to be significantly improved. This
method of perovskite film protection with CulnS, NCs layer is a promising way

to increase the device stability and performance.

7.2 Appendix 2- Er®* Doping in Tl;PbBr; NCs

Tl3PbBr; NCs were synthesised by a colloidal route in Chapter 5. These NCs
are potential candidates for non-linear optics when doped with rare earth ma-
terials, such as Er®* and Pr3* [252, 253, 256]. Therefore, We have gained focus
towards doping Tl3PbBrs NCs with Er**. A similar hot-injection method was

used as described in Section 5.2.2 with slight modifications.

7.2.1 Synthesis of Er**-doped Tl3PbBr; NCs

This method is divided into two parts, synthesis of thallium oleate precusor
followed by the synthesis of NCs. Thallium oleate was synthesised by loading
0.46 gm of thallium(I) acetate (Aldrich), 15 mL of 1-octadecene (Aldrich), and
1.6 mL of oleic acid (Aldrich) into a 50 mL of 3-neck round bottom flask. The
reaction mixture was degassed under vacuum at 120 °C for 1 h. Then, the tem-
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perature was raised to 150 °C for next 30 min and the reaction was switched to
N, from vacuum. The final pale yellow color solution was the thallium oleate,
which was transferred to a Schlenk tube and stored in N, glove box until it was

required for the synthesis of NCs.

A 0.38 mmol portion of PbBr; (Aldrich) was loaded in to a 50 mL 3-neck round
bottom flask along with 10 mL of 1-octadecene. The reaction solution was de-
gassed under vacuum at 120 °C for 1 h. Simultaneously, 1.0 mL oleylamine and
oleic acid were also degassed under the same conditions in two separate vials.
After degassing, oleylamine, oleic acid, and 20 mg of Er(Ill) fluoride (Aldrich)
were added into the reaction flask under N», and the temperature was raised to
175 °C. After this, 1.1 mL of thallium oleate was quickly injected into the reac-

tion flask. After 45 s the reaction flask was cooled down using an ice bath.

NCs were purified by solvent/antisolvent method (Section 1.2.5.3). The growth
solution was centrifuged at 10,000 rpm for 10 min. After that, the supernatant
was discarded, and the precipitate was redispersed in 6 mL of toluene (solvent)
with 3 mL of acetonitrile (antisolvent) and centrifuged again at 10,000 rpm for
10 min. After discarding the supernatant, the precipitate was dried under vac-
uum for 5 min and then redispersed in 10 mL of hexane. The purification pro-

cess was conducted in a nitrogen glove box due to the high toxicity of thallium.

7.2.2 Results and Discussion

NCs were characterised by UV-Vis and PL measurements to analyse the optical
properties. In addition, TEM was used to observe the morphology and erbium
doping in NCs. Each NC samples were diluted in hexane for the UV-Vis and PL
measurements and a 10 mm quartz cuvette with pure hexane was used to create
the baseline. A Cary 50 UV-Visible spectrophotometer was used to conduct the
UV-Vis measurements and a Horiba Fluorolog-3 Spectrometer was used for the

PL measurements. The TEM samples were prepared by drop-casting hexane
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Figure 7.6: a) Absorption and b) emission spectrum of Er**-doped Tl3PbBrs NCs.

NCs were diluted in hexane for the measurements.
NC solution on a Cu-200 mesh on formvar grid.

UV -Vis measurement shows the first absorption edge at 335 nm (Figure 7.6a),
which is consistent with the absorption spectra observed in Figure 5.12. PL

Al e | |83 se | (keV) | Counts Mass%| Sigma Atom%
F K 0.677 1909.33 0.20 0.01 1.34
Br L 1.480 134657.63 35.92 0.14 58.28
Er L

T1 M Ref. 2.267 168633.41 46.81 0.17 29.69
Pb M 2.342 55579.15 17.07 0.15 10.68
Total 100.00 100.00

TiMh PoMa

TMa

Figure 7.7: TEM analysis of Er’* -doped Tl3PbBrs NCs. Samples were prepared by

drop-casting hexane NCs solution on a Cu-200 mesh on formvar grid.
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measurement was carried out at different excitation wavelength and a broad
band emission at & 958 nm was observed (Figure 7.6). Emission between 750-
900 is the characteristic emission from Er®* [291]. This emission study suggests
the doping of Er** in TI3PbBrs NCs. However, a detailed spectroscopy analysis
in required to confirm the doping.

Figure 7.7 shows the TEM image of Er**-doped Tl3PbBrs; NCs, which displays
faceted spheroidal shape with = 29 nm particle diameter. The EDS analysis
shows the incorporation of Erd* into the NCs. However, the amount of erbium
was too less to be observed quantitatively. A detailed analysis is still needed to

analyse the doping amount.

7.3 Conclusion

We have synthesised Er®*- doped Tl3PbBr; NCs by a colloidal route. NCs were
optically characterised to observe the emission from Er**. PL measurements
showed the broad band emission in near IR spectral region, which suggested
the doping of Er®* into the NCs. TEM EDS also showed a low intensity erbium
peak. However, further work is still required in this project, which is the part of

future research in Halpert Group.
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