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Abstract

Direct bandgap metal lead halide perovskites offer promising optoelectronic properties de-
sirable in a wide range of applications including photodetection. However, the incomplete
and poor understanding of the photophysical processes taking place in these materials,
along with their poor stability, is the bottleneck for optimisation and further development
of metal halide perovskite devices. In this work, we study all-inorganic CsPbBrj perovkite
nanowires embedded in anodized aluminium oxide (AAO) template where samples with
templates of different pore sizes, ranging from 30 - 360 nm, are optically characterised
with photoluminescence spectroscopic techniques. Steady-state photoluminescence spec-
troscopy reveals a blue-shift in the emission wavelength with decreasing nanowire diameter
beyond quantum confinement. The origin of such an effect remains ambiguous, however,
the shift in wavelength is attributed to possible strain effects induced by the AAO ma-
trix on the lattice structure of the nanowires. Time-correlated single photon counting
unveils different charge carrier dynamics for smaller nanowire diameter, 30-170 nm, and
larger nanowire diameter 250 - 360 nm samples. Here the longer charge carrier decay
times of samples with smaller nanowire diameter suggest a trap-mediated radiative decay

dynamics.



Popular Science

With the current digitisation and increasing living standards across the globe, the global
electricity consumption is rapidly increasing. It is to no surprise that scientists from
all over the world are constantly searching for more efficient energy solutions through
explorations of new materials. For the last two decades, the material that holds the
crown for the future saviour of the world is a perovskite crystal.

It is of course no ordinary crystal like that you find on a fancy engagement ring or in
a box of salt. It is a crystal prepared in a lab where scientists are like chefs that can
cook up countless different perovskite crystals with great amount of freedom from various
elements of the periodic table. This almost magical crystal has excellent properties for
solar cells, LED lamps, electronics and detectors of visible light or X-rays (which you take
when you break a leg). The wide range of applications where perovkites are predicted to
succeed even on the industrial market is given by the malleable character of the possible
element composition and its semiconducting nature. But what does it mean to be a
semiconductor?

It simply means that the material only conducts electricity sometimes and in a controllable
manner. You can imagine the electronic structure of a semiconductor as two shelves above
each other. The bottom shelf is full of billiard balls while the top is completely empty.
The billiard balls in the bottom shelf sit so tightly that there can be no motion. Imagine
now that the billiard balls are electrons and that the only way to move an electron from
the bottom to the top shelf is by giving it an extra energy, let’s say in the form of light.
When a semiconductor receives this extra energy, its electrons jump from the bottom to
the top shelf where the electrons can move freely and conduct electricity. After a while the
electrons can fall back down to the bottom shelf but at the same time they need to give
off the extra energy that got them up in the first place. One way to get rid off this energy

is to covert it back to the form of light which has the same energy as, approximately, the
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gap between these two shelves. The process of a semiconductor emitting light is called
photoluminescence. The studies of the light emitted by the semiconductor can therefore
reveal information about the material’s electronic structure.

Now coming back to perovskites and their outstanding properties, even more attractive
characteristics are seen for small perovskite rods which are 500 times thinner than human
hair. We call these rods nanowires. To make the perovskite nanowires, we can use a
template covered with many pores and let the nanowires grow in the pores. Given the
unstable nature of perovskites, the template can act as a physical protection of the crystals
as well. This work focuses exactly on these thin nanowires of a particular perovskite,
cesium lead bromide (CsPbBr3), grown inside different templates with varying pore sizes.
The electronic structure of the samples with different nanowire diameters was studied by
shining a laser on the sample and analysing the photoluminescence light coming out of the
sample. Our photoluminescence study clarifies the dependence of the electronic structure
of the perovskite crystal on the diameter size and investigates an ideal pore size for the
application of the material in a future detector for X-rays. So who knows, maybe one
day you will be leaving the hospital with an X-ray image made with a perovkite-based

detector!
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Acronyms and Abbreviations

0,1,2,3D 0,1,2,3 dimensional

AAO Anodized aluminium oxide

APD Avalanche photodiode

CB  Conduction band

CCD Charge-coupled device

CMOS Complementary metal-oxide semiconductor
DMSO dimethylsulfoxide

FWHM Full width at half maximum
MHP Metal halide perovkite

LED Light emitting diode

LP Long pass

NW Nanowire

OD  Optical density

PMT Photomultiplier tube

PL  Photoluminescence

PLQY Photoluminescence quantum yield
QD  Quantum dot

SHR Shockley-Read-Hall
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TCSPC Time correlated single photon counting
VB  Valance band

XRD X-ray powder diffraction
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Chapter 1

Introduction

With the constant need for alternative energy
sources and perpetual search for improved and more
efficient optoelectronics and electronics in general,
metal halide perovskites (MHP) have been exten-
sively researched in the past decade for their rare
and promising properties. Such properties include
high absorption coefficient in the visible range of the
electromagnetic spectrum, easily tunable bandgap,
high photoluminescence quantum yield (PLQY),
high defect tolerance and even self-healing proper-
ties.

The name perovskites refers to a family of crys-
talline materials of the form ABXj3; which were
first discovered in the form of CaTiO3 by a Prus-
sian mineralogist Gustav Rose in 1839 and were
(counter-intuitively) named after a Russian mineral-
ogist Count Lev A. Perovskiy [25]. The perovskites
studied nowadays for their photovoltaic and elec-
tronic applications are MHPs which have a very dif-
ferent composition, containing Pb, halides and or-
ganic molecules or Cs. However, their crystal struc-

ture remains the same. Perovkite crystal structure

Figure 1.1: (a) Unit cell of a per-
ovskite crystal (b) Perovskite lattice
(Figure taken from [23]).

consists of two different cations, A™
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(for example Cs™, methylammonium MA™ or formamidinium FA™) and B™ (Pb*?), and
one anion, X~ ( Cl7, Br~ or I" ). Depending on the halide X chosen, one can tune the
bandgap of the material covering the whole range of visible light. When an ideal cubic
structure is assumed, the bivalent cation B2 has a six-fold coordination and is surrounded
by an octahedron of anions X~ as shown in Fig. a). The larger monovalent cation
AT then fills up the 12-coordinate vacancies formed by BXj3 units. A repeated array of
perovskite unit cells results in a lattice structure shown in Fig. b) [23]. Depending on
the temperature of the environment, the phases of the crystal structure of MHPs’ vary. In
the case of CsPbBrj studied in this work, the stable phase of the crystal structure at low
temperatures and up to 380 K is orthorhombic. This is also the lattice arrangement of
the samples studied in this work. Above 380K and up to approximately 403 K, CsPbBr;
has a tetragonal lattice while above 403 K the lattice transitions to a cubic phase. [32, 36]
Apart from temperature induced changes to the lattice, quantum confinement and other
nanoscale size effects can lead to various rotations or tilting of the lattice which in turn
results in a change in the overlap of the electron wavefunctions implying different optical

properties, for example the bandgap size |30, |3§].

Legend: o defect trap states
O antibonding orbital states

bonding orbital states — T T

Pb (6p)

L ST N P A "
X (3, 4, 5p) ﬂ

Figure 1.2: Electronic structure of a halide perovskite showing the bandgap formation
where X is a halide (Adapted from [23]).

As previously mentioned, one of the peculiar properties of MHPs resulting from their
crystal structure is their tolerance to defects which can be explained by an electronic struc-
ture diagram shown in Fig. [1.2l The edges of the conduction (CB) and valance bands
(VB) are formed by antibonding orbitals; the halide p-orbital and Pb p- and s-orbitals,

respectively [23]. The most common point defects create states that are contained within
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the bands or near the band edges, however, theoretically never in the bandgap as in the
case of traditional ITI-V semiconductors. The tolerance towards defects results in lower
rate of non-radiative recombination which in turn results in a high PLQY which is one
of the most crucial requirements for, for example, effective light emitting diodes (LEDs),

lasers and photodetectors such as scintillation detectors.

Depending on the desired application of perovskites, one has to tune their chemical
composition. And as the character of the perovskite crystal structure is very flexible,
there is a large pallet of different element combinations to choose from. For example, solar
cells and LEDs show higher efficiencies with organic halide perovskites, containing MA™
and FA™ ions. While one of the most promising lead halide perovskites for scintillating
applications in photodetectors is an all-inorganic CsPbBrjz halide perovskite which is also
the focus of this work. Compared with traditional scintillators, such as organic and
oxide scintillators, CsPbBr3 could offer low-cost production as it is easily produced at
low temperatures via solution processing as well as low detection limit for radiation and

higher resolution via the employment of nanostructures.

_ - Memory
Light emitting =
diodes
2D layered Nanorods
structures
HH
111 O* O Nanowires
A Thin /
films _
Solar cells o Q Quantum
dots
Nanoplatelets | asers

Nanocrystals
D]

Photodetectors

Figure 1.3: The large pallet of element combinations forming perovskites leads to a great
variety of applications including solar cells, LEDs, photodetectors and more.
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In recent years, the applications of 3-dimensional (3D) CsPbBrj across 2-dimensional
(2D) polycrystalline thin films and up to 0-dimensional (0D) nanocrystals for photode-
tectors have been studied. Note that the dimensionality mentioned refers to the number
of dimensions in which a particular structure exceeds the nanoscale. Additionally, even
quantum confined CsPbBr3 in the form of a multilayered 2D system (now referring to the
number of dimensions in which charge carriers can travel freely) has been explored and
demonstrated a strong sensitivity towards polarization of light which is of merit in the

fields of communication and security [37].

A number of interesting and advantageous properties has also been observed for 0D and
1D nanoscale perovkites. Higher dimensional polycrystalline thin films, in general, consist
of a number of grains which can cause degradation of the material as a high tendency
of charge recombination at such sites is observed [21]|. Furthermore, perovskite polycrys-
talline thin films exhibit high mobile ionic defects which negatively affect their optical and
electronic properties, e.g cause hysteresis in I-V characteristics as the defects can easily
migrate under an applied bias. On the other hand, low dimensional perovskites demon-
strate superior properties due to quantum confinement effects and higher crystallinity.
As a result, perovskite quantum dots (QD), nanocrystals, nanorods and nanowires (NWs)
possess wider bandgap with the possibility of effortless tunability and above all a higher
PLQY. The increase in PLQY compared to higher dimensional perovkites is unexpected
as low dimensional structures have higher surface to volume ratio which implies a higher
probability of surface defect related non-radiative recombination to occur. Moreover,
low dimensional perovskite structures prove to have fewer ionic defects as well as grain
boundaries which consequently implies improved charge carrier mobility. However, charge
carrier transport properties still remain favourable in thin film perovskites as charges in
low dimensional perovskites have to overcome many potential barriers as they travel.

[21], 22]

Among properties of such a high merit in optoelectronic and electronic fields, even low
dimensional perovskites suffer from poor intrinsic stability caused by the nature of their
crystal structure and poor extrinsic stability under external environmental conditions such

as humidity, air, high temperature and electromagnetic radiation. Perovskite long-term
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instability has been tackled by two main approaches so far; chemical and physical protec-
tion approach , . While the chemical approach naturally focuses on understanding
and manipulating the chemical processes underlying the decomposition of perovskites ,
, the idea behind the physical approach is to give an additional physical protection to
the perovskite by the means of, for example, encapsulation or the application of a pho-
tocurable polymer layer on the top of the perovkite’s surface , . One such a physical
protection approach is the growth of perovskite nanowires in porous templates such as
anodized aluminium oxide (AAO) [17, [35, [38]. The AAO template not only provides
increased physical and mechanical stability of the embedded soft perovskite but also a

fine control over the nanowires’ dimensions and their crystal structure.

54800 10.0k\/ )(.220k

Figure 1.4: An example of AAO template used for growing (a) 30 nm diameter (b) 360
nm diameter nanowires where the diameters of some of the pores are indicated (Credits
to Zhaojun Zhang).

In this work, samples of CsPbBr3 NWs grown in AAO template with varying NW
diameter from 30 to 360 nm (D30-D360), defined by the AAO pore size, are optically
characterised using steady-state and time-resolved photoluminescence measurement tech-
niques. Such characterisation is done with the aim of understanding the photophysical
processes taking place in such a material and identifying the most suitable NW diameter
for a future X-ray scintillating detector application. Examples of scanning electron micro-
scope (SEM, see Appendix A for more information) images of two of the AAO templates
used in the experiments for the purpose of this thesis are shown in Fig. [I.4] for a better

picture.



Chapter 2

Scientific Background

2.1 Scintillation Detectors for X-rays

The main components of a scintillation detector are a scintillation material, an optical
detection system and data acquisition electronics. The scintillation material converts an
X-ray into a visible light photon which is detected by an optical detection system. Here
the photon is transformed into an electric signal which is collected, analysed and digi-
tised by the data acquisition system. The detection system can be based on a variety of
different technologies, for example, complementary metal-oxide-semiconductor (CMOS)
technology, thin film transistors (TFTs) or on a simpler photomultiplier tube (PMT) or
a photodiode [10]. A general schematic of the working principle of the detector is illus-
trated in Fig. 2.2 The further discussion in this section will focus on the physics of the
scintillation itself, however, one can find more information on the different types of optical

detection systems and data acquisition in [8, (10 |12].

Optical
detection
system

Data
Aquisition

Scintillator

Figure 2.1: A general path of a scintillation detector system.
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When a high energy X-ray photon with energy h f; impacts the scintillator, the photo-
electric effect, Compton scattering and pair production occur resulting in many electron-
hole (e-h) pairs generated in the scintillator. The contribution of each of the three pro-
cesses depends on the X-ray energy hf;. If a low energy X-ray (below 100 keV) strikes the
scintillator, photoelectric absorption is the dominant effect. In this case, photoelectrons
are generated upon the photon absorption which subsequently excite atomic electrons
from the VB to the CB via impact ionisation giving rise to e-h pairs. On the other hand,
Compton scattering is favoured for medium range energies around 1 MeV as only part of
the photon energy can contribute to the e-h pair generation. At energies above 1 MeV,
pair production has the highest cross-section. In general, the average amount of e-h pairs
generated is around 1000 per event, however, it is strongly dependent on the ionisation
energy hfi. It should be noted that photoelectric absorption is usually assumed to be the
main source of e-h pairs as the cross-sections of Compton scattering and pair production

are very low for the usual X-ray energies used in research and most of the applications.

o —>

CB| ¢ -9
hf ; e
’ v 3
1 1
: ! +x:53
VB N h* n* n* ! ! : hf,
: :
1 1

conversion, migration | luminescence

Figure 2.2: An overview of scintillation and its three main sub-processes.
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After e-h pairs are generated, the electrons and holes migrate through the CB and the
VB, respectively, until reaching a luminescence centre. Here, both the electrons and holes
are trapped and their recombination leads to emission of a photon with energy hf; where
hfs < hfi. Depending on the ionisation energy hf; of the X-rays, the scintillator emits
a particular number of photons which generate an electric signal of a certain magnitude.
Thus one has a direct link between the amount of radiation detected and an electronic

signal. |8} |12} 31]

An example of how one can compare the performance of a scintillating material is
shown in Fig. 2.3} The scintillation data was obtained from a different batch of the same
kind of samples as those studied in this work. The plot of the emitted scintillation intensity
versus emission wavelength shows that the intensity of the visible light photons emitted
by the scintillating CsPbBrs (h fs from the previous discussion) is higher for samples with
smaller NW diameter. In the end of this thesis, we will hopefully be able to confirm or

challenge this result for the new batch of the samples studied here.

5500 _ I 30 nm-50um

1 —— 90 nm-50 um
5000 H 170 nm-50um
4500 — 250 nm-50 um
4000 - 360nm-50um

Intensity (a.u.)

Wavelength (nm)

Figure 2.3: Results of the first scintillation test of a different batch of the same samples
done by Zhaojun Zhang.
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2.1.1 Key Parameters

Based on the physics of scintillation, one can define key characteristics of an ideal scin-
tillator. One of the most crucial variables is the response-decay time defined as the time
taken to convert an X-ray photon into visible light photons. The response-decay time is
mainly affected by the migration and luminescence sub-processes of scintillation as con-
version of X-ray into an optical excitation occurs almost instantaneously. The response
time of a material is characterised by the time taken for the migration to occur. While the
decay is determined by the time taken for the excited carriers to recombine and give off
luminescence. The decay time can be extracted from a single exponential decay of the lu-
minescence intensity which is also the simplest description of a decay. The mathematical

expression for such a decay is,

I(t) = e ™, (2.1)

where [ is the initial intensity and 7 describes the material’s decay kinetics.

It is important to note that luminescence decays are not always described by a single
exponential and can involve more complicated multi-exponential description, where sam-
ples demonstrate multiple decay times due to local quenching, non uniform composition
or multiple recombination processes involved |7]. In such decay kinetics, a charge carrier
concentration dependence of the decay time is observed. For an ideal scintillator, a decay

time as short as possible is desired.

A second fundamental property of a scintillator is the conversion efficiency n defined

as,
o 5@, N
vis BEg vis E’

n= (2.2)

where E,;s is the energy of generated visible light photons, E, is the bandgap of the
scintillator, 8 is a constant, S and () are the quantum efficiencies of the transport and
luminescence sub-processes and F is the energy of the interacting X-ray photon and Ny,
is the number of visible photons produced by an X-ray of a certain energy F.

The variable N, is directly connected to another parameter; the light yield of a scintilla-
tor. The light yield quantifies the actual number of photons detected by the electronics.
Due to unavoidable dead times of photodetectors, however, the light yield never exceeds

the value of N,
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For as many X-ray photons to be detected by the scintillator, a high stopping power, i.e.
the ability to block, is required. If only photoelectric absorption is considered as the main
e-h pair generator, the stopping power is directly proportional to the material density
and effective atomic number Zqg, ~ pZeg. Therefore denser materials such as CsPbBrj

are selected for X-ray detection. [8, 31|

2.2 Electronic Transitions in Semiconductors

Upon the excitation of a semiconductor by the means of, e.g X-rays or visible light pho-
tons of energy E > E,, the electrons are excited from the VB to the CB giving rise to
photogenerated charge carriers. Depending on the nature of the material’s structure and
dimensionality, one can distinguish between two limiting types of generated photocarri-
ers; free carriers and electrostatically bound e-h pairs referred to as excitons. In the case
of traditional inorganic bulk semiconductors, such as III-V semiconductors, the majority
of the photocarriers are free charge carriers. This is a consequence of very low exciton
binding energies ranging from 0.6 - 6 meV at room temperature for typical III-V semi-
conductors such as GaAs, InSb, InAs and InP |2, 4, [18]. These binding energies are
significantly lower than the thermal energy of the semiconductor system kgT (~ 25 meV)
therefore the existence of excitons under room temperature conditions is inconceivable.
For any observations of excitons in this type of semiconductors, one would have to cool

down the material to temperatures as low as tens of Kelvins [29).

After photogeneration, free carriers thermalize at the band edges and undergo three
main recombination processes; radiative bimolecular, nonradiative Auger and Shock-
ley-Read-Hall recombinations as visualised in Fig. a). In bimolecular recombination,
Fig. a) 2), a photon of the energy E, is emitted as a consequence of annihilation of
an electron and a hole. Alternatively excited carriers can recombine nonradiatevily via
Auger recombination Fig. a) 3), where the energy released from the recombination
is transferred to a third carrier, or via Shockley-Read-Hall (SHR), Fig. a) 4) trap-

mediated recombination. |6, [29]

10
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On the other hand, organic semiconductors as well as inorganic semiconductor 0D
structures such as QDs exhibit excitonic nature of the photogenerated carriers which
results in highly preferred radiative recombination. Moreover, as the size of a bulk 3D
inorganic semiconductor is decreased in all three dimensions and QD is realised, quantum
confinement effects impact the bandgap energy. The bandgap energy in such a system is
then larger than in a bulk form, as depicted in Fig. a), and increases with decreasing
size of the QD as r% [11]. The effects of quantum confinement on the bandgap can only
occur if one of the materials dimensions is smaller than the Bohr-excition radius of the
particular material, in the case of CsPbBr3 ~ 7.5 nm [20|. Thus for structures well above
the quantum confinement regime, as it is the case for all NW samples studied in this

work, no change in emission wavelength is anticipated by quantum mechanics.

1)

-

0D Inorganic semiconductors

. . 3D Inorganic semiconductors
& Organic semiconductors

2) 3) 4) 5)

0D Perovskites 3D Perovskites

(b)

Figure 2.4: A comparison of the transitions in (a) 0D and 3D III-V semiconductors and (b)
0D and 3D perovskites where the recombination processes shown are 1) radiative bound
exciton, 2) bimolecular radiative, 3) Auger, 4) SHR recombinations and 5) radiative bound
exciton recombination in bulk.
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In the case perovskites, it has been suggested that their carriers are a mixture of the
two limiting cases, i.e. free charge carries and excitons coexist, and radiative excitonic
recombination can occur in all dimensions as shown in Fig. b). Such photophysical
effects are a consequence of high Fg, greater than kgT , . The balance between the

two types of carriers can be calculated by a well-known Sara-Langmuir equation,

$.1 (2mpksT\® —ea
1—d0 n\ &2 <

where n¢. and ne,. are the free charge carrier and exciton densities respectively, n is the

) (2.3)

total excitation density (n=nj.+nezc), ¢sc is the fraction of free charges over the total

excitation density (¢, = “*

), 1 is the reduced exciton mass, T is the temperature, Ep is

the exciton binding energy, h is the Planck’s constant and kg is the Boltzmann’s constant.

(114, 29]

Figure 2.5: Visualisation of Saha’s equation at room temperature conditions with photo-
voltaics (PV) and lasing regimes highlighted where the reduced exciton mass used is 0.1
me. (Figure taken from [29]).

The expression is visualised in Fig. [2.5 where the fraction of the free charge carriers
¢y is plotted as a function of the total excitation density of carriers n for different ex-
citon binding energies Fg. The preferred regimes for different applications, such the for
photovoltaics (PV) and lasers are also included in the figure. While the working regime

of photodetectors, not highlighted in the figure, spans a large range between ~ 10* cm ™3

12
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to ~ 10' cm™3 [33]. As the reported, exciton binding energy is around 40 meV for low
dimensional CsPbBr; and the total excited charge carrier density in our experiments is
~ 10%cm ™3, we can assume that around 90% of the photoexcited carriers in our samples

are free charge carriers |29, |33].

While photovoltaic applications favour semiconductors with low Ep (Ep< kgT') where
the photogenerated excitons dissociate spontaneously within a couple of picoseconds and
give rise to free charge carriers, photodetectors and LED’s require quite the opposite for
their optimal functionality. As a result of high Ep, the excitons stay bound for longer
periods of time and in the end recombine radiatively thus giving high PLQY. Even though
the nature of the dominant photogenerated carriers in MHPs is uncertain, demonstrated
by the wide range of Ez obtained so far, it has been shown that low dimensional MHPs
show superior properties, namely an increased PLQY. Such an enhancement is the after-
math of quantum and dielectric confinements where due to the increased Ep, radiative

recombination is preferred [29].

2.3 Photoluminescence

Having discussed the working principles of scintillating materials and their possible elec-
tronic transitions, we will now turn to the technique and the phenomenon which can help
us optically characterise such materials. This phenomenon is photoluminescence (PL). In
general, PL describes an emission of light from a substance where photos are the source

of excitation energy.

PL consists of multiple physical processes which can be collectively described by a
band diagram in Fig. 2.6l The initial step of photoluminscence is the absorption of a
photon which leads to an excitation of the material’s electrons from a state in the VB
to a state in the CB. Before emission occurs, the excited electrons and holes rapidly and
nonradiatively relax to the lowest excited state via thermalisation. From the diagram,
one can notice that the energy of the emitted photons is lower than the energy absorbed
by the material. This effect was first described by Sir George Stokes in 1852 and in his

honour the effect is now named Stokes shift. The red shift in emission is caused by thermal

13



CHAPTER 2. SCIENTIFIC BACKGROUND K. Novakova

relaxation to the lowest exited state and as well as due to internal effects of the material
(e.g. energy transfer). A second universal theorem of PL is Kasha’s rule which states

that the emission spectra are generally independent of the excitation wavelength. |7, |11]

\
v Thermal
\\ relaxation

\

CB 1
hf,
ANND AP Ko
L . Nonradiative
Excitation Photoluminescence decay
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{O \ 4
4
,/ Thermal

d relaxation

Figure 2.6: Photoluminescence and the two main subgroups of decay mechanisms; radia-
tive and nonradiative.

Even though the initial interaction of a scintillating material with X-rays is different
than the one with a lower energy photon as outlined above, the final desired outcome of
the X-ray excitation process in a scintillator is a photon which is emitted as immediately
as possible. If therefore one wants to study the decay time of the excited charge carriers
in a scintillating material, a traditional PL spectroscopy using a laser for the excitation

can be used.

As mentioned, a key property of photoluminescent materials which can unravel the
nature of photogenerated carriers as well as possible carrier recombination processes is the
decay 7 which is defined as the average amount of time a material remains in an excited
state after excitation. The decay of an excited carrier population in its simplest form can
be described by a single exponential decay curve of the PL intensity as per Eq. .
However, such description is not appropriate for the case of our MHP samples. In our

case, the decay can be approximated by the following multi-exponential function,

I(t) = e +ase™ + +aze, (2.4)

14



CHAPTER 2. SCIENTIFIC BACKGROUND K. Novakova

where aq, ap and a3 are the decay amplitudes which give the weight of each decay time,
and 71 and 7, are the material’s decays. The average decay time, (1) is then computed

by performing a weighted average as,

1T + QeTy + Q3T3
(t) = ) (2.5)

a1+ ag + ag
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Chapter 3

Method

3.1 Sample Preparation

CsPbBr; nanowires were grown in a 50 pm thin anodized aluminium oxide (AAO) tem-
plates with an opening on both ends from Shenzhen Topmembranes Technology Co., Ltd.

The diameter of the nanowires was determined by the pore size; ranging from 30 to 360

nm (D30-D360).

AAO
. template
, N Silicon oxide
< substrate
15 pl
70°C
| I
O TS |
1. Application of precursor 2. Heating

Figure 3.1: The main steps in the sample preparation procedure.

Before introducing the precursor to the templates, the templates were treated with 1
minute oxygen plasma to improve the surface quality and thus ensuring smooth filling
of the pores with the precursor. The precursor used in this case was dimethylsulfoxide
(DMSO) containing dissolved CsBr and PbBry compounds. The optimal concentration of
the precursor used was 0.45 M which is also the maximum concentration at which CsBr

and PbBry compounds are still solvable in DMSO. 15 pul of the precursor was injected
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on a silicon oxide substrate which followed by the application of the AAO template.
The precursor then infiltrated the pores of the template driven by the action of capillary
forces. In the second step, the sample was placed on a hot plate, heated to 70°C, for 30-45
minutes. As a result, radiation and air stable CsPbBrs samples were obtained. Examples

of cross-section images of D30 nad D360 samples taken with SEM by Zhaojun Zhang are
displayed in Fig.

|

| |
| i 6
i {5
! H {
| {1}
| N1 |
L 1
= i LB

SUB000 5.0kV 6.6mm x5.00k SE(UL)

1

m x5.00k SE(UL)

Figure 3.2: Images taken with SEM of (a) 30 nm and (b) 360 nm diameter samples made
by Zhaojun Zhang.

3.2 Steady-state Photoluminescence

Set-up

The spectral measurements of the samples were obtained with PL steady-state technique.
The key component of PL spectroscopy setup is a epi-fluorescence microscope. As illus-
trated in Fig. [3.3] the main function of the microscope is the illumination of a sample
with a selected range of wavelengths or a specific wavelength and subsequent separation
of the excitation light from much fainter PL. Such a functionality is possible due to the
presence of an optical block; consisting of an excitation clean-up filter, dichroic mirror and
an emission long pass (LP) filter, referred to collectively as a cube. An epi-fluorescence
microscope usually has a number of such cubes which are suitable for different exper-
imental needs (different excitation and emission wavelengths etc.) and which one can
switch between. The clean-up filter selects a band of excitation wavelengths or a single

wavelength of the incoming light from the light source, laser in our case. The dichroic
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mirror then reflects the selected excitation light towards the sample which is subsequently

excited and gives of PL.

Time-resolved PL

Stop signal TCSPC Start signal
P Sid »| PicoQuant [« g Laser
unit source
Detection box
APD 5

sample —— —J
Hybrid \ objective ||
detector lens O p -

40x efocusing

clean up lens
filter
1 |
dichroic laser
mirror 485 nm
Emission box |
shutter
———— :
pinhole ™ =  maghnification lens long pass aperture ":;Lt:efl
sl filter < tube 0D1-0D4
| lens
ccb \ “ /mirror
beamsplitter |
P
505 nm
diffra(_:tion Filter long pass eyepiece
grating wheel filter
0OD2-0D6

<z

Figure 3.3: A schematic of the optics setup used for the PL steady-state (From Excitation
box up to Emission box) and the time-resolved measurements (From Excitation box up

to TCSPC unit).

The emitted light then passes through the dichroic mirror while the laser is reflected
back towards the incoming path. To ensure that the laser does not reach the selected
detector, a LP emission filter, which only allows light above a certain wavelength to pass
through, is put in place. The parameters of the particular cube used during our experi-

ments can be found in Appendix B.

The fully electronically controlled optical set-up, shown in Fig. [3.3] was used for
both steady-state and time-resolved measurements. One can divide the set-up into four
parts correlated to the main steps in the PL spectroscopy technique; excitation box, the
epi-fluorescence microscope itself, emission box and detection box (solely used for time-
resolved PL). Before the light emitted from a laser source reaches the microscope, it passes

through one of the four neutral optical density filers attached on a filter wheel located in
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the excitation box which allows for a control over the amount of excitation power density
reaching the sample. Optical density (OD), also referred to as absorbance, is defined as
a measure of transmittance through an optical medium, with the following mathematical
definition

1o

OD = —109107, (31)

where [ is the intensity of the incident light on the medium and I is the intensity of the
transmitted light . To establish some intuition, OD3 filter attenuates the optical power
density of the light source by a factor of 1000 while OD?2 filter by a factor of 100.

The laser then travels through a defocusing lens

and aperture both of which control the size of 1st order diffraction

the excitation spot on the sample. Continuing

through the setup, the laser passes through the

microscope, excites the sample and PL is emit- PL

ted. To view the PL, one can choose to view the 0™ order diffraction

PL directly with the eyepiece or on a computer

screen utilising a charge-coupled device (CCD) Diffraction grating

by switching a mirror in the microscope. When  ~sp gereen

the CCD is selected for the PL detection, the
Figure 3.4: A schematics of the diffrac-

tion occuring when a diffraction grating
a slit, additional 505 nm LP filter to avoid laser is inserted into the PLs path.

PL enters the emission box and passes through

leakage (due to an imperfect transmission pro-

file of the LP filter in the microscope’s cube), a 2x magnification lens and a emission
filter wheel (containing OD2, OD3, OD4 and OD6 filters) before reaching the CCD. The
objective and magnification lenses give a total magnification of 80 while the CCD has
resolution of 1.6 pm limited to its chip size. Thus the sample features which can still be
resolved in a PL image are limited spatially to 0.2 pm range. To switch from a micro-
scopic to a spectral measurement regime, one simply electronically inserts the diffraction
grating in front of the CCD and limits the PL detected by closing the metal slit to allow
for diffraction of the PL as shown in Fig. 3.4
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Experimental Procedure

As the previously reported PL emission of CsPbBrs was around 520 nm ,
therefore the excitation light chosen in this case was a 485 nm pulsed diode laser with
repetition rate range 100 Hz - 80 MHz, a 150 - 200 ps pulse duration and power up
to 3.6 mW. The emission spectra of all samples from both top and cross-section were
systematically obtained. It is worth noting that during the cross-section readings the
sample had to be attentively placed on a homemade aluminium-glass sample holder.
The two geometries are illustrated in Fig. [3.5] For every measurement, a PL image
of the selected sample area and an image of the diffraction patter (PL spectrum) was
recorded. Where needed, a bright field transmission image of the sample was recorded.
The obtained data was then analysed with image processing program Image J and python

script attached in Appendix E. All peaks were fitted with Gaussian curves.

Sample
Sample Al plates
Glass plate\‘ Sample stage Glass plate
LTI / N pd
g Laser Laser
a) Top measurement b) Cross-section measurement
geometry geometry

Figure 3.5: The two measurement geometries set up for both steady-state and time-
resolved PL.

Additionally, neutral OD filters on excitation and emission filter wheels were used to
adjust the excitation or emission power densities of the laser and emitted PL. The adjust-
ments of excitation and emission filters were done mainly to prevent the damage of the
detector and to undertake power dependent measurements. When measuring the power
dependence of excitation light on the emission wavelength, the OD of the excitation filter
was decreased from OD4 to OD1 and emission filter was adapted in order to prevent the
detector from oversaturating. Lastly, it is important to note that all measurements were

repeated to ensure that a general instability nature of perovskites did not affect the results.
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3.3 Time-resolved Photoluminescence

Set-up

The time-resolved PL measurements were done using time correlated single photon count-
ing (TCSPC) technique. The same set-up as for steady-state PL measurement was used
with the addition of a TCSPC PicoQuant hardware and the beam splitter switched to
the position in front of the CCD detector and thus letting 50 % of the emitted PL pass
towards the avalanche photodiode (APD) / hybrid detector and 50 % transmit to the
CCD. The hybrid detector used in this set-up was a PicoQuant PMA hybrid detector and
the APD was a PDM series photon counting detector. The response time of the hybrid
detector was under 130 ps while for the APD it was less than 50 ps.

TCSPC is a highly sensitive technique which allows for the measurement of the decay
of the excited charge carrier population in the sample material. The high sensitivity is
achieved by the detection of a single photon per an exiting laser pulse. In a typical TC-
SPC measurement, the sample is excited with a pulsed laser, here a 485 nm pulsed diode
laser with a repetition rate range 100 Hz - 80MHz, a 150 - 200 ps pulse duration and

power up to 3.6 mW was used (same laser as for the steady-state PL measurement).

laser m /\

flucrescence photon

— —
start-stop-time 1 start-stop-time 2 !

@ 34ns @ 4,7 ns

Figure 3.6: An illustration of the start-stop mechanism in TCSPC (Figure taken from
[15]).

When the laser is switched on, it gives a start signal to the TCSPC unit, blue pulse in Fig.
3.6 The laser pulse then travels towards the sample passing a shutter and a motorised
excitation filter wheel. Upon the laser arrival, excited sample emits PL photons which
propagate towards the APD or a hybrid detector via a motorised emission filter and a

beam splitter. Once a PL photon is detected by the APD /hybrid detector, a stop signal,
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red photon in Fig. [3.6] is passed to the TCSPC unit and the rest of the photons coming
from the same excitation pulse is not detected. The detected event (start-stop) is stored
in a specific channel of the electronics of the TCSPC unit depending on the delay time as
shown in Fig. [3.7] This process is repeated over a selected amount of accumulation time

until a histogram of detected photons in different channels is obtained. |15} |16]

Exc. Pulse Optical Waveform Photon distribution
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Figure 3.7: Evolution of the photon counts leading to a histogram of accumulated photon
signals (Figure taken from [16]).
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Experimental Procedure

Decay measurements of each sample from the top and cross-section of the sample were
measured either with the APD or the hybrid detector, depending on the aim of the ex-
periment. In case of measuring the decay from a specific sample spot, the APD was used
due to its smaller detection area where the most sensitive area could be correlated to a
single pixel coordinate on the CCD. Any direction from this coordinate the sensitivity
dropped within 7 pixels by a factor of 10? , however the APD was still able to detect any
signal hitting its detection area with 1 pum radius. When an average decay of the whole
illuminated sample area was the main interest, a hybrid detector with a detection area

radius 3 mm was used.

For the power dependent decay measurements, the excitation and emission filters were
used in an manner identical to the spectral measurements. Both measurements from the
top of the sample and the cross-section entailed a PL image of the selected sample area
and a decay curve obtained with PicoQuant software which had to be analysed and plotted
using a python script attached in Appendix E. Since the instrument response function of
the set-up at the excitation frequencies used was insignificant with respect to the decay
times measured (~ 200 ps), a usual deconvolution procedure of the obtained decay curves
could be skipped. The decay curves were thus fitted with Eq. with a previously

mentioned python script.
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3.4 Calibration of the Set-up

In order to understand the PL spectra obtained, one had to first proceed with a calibration
of the CCD camera for the conversion between pixels and nanometers to be possible. For
this purpose, light from an ordinary fluorescent tube lamp was used. The spectrum of
the fluorescent lamp from the lab can be seen in Fig. a). In order to obtain as large
detection range as possible, a cube with a 405 nm LP filter, lowest filter available in the
lab, was used. Knowing the main emission lines of mercury, europium and terbium in the
visible light range and measuring the centre peak values in pixels using an image processing
program ImageJ, one could obtain the conversion factor for this set-up. This was done by
simply plotting the emission wavelength of the prominent peaks (See Appendix D) found
from literature [41] versus the peak centre values in pixels and subsequently fitting the

data with a linear regression method. The factor was obtained to be
AXN/Ap =2.0848 £ 0.0103 nm/pixel.

A rounded value of 2.085 was then used for the conversion between pixels and nanometers
in the data analysis of the PL spectral data. This value also determined the spectral

resolution of the set-up.
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Figure 3.8: (a) The spectrum of the fluorescent lamp used for calibration, where the
identified peaks are numbered according to [41] (See Appendix D to identify each peak).
(b) Fitting of the data obtained from the spectrum.
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Results and Discussion

4.1 PL Emission Spectra

4.1.1 Dependence of Emission Wavelength on Pore Diameter
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Figure 4.1: The emission spectra of samples with diameter ranging from 30 to 360 nm
measured with 1.4 W /cm? excitation power density and 80 MHz repetition rate from the
(a) top and (b) cross-section .

As previously reported among others by Oksenberg et al. [30] and Zhang et al. [3§],
one generally observes a blue-shift in emission wavelength as CsPbBrs NW structures
advance towards a smaller diameter. An analogous trend has been observed here with
the emission wavelength varying between 524 - 532 nm when increasing the size of the
diameter from 30 to 360 nm as shown in Fig. .1l The exact values, including the full
width at half maximum (FWHM), obtained in first approximation by Gaussian peak
fitting of the spectra can be found in Table 4.1 When looking at the recorded spectral
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peaks in Fig. [£.1] one can notice the only tenths of nanometers difference between samples
with 30-170 nm diameter, where the emission from the top even suggests the D90 sample
to have the most energetic emission. Such minuscule emission shifts are observed from
both the top and the cross-section of the sample. One of the possible reasons could be the
in-homogeneity of the samples and poor crystal quality as emission wavelengths obtained
generally showed variation when looking at different parts of the sample. This argument
can be further supported by visible size and shape diameter variations within the samples
and a general quality variation observed with SEM by my colleague Zhaojun Zhang, shown
in Fig[l.4in the Introduction chapter. Moreover, a broadening of the emission peaks with
increasing diameter was observed for both geometries measured, hinting possibly a more

regular structure of the smaller diameter wires.

Table 4.1: Summary of the exact central wavelengths and peak FWHM obtained from
the cross section( A\, and FWHM,,) and top (Aiop F'W H M,,,) of the samples.

Sample D [nm| A, [nm| FWHM,, [nm| Mgp[nm]| FWHM,,, [nm]
30 524.5 21.8 524.9 20.3
90 526.3 23.0 524.1 20.3
170 526.6 23.1 528.5 23.6
250 531.1 25.2 530.4 25.2
360 531.6 24.6 531.1 25.2

Looking at the PL spectra in in more detail, one can notice the appearance of
a red-shifted shoulder of the larger diameter peaks, D250 and D360 samples, which is
more apparent for the PL measurements performed from the top of the samples. Such
a red-shifted shoulder can be a result of various additional processes. One explanation
could be an emergence of an extra transition occurring with the band-band transition thus
indicating an existence of an additional state. An alternative approach would argue for
reabsorption which has been observed for direct bandgap and high quality semiconduc-
tors like perovskites [28]. However, to make any conclusions of this observation, further

investigations and measurements on more samples would have to be done.
Before considering any possible physical explanations of the emission wavelength blue-

shift with increasing nanowire diameter of the samples, our centre peak values should be

put into perspective. The emission wavelengths observed for our samples were generally
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Figure 4.2: Comparison of the PL emission of different CsPbBrj structures, including QDs
[34], triangular NWs [30], single circular nanowires pulled out from our AAO template,
thin films |19} 40] and a bulk single crystal |32] to the samples studied here (AAO samples).

longer compared to horizontally laying NWs and even single bulk crystal measured under
similar conditions as shown in the plot in Fig. The emission from our samples showed
a similar range of wavelengths as that of thin films with a thickness of less than 1 pym |19,
40]. Further, the emission of QDs ranging from 3.9 to 6.3 nm in size confirms a more en-
ergetic emission compared to our samples due to quantum confinement. This also results
in more apparent blue-shift with decreasing size for the QDs. It is important to highlight
that the circular NW which has a peak centre position around 517 nm represents an av-
erage value of three NWs which were pulled out from our 250 nm diameter sample and
were measured at exactly the same conditions as the AAO/NW samples. This therefore
strongly suggests that the PL emission of our samples could be affected by the interaction
with the surrounding AAO matrix. The triangular nanowires mentioned here, grown on a
C-plane sapphire substrate, show larger emission blue-shift due to lattice strain compared

to the yet unexplained shifts seen for our AAO/NW samples [30].

The interpretation of the blue-shift of the emission wavelengths for our system can become
very ambiguous. Noting that the Bohr-exciton radius of CsPbBrs is approximately 7.5
nm [20], quantum confinement effects can be in principle ruled out to be the origin of the
size dependent PL observed. Another phenomena which one consults when a variation in

emission of semiconductor nanostructures is observed is the Varshni effect. The Varshni
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effect describes the dependence of a bandgap size on temperature, where for perovskites
one expects a larger bandgap with higher temperature [3|. As stated by Oksenberg et al.
[20], larger NW diameter would imply increased local heating of the nanowire and thus
a blue-shift with increasing NW diameter would be expected. This is, however, not the
case and thus any thermal effects can be ignored to be the cause. Moreover, an X-ray
powder diffraction (XRD) measurement, briefly explained in Appendix A, at room tem-
perature of all samples was performed by my colleague Zhaojun Zhang where all samples
demonstrated an orthorhombic lattice. Therefore a change the PL emission due to the

change of crystal structure could be excluded as well.

A possible explanation for the blue emission shift, could be the
strain exerted on the the crystal lattice as diameter increases. As
mentioned, changes in band gap of CsPbBrs NWs can be observed

due to lattice rotations which cause a tilting of the perovskite oc-

tahedron and in turn alter the electron orbital overlap resulting A
in bandgap modulations [30]. Even though our emission data
shows a similar trend, the NWs studied by Oksenberg et al. |30]
have slightly different geometry and the strain induced by the
substrate is only acting in one dimension while in our case we np

could speak of a radial strain effect instead. Therefore a further

investigation would be necessary for a confirmation of this hy-

pothesis.

An alternative explanation could be the band filling effect, also Figure 4.3: Band fill-
ing as charge carrier
densities ny, and n, in-
Band filling occurs when the electron and hole densities, n. and crease.

known as Moss-Burstein effect, which is outlined in Fig. [4.3]

nyp, increase leading to filling up the near band edge states. As all

fermions must obey the Pauli exclusion principle, this leads to the occupation of higher
states and consequently results in the emission of higher energetic photons with energy
E5 as shown in Fig. [5]. In practise, it would mean that more spatially confined NWs
have higher charge carrier densities which lead to filling up of the lower, near-band-edge
energy states and thus smaller diameter NWs should have more energetic emission. How-

ever, observations of Moss-Burstein effect have not been confirmed on any similar systems
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therefore stain effects seem to be the most plausible cause of the blue-shift in the case of

our samples.
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Figure 4.4: PL emission dependence on the excitation power density measured with 80
MHz repetition rate where the vertical dashed lines indicate the centre position of peaks
at highest power density.

When exploring the power dependence of the emission wavelength, significantly longer
wavelengths were observed with increasing excitation power density as shown in Fig. 4.4}
The power dependent change in emission wavelength was more considerable for samples
with smaller diameters (D30-D170) which is highlighted in Fig. a). However, all
samples exhibited a red-shift at increased excitation power density. A general trend could
not be concluded for the FWHM as a function of excitation power density. As shown in
Fig. b), the behaviour was completely different for samples D30 - D170 and D250 -
D360. Samples with diameter 30-170 nm showed an increase in FWHM with a higher
excitation power density while in the case of samples with 250 nm and 360 nm diameters,
the FWHM was smaller for higher excitation power densities. It should be noted that for
all samples at all excitation power densities, the FWHM values are 5-10 nm larger than

those reported by literature |20} 25| 38| suggesting an overall lower crystal quality.

It should be noted that the results of the power dependence of emission wavelength
could be affected by the distinct light absorption resonances of the NWs with different di-

ameters. As demonstrated by Attu [13] in a theoretical study on InP NWs, the absorption
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Figure 4.5: The emission wavelength (a) and FWHM (b) of the spectral peaks as a
function of filter optical density and excitation power density for all diameters measured
with 80 MHz repetition rate.

mechanisms of NWs can be based on the ratio between the excitation wavelength and NW
diameter. The optimal absorption via so-called nanophotonic resonances occurs when the
NW diameter approaches the excitation wavelength. As the excitation wavelength used
in our measurements was 485 nm, samples with larger diameter should theoretically have
stronger absorption at all excitation powers. Therefore for smaller diameter samples, with
the same logic in mind, this would mean lower absorption which could further imply a
larger difference between emission wavelengths at higher and lower excitation power den-
sities for a particular small diameter sample.

As discussed, the emission wavelength of all samples was red-shifted with increasing power
density. Such a result is very unintuitive as one would expect a blue-shift of the emis-
sion with the increasing excitation power density due to two usual effects; local heating
of samples and band filling. (i) The local heating of the sample which could induce
larger bandgap with increasing temperature (achieved with higher excitation power) as
described by Varshni effect mentioned earlier. (ii) The band filling effect as the charge
carrier densities n. and nj are expected to increase with higher excitation power density.
In both cases one would expect a blue-shift with increasing power density thus neither of

these effects can explain the observations.
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4.1.2 PL Surface Density

To get a sense of the variation of the PL emission intensities of the different samples,
PL images of the samples’ cross-sections were taken and PL surface density was obtained
via image integration. Looking at Fig. [4.6] one can see that the PL surface density is
approximately the same for all samples with variations no greater than a factor of two.
With this simplistic view, one can conclude that the size of the diameter most probably
does not alone affect the crystal quality of the embedded nanowires as the intensity of
the emitted PL is roughly of the same order of magnitude. However, an accurate analysis
of the emitted PL which considers the number of photons absorbed by the material and
the number of photons reaching the material, such as PLQY measurement, is required to

make concrete conclusions.
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Figure 4.6: Photoluminescence surface density measured from the cross-section of the
samples plotted on a log scale where repetition rate of 80 MHz and excitation power
density of 0.0014 W cm? were used for the measurement.
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4.2 Time-resolved PL

4.2.1 Dependence of PL Decay on Pore Diameter and Excitation

power
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Figure 4.7: PL decays of D30-D360 samples measured with a 0.014 W/cm? excitation
power density (low power density regime) acquired for 100s with 500 kHz repetition rate
where (a) shows a large window of the decay curves, (b) shows an enlarged part of the
curves fitted with a multi-exponential function.

The decay measurements were done from a clean cross-section to avoid any interference of
surface impurities, such as surface solids, with the PL from the actual NWs. The decays
of the samples were observed to shorten with increasing NW diameter as presented in Fig.
. When fitting the decay curves with Eq. , three different decay time components,
71, To and 73 with three different amplitudes were obtained for each sample. This data is
collective summarised in Fig. a) together with an average decay value for each sample.
From the figure, it is even more apparent that the decay times are greatly varying between
the small diameter, D30-D170, and the large diameter, D250-D360, samples. To get an
even more concrete picture on the decay time variation, the average decays obtained are
collected in Table [£.2] and further details such as the values of each respective decay

components and their amplitudes can be found in Appendix C.
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Figure 4.8: A scatter plot of the three components of the decay time obtained for all
samples with a highlighted average decay time measured with 500 kHz repetition rate
and (a) 0.014 W/cm? and (b) 1.4 W/cm? excitation power densities.

The dependence of the charge carrier decay kinetics on the excitation power density was
explored by comparing the decays at low and high excitation power densities. The general
decay dependence on the pore diameter remained the same when the excitation power
was increased from 0.014 W/cm? to 1.4 W/cm? by changing from the excitation filter
from OD3 to OD1 as demonstrated by the trend of the decay curves in Fig. 1.9 The
extracted decay times, plotted in Fig. b) show a similar trend as the one seen at
lower excitation power density with a slight lower spread of the decay times between the
samples. Conclusively, the samples with smaller diameter continue to prove to have much

longer decay (3-9 times) even at higher excitation power densities as can be seen from

Table 1.2

Table 4.2: Summary of the decay times obtained by multi-exponential fitting of the curves
in Fig. |4.7] (b) and Fig. 4.9 (b) of all samples measured at low and high power densities
where(r,p) and (rgp) are the average decay times at low and high excitation power
densities, respectively.

Sample D [nm| (7pp)[ns| (7gp)|ns|
30 17.7 12.0
90 18.0 15.1
170 24.3 29.9
250 7.6 4.1
360 1.8 4.8
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Figure 4.9: PL decays of D30-D360 measured with 1.4 W/cm? excitation power density
for 50s with 500 kHz repetition rate where (a) full decay curve (b) enlarged and fitted
part of the curve.

The large difference between the decays of smaller diameter, D30-D170 samples and the
larger diameter, D250-D360, samples suggests a very different charge carrier dynamics
in the two cases. The reasoning for treating the smaller and larger diameter samples as
two separate cases is further supported by the different behaviour of their PL emission
described in the previous section. Our current hypothesis for such a behaviour is based
on a trap-mediated carrier PL of the smaller diameter samples. The anticipated higher
defect density can lead to a trapping-detrapping mechanism where the charge carriers are
prevented from recombining radiatively. The decrease in decay time with higher excita-
tion power density in the D30 and D90 samples then suggests a saturation of the trap
states which as a consequence then have effect on the PL dynamics. Further, the trapping
of charge carriers could be the reason for the slow decay onset of small diameter samples
visible for both high and low excitation power densities. The trapping of the carriers then
corresponds to a sudden change in the gradient of the decay curve, mostly visible in Fig.
4.7 Such an effect can be thus referred to as "delayed" luminescence which causes the

observed seemingly long-lived states.
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Following the results of Oksenberg et al. [30], the origin of the higher density of trap
states could be attributed to a general higher distortion of the crystal structure caused
by larger strain effects due to the confinement of the NWs by the AAO matrix. Such a
distortion could cause a discontinuity of energy bands and thus also affect the PL emis-
sion wavelength. Furthermore, the higher surface to volume ratio of the smaller diameter
samples entails a larger effect of the interaction between the NWs and the AAO template

on the charge dynamics as well as the PL emission.

Lastly, coming back to the question of the nature of charge carriers in perovskites
stated in the scientific background chapter, one can draw a confirmation of the antici-
pated free charge carrier majority. As when a semiconductor with a majority of stable
excitons with Eg > kgT is considered, one does not observe a dependence of its radiative
decay time on the charge carrier densities, i.e excitation power density. As a variation of
decay times is observed for all samples studied here thus free charge carriers present the

majority of carriers upon photoexcitation.
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4.2.2 Bright and Dark Spots on Sample Surface
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Figure 4.10: Comparison of the decay times of dark and bright spots on D30-D170 nm
samples measured with a 4MHz repetition rate and 0.14 W /cm? excitation power density,
(a) PL images with a highlighted spot of TCSPC measurement (b) top: comparison of
decay times for bright and dark spots for D30-D170 samples, bottom: comparison of decay
times of bright and dark spots for D30-D360 samples.

After observing some deviations in the emission spectra taken from the top of the sam-
ples, it was investigated whether dark and bright domains observed represented a quality
gradient of the material or simply indicated the amount of material in the pores. For
each sample, decay measurements with accumulation time of 60s were done for pairs of
neighbouring bright and dark spots to ensure the in-homogeneity of the samples did not
affect the results. As shown in Fig. b) and Fig. b), the slopes of the decay curves
are nearly identical and thus so are the decay times. Therefore, it could be concluded
that the difference in PL emission intensity is caused by different amounts of the CsPbBrs

perovskite in the pores.
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However, it is important to point out that the dark and bright spots possibly represent
nanowire domains rather than single nanowires due to a limited resolution of 200 nm of

the setup.
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Figure 4.11: Comparison of the decay time of dark and bright spots on D250-D360 nm
samples, (a) PL images with a highlighted spot of TCSPC measurement (b) comparison
of decay times for bright and dark spots for D250-D360 samples.
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Chapter 5

Conclusion and Outlook

With the novel approach of employing AAO templates as a physical support for solution-
processed CsPbBrs NWs used for photodetection purposes, further questions arise regard-
ing the optical properties of such NWs. With the help of steady-state and time-resolved
PL techniques, clarifications regarding the type of photocarriers in CsPbBrs, the PL
emission properties as well as charge carrier dynamics could be made. The observation of
blue-shift with decreasing nanowire diameter size was attributed to possible strain effects
on the crystal lattice induced by the AAO matrix. While band-filling was considered as

a second less probable origin.

When looking at the PL surface density, all samples showed very similar brightness
levels with variations of no more than a factor of two. Nevertheless, a comprehensive
PLQY measurement would need to be done to confirm with certainty the prediction of
the approximation. Moreover, as PLQY is one of the crucial quantities for the evalua-
tion material’s scintillation properties, such as the conversion efficiency n, the execution
of such measurement is indeed necessary. The answering of the question regarding the
sample with the utmost suitability for a scintillator, gained complexity with the inclusion
of time-resolved measurement results. The TCSPC measurement revealed abruptly short
decay times for the charge carrier population in the large diameter samples. The varia-
tion between D30-D170 and D250-D360 decay times was as large as a factor of nine. The
significantly longer decay times of D30-D170 samples were hypothesised to correspond
to a trap-mediated PL mechanism. Taking into account both the steady-state and time-

resolved measurements obtained so far, the samples with the larger pore diameter present
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themselves as better candidates for X-ray scintillation detection due to their shorter decay

times.

The majority of the charge carriers in the samples was identified to be free charge
carriers. However, to understand the complete nature of the charge carriers in CsPbBrs,
a temperature dependent steady-state and time-resolved PL would be required to get a
better insight on the photophysics which could aid with drawing a concrete picture. As
free exctions tend to resonate through the lattice of a material while reabsorbing the PL
photon, the PL emission will almost never occur (unless at very low T) and will thus not
be visible in the emission spectra. On the other hand, absorption measurements would
clearly reveal any excitions present in the material.

Lastly, as the samples showed an in-homogenity to a certain extend and taking into
account the given infamous instability of perovskites, investigation of multiple sets of the
samples could improve not only the reliability of the measurements but also give a better

understanding on the decay and emission size related trends.
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Appendix A

Additional Characterisation Techniques

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an imaging characterisation technique which uses
a beam of highly energetic electrons to scan the surface of a conducting sample. As the
wavelength of the electrons is far smaller than that of visible light, features beyond the
nanometer range can be resolved with SEM. A typical SEM consists of an electron gun,
where electrons are generated, and a system of electromagnetic lenses which merge the
electrons into a focused beam. The scanning of the electron beam across the sample is then
facilitated by a pair of scanning coils. The electrons from the beam interact with atoms
located within a few pum below the surface of the sample. As a result of the interaction,
a variety of signals, such as secondary electrons, X-rays and back-scattered electrons, are
produced giving different information about the sample’s surface upon detection. The
images included in this work were made with a Hitachi SU8010 Cold Field Emission

instrument using the secondary electron signal. [24]

X-ray Powder Diffraction

X-ray powder diffraction technique gives insight on the structure of the crystal lattice of a
particular material. The technique is based around the fundamental theory of diffraction,
the Bragg’s law. When X-rays interact with the ordered structure of a crystalline material,
they scatter and interfere giving rise to constructive and destructive interference. A crystal

structure specific diffraction patter is thus produced. [9]

44



Appendix B

Filter Parameters

B.1 Cube for the 485 nm Laser
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Figure B.1: Transmission functions for the cube used for the 485 nm diode laser where
green is the dichroic mirror, blue is the clean-up filter and red is the LP emission filter.
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Appendix C

Decay Fit Values

Table C.1: Summary of the fitted values in multi-exponential fits of charge carrier decay
curves for the data obtained at low excitation power density.

Parameter D30 D90 D170 D250 D360
oy 1.00+£ 0.07 1.41+ 0.02 0.36 +0.08 0.840.2 5.00+0.05
T 2.1840.02 2.765+0.001 2.6340.01 1.5440.03  1.3740.03
Qg 0.41+0.2 0.3040.05 0.5+0.1 1.4+0.2 0.8+£0.2
Ty 10.5£0.1 14.47+0.02 10.540.1 4.3+0.3 4.240.3
Q3 0.35+0.03 0.2840.02 0.4+0.1 0.240.1 0.02+0.01
T3 69.631+0.001 81.00+0.01 55.0054+0.003 10.53+0.02 23.34+0.02

Table C.2: Summary of the fitted values in multi-exponential fits of charge carrier decay
curves for the data obtained at high excitation power density.

Parameter D30 D90 D170 D250 D360
o 1.1440.03 0.93+0.02 0.44+0.5 2.0£0.3  1.25+0.05
T 2.77+0.01 2.80+0.01 7.46+£0.02 2.1+£0.4 2.62+0.01
Q9 0.5940.04 0.484+0.04 0.74+0.1 0.24+0.2  0.91+0.04
Ty 11.60+0.02 13.974+0.02  30.77£0.03 6.6+£0.1  7.2740.02
o3 0.15+0.02 0.32+0.03 0.1+0.6 0.44+0.6  0.02+0.01
T3 48.077+£0.002 52.356+0.001 83.89+0.03 13.1£0.6 24.57+0.01

46



Appendix D

Fluorescence Lamp Spectrum

Table D.1: Identified peaks in the calibration spectrum in Fig. .

Peak Number Wavelength [nm]| Element
2 436.6 Mercury
3 487.7 Terbium
4 542.4 Terbium
d 546.5 Mercury
8 584.0 Terbium/Europium
9 587.6 FEuropium

12 611.6 Europium
14 631.1 Europium
15 650.8 Furopium
16 662.6 Europium
17 687.7 Europium
18 693.7 Europium
19 709.0 Europium
20 712.3 Furopium
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Appendix E

Analysis Code

E.1 PL Emission Spectra

HARHHRRBHHARBH AR HARHR R BB HARRARY L1braries needed ###HHHABHHRHHARBHARHHABHHARH#AS

import numpy ds np

import matplotlib.pyplot as plt
import scipy.optimize as opt
from tabulate import tabulate

Importring data files
#D3e
pathl=r'C:\Users\klark\Documents\Master_thesis\Data\2@20-10-05\D36.spe"
path2=r'C:\Users\klark\Documents\Master_thesis\Data\2020-10-24\D30@.spe’
#D9e
path3=r'C:\Users\klark\Documents\Master_thesis\Data\2@20-09-10\D90.spe"
pathd=r'C:\Users\klark\Documents\Master_thesis\Data\2020-10-24\D26.spe"
#D176
path5=r'C:\Users\klark\Documents\Master_thesis\Data\2020-89-18\D178.spe’
pathé=r'C:\Users\klark\Documents\Master_thesis\Data\2020-10-24\D170@.spe"
#SINGLE WIRE
path7=r'C:\Users\klark\Documents\Master_thesis\Data\single_wire_PL.spe"
#D256
path8=r'C:\Users\klark\Documents\Master_thesis\Data\2@20-10-085\D250@.spe"
path9=r'C:\Users\klark\Documents\Master_thesis\Data\2020-10-24\D250@.spe"
#D366
pathl@=r'C:\Users\klark\Documents\Master_thesis\Data\2820-18-05\D360.spe’
pathll=r'C:\Users\klark\Documents\Master_thesis\Data\2020-10-24\D360@.spe’
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APPENDIX E. ANALYSIS CODE K. Novakova

def load_spe(foldername):#This function was written by Jun L1
with open(foldername,'rb') as fid:
header=fread(fid, 2050, dtype=np.uintl6)
Xdim=np.double(header[21])
Ydim=np.double(header[328])
Zdim=np.double(header[723])
MG=header[2048]
DataType=header[54]
if DataType==0:
ImMat=fread(fid, -1,dtype=np.float32)
elif DataType==1:
ImMat=Ffread(fid,-1,dtype=np.int32)
elif DataType==2:
ImMat=Ffread(fid,-1,dtype=np.intl6)
else:
ImMat=Ffread(fid,-1,dtype=np.int16)

a=np.reshape(ImMat, (Zdim.astype(np.int64),Ydim.astype(np.inte4),
Xdim.astype(np.int64)))
C=np.double(a)

return C

BHARRARRR R R AR AR BB AR AAARRRBRAAAAAFITTING PROCEDURERHH##AAARRBHHARHARBHHHAAARRRE
#Gaussian function to be used for fitting
def gaussian(xx, center, width, amplitude):
yy = amplitude * np.exp(-4 * np.log(2) * (xx - center) ** 2 / width ** 2)
return yy
#Function that calculates a sum of Gaussians and generates an array for values
#0f the fitting to be stored
def gaussian_sum(xx, pp):
npeaks = int((len(pp) - 1) / 3)#calculating total number of peaks
#array which stores values of the Gaussian fitting
yy = np.ones(len(xx)) * pp[-1]
for ii in range(@, npeaks):
yy += gaussian(xx,
pp[3 * ii],
pp(3 * ii + 1],
pp[3 * ii + 2])
return yy
#Fuction calculating the difference between the fit and the data
def residuals(pp, xx, yy):
rr = gaussian_sum(xx, pp) - yy
return rr

HUHHBERRBHRRERR AR Fitting parameters to be obtained saved here#########H#I#H
X_final=[]
Diameter=["Diameter / nm",30,30,90,90,170,170,"NW",250,250,360,360]
Lambda=["Emission wavelength /nm"]
FWHM=["FWHM / nm"]
RERHRHRR AR R R R aRRE# Intlal guesses for Fltting#i#####HAAHHHATHAHHHARHIH
p@ = np.array([525, 1, 1, #Ist diffraction peak(peak cetre, width, amplitude)
©.5,1.8,0.1,#6th difzdgfraction peak(peak cetre, width,
#amplitude)
©.8]) # background value

49



APPENDIX E. ANALYSIS CODE K. Novakova

FEEERRARSE SR SEE S SRS RS EEE #Gaussian Fltting##i#sH#RnERHHHRRRHBRRRH AR
for i in range(len(YY)):
fit_data = opt.leastsq(residuals, p8, args=(X[i], Y[i]), full_output=False)
opt_parameters = fit_data[@]#selecting parameters of interest
shift=opt_parameters[3]#centre of the Oth order peak
x_corr=X[i]-shift#shifting the @th order peak to zero
X_final.append(x_corr)#saving the updated x-corrdinates for plotting
exc=round(opt_parameters[8]-shift,2)# Emission wavelength
Lambda.append(exc)
k=round(opt_parameters[1],3)# FWHM
FNHM.append(k)

#u#i# Saving data to table in a txt fille #B#H#HHHBABHHHHBHRARIN
Table tabulate([DlameteP Lambda, FWHM] , tablefmt="Ffancygrid")
with open(r'C:\Users\klark\Documents\Master_thesis\Data\Fitting_data.txt’,
mode="w")
as fout_data:
Fout_data.write(Table)

HERRHARAR B RS PLlot all spectra #####H#HHHHRHHHHHRRHHHR AR
Fig:plt.Figure(figsize (13 12))
lw=3

ax=fig.add_subplot(111)

#D3e

ax.plot(X_final[@],Y[@],color="lightblue',linewidth=1w, label='D36')
ax.plot(X_final[1],Y[1],color="lightblue"',linewidth=1w,label="D38")
#D9e

ax.plot(X_final[2],Y[2],color="red',linewidth=1w, label='D9@")
ax.plot(X_final[3],Y[3],color="red',linewidth=1w, label='D%@")

#D17@

ax.plot(X_final[4],Y[4],color="forestgreen',linewidth=1w, label='D170")
ax.plot(X_final[5],Y[5],color="forestgreen',linewidth=1w, label='D178")
#D250

ax.plot(X_final[7],Y[7],color="purple’,linewidth=1w, label='D258')
ax.plot(X_final[8],Y¥[8],color="purple’,linewidth=1w, label='D258")

#3608

ax.plot(X_final[92],Y[2],color="gold',linewidth=1w, label='D36@")
ax.plot(X_final[1e],Y[1@],color="gold",linewidth=1w, label='D360')

ax.set_xlabel('Wavelength (nm)',size=35)
ax.set_ylabel('Normalized Intensity (a.u.)',size=35)
leg = ax.legend(prop={"size":3€});
ax.set_xlim([5ee,57@])

ax.tick_params( labelsize=35)

plt.show()
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APPENDIX E. ANALYSIS CODE K. Novakova

E.2 PL Decay

HEHHHHRR AR R R Libraries needed ###HHHHHHHHHRHHHHHHHHHHHHHH#H#H
import matplotlib.pyplot as plt

import numpy ds np

from scipy import stats

HERRBBRRBRRRBRRER AR AR Loadidng data Filles #H#HHAHBHEHBERBBRHBHERURAERBERY
#3e
datal=np.loadtxt( r'C:\Users\klark\Documents\Master_thesis\Data\2@20-11-15\D3@
,skiprows=1e,)
#90
data2=np.loadtxt( r'C:\Users\klark\Documents\Master_thesis\Data\2020-11-15\D9%@
,skiprows=1e,)
#1760
data3=np.loadtxt( r'C:\Users\klark\Documents\Master_thesis\Data\2@20-11-15\D17@
,skiprows=10,)
#2560
datad=np.loadtxt( r'C:\Users\klark\Documents\Master_thesis\Data\2@20-12-83\D258
,skiprows=1e,)
#3600
data5=np.loadtxt( r'C:\Users\klark\Documents\Master_thesis\Data\2020-11-15\D368
skiprows=18, )
HERBHRRRRR AR Editing data files for fitting and ploting #E#########HE
DATA=[datal,data2,data3,datad,data5]
DATA_y=[ ]#adapted y-values
X=[]#adapted x-values
T=[ ]#decay times
Intercept=[]
Error=[]
R_value_sg=[]
for i in range (len(DATA)):
c=DATA[i]
b=sum(c[10145:15624])/(15624-10145+2)#calculating background in the tail
#of the decay curve
cl=c-b#substracting background
I=max(cl)#finding maximum
data_y=(c1/I)#normalising the data
DATA_y.append(data_y)
channel_time=8.1286###number of ns per bin
x=(np.linspace(@,len(data_y)+1,len(data_y)))*channel_time
X.append(x)
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APPENDIX E. ANALYSIS CODE K. Novakova

def _3exponential(x, a, ki1,b,k2,c,k3):
return a*np.exp(-x*kl) + b*np.exp(-x*k2)+ c*np.exp(-x*k3)

Error=[]
fit_param=[]
fit_paraml=[]
pcov_param=[ ]

pe=[[e.5, ©.825, ©.89,0.31,0.5,0.01],[0.5, ©.04,0.2, 0.1,0.2,0.01],
[e.5, ©.€1,8.5, ©.1,0.5,0.01],[0.5, ©.01,0.5, ©.1,0.5,0.01],
[0.5, ©.01,0.5, ©.1,0.5,0.01]]

for i in range(5):

popt_3exponential, pcov_3exponential =

scipy.optimize.curve_fit(_3exponential, X[i][23:79@], Y[i][23:79@],p0[1i],
maxfev=100000,bounds=(0.00001,5))

fit_param.append(popt_3exponential)

pcov_param.append(pcov_3exponential)

perr_3exponential = np.sqrt(np.diag(pcov_3exponential))

Error.append(perr_3exponential)

fig=plt.figure(figsize=(13,12))

gs = gridspec.GridSpec(1,1)

axl = fig.add_subplot(gs[e])

without equations

axl.plot(X[@],Y[e] , "lightblue",label="D38")
axl. plot(X[l] Y[1] , "red",label="D98")

(1] ,
axl.plot(X[2],Y[2] , "forestgreen",label="D170")
axl.plot(X[3],Y[3] , "purple",label="D250")
axl. plot(X[4] Y[4] , "gold",label="D360@")

#30

axl.plot(X[@][23:79@], _3exponential(X[@][23:790],fit_param[e][e],
fit_param[@][1],fit_param[@][2],fit_param[@][3],fit_param[@][4],
fit_param[@][5]),
linestyle="dashed',color="black',label="Multi-exponential Fit")
#90

axl.plot(X[1][23:79@], _3exponential(X[1][23:7920],fit_param[1][@],
fit_param[1][1],fit_param[1][2],fit_param[1][3],fit_param[1][4],
fit_param[1][5]), linestyle="dashed',color="black")

#1760

axl.plot(X[2][23:79@], _3exponential(X[2][23:790],fit_param[2][@],
fit_param[2][1],fit_param[2][2],fit_param[2][3],fit_param[2][4],
fit_param[2][5]), linestyle="dashed',color="black")

#2508

ax1l.plot(X[3][23:79@], _3exponential(X[3][23:790],fit_param[3][@€],
fit_param[3][1],fit_param[3][2],fit_param[3][3],fit_param[3][4],
fit_param[3][5]), linestyle="dashed',color="black")

#366

axl.plot(X[4][23:79@0], _3exponential(X[4][23:790],fit_param[4][@],
fit_param[4][1],fit_param[4][2],fit_param[4][3],fit_param[4][4],
fit_param[4][5]), linestyle="dashed',color="black")

axl.set_xlim(e,6e@)

axl.set_ylabel("Normalised Intensity (a.u.)",fontsize=3@)
axl.set_xlabel("Time (ns)",fontsize=30)
axl.legend(loc=3,prop={"size":25})

plt.yscale('log")

axl.tick_params( labelsize=30)
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