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Abstract

In this work, cathodoluminescence (CL) techniques was applied to hybrid perovskite
materials to identify relationship between their crystallographic microstructure and
emission properties. The cathodoluminescence spectra of MAPbIz and CsPbBrs; were
compared against conventional photoluminescence spectra. Furthermore, interesting
quasi two-dimensional organic-inorganic perovskites were studied with this technique.
A Dbulky cation phenylethylammonium (PEA=CgHgNHs) was used to induce the
formation of layered perovskites of the Ruddlesden-Popper series, and the
dimensionality (n) of the resulting (PEA)2(MA)n-1 [Pbnlan+1] was tuned by adjusting the
ratio of methylammonium iodide to PEA iodide. Steady-state and fast (ps) time-resolved
cathodoluminescence spectroscopy were employed for the first time to correlate
spatially resolved yield and dynamics of the luminescence with the complex phase
distribution of multidimensional perovskite polycrystalline film. It was found that phase
separation occurs into two preferential domains, corresponding to low- and high-
dimensional perovskite rich areas. In this film, charge transfer and energy funnelling

effects allow compositional control of the emission energy and recombination dynamics.



Introduction

Cathodoluminescence studies of perovskite

Organic-inorganic hybrid perovskites are semiconducting compounds which combine
the electronic and charge transport properties of conventional inorganic semiconductors
with the processing advantages of organic semiconductors, which can be prepared in at
high yield and low cost. Since they can be fabricated at low cost and in relatively easy

ways, they have attracted vast interest for applications.

Within the past few years, the thin film of perovskites has exhibited exceptional solar
cell efficiencies 22.1 %, which are now comparable to silicon solar cells in crystalline
form 27.6% (Figure 1) [1]. Besides that, with the properties of efficient light emitters,
perovskites have also enhanced the development of optoelectronic application such as
light-emitting devices(LED) [2] and optically pumped tunable laser [3]. The transport
properties such as mobility and the lifetime of the charge carriers within these materials
are measured to be high [4,5], however, they are still not well understood. One of the
keys to understanding the charge transport properties is the study of “excitons”, a
quasiparticle which is the bound state of the electron and hole. The electron and hole
recombine to give rise to electro-luminescence. Organic cation drift is believed to act as
an important role on the charge transport properties in organic-lead halide perovskite.
Emission properties of these materials are related to the film morphology, composition,
crystallographic phase and defects, which typically occur at sub-micron scale. Hence,
spectroscopic technique such as cathodoluminescence with high resolution may be a
valuable tool to elucidate structure-luminescence properties relationships in this class of

materials.
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Figure 1. Development of research-cell efficiencies through decades [1].

Cathodoluminescence (CL) is the emission of photons that results from electrons
striking a material. This is a phenomenon that combines electromagnetic and optical
effects. It seems as the reverse process of the photoelectric effect (in which photons
induce the the emission of electrons), the emission of photons is induced by an electron

beam in CL.

CL was discovered relatively late compared to other luminescences such as
photoluminescence and chemiluminescence because it requires a vacuum environment
and a high concentration of electrons. The discovery of cathode ray in the 19" century
aroused the curiosity of J.J. Thompson, leading to his discovery of electrons in 1897
[6]. One of the most significant attributes of CL is a cathode ray tube (CRT) which is
able to produce images by controlling the intensities and the directions of the electron
beams [7]. This technology was applied in a number of instruments such as electronic
televisions, computer displays and oscilloscopes. With the development of electron

microscopy technologies, scientists were able to analyse luminescent materials with CL



phenomenon. This was completed with the installation of a luminescence detector into
the scanning electron microscope (SEM) which also operates with electrons
bombardment. This becomes an important characterization tool for scientists to
understand luminescent materials at microscopic levels. Cathodoluminescence of a
material or semiconductor can provide unique insight into the chemical and
optoelectronic properties of the material at microscopic level. For instance, by
measuring the concentration and distribution of luminescence, the composition of
compound materials can be determined [8]. The electronic properties that are
determined by CL, such as carrier diffusion length and rate of surface recombination by
varying electron beam voltage, play main roles in understanding the mechanism of

generation and transport of charge carriers.

Furthermore, cathodoluminescence technique has been used to study plasmon
excitations in metals [9]. Over the last decades, several works have shown that plasmons
could be resolved spatially in nanostructures, including localized plasmon modes in gold
nanoparticles [10], plasmon standing waves in gold gratings [11], hyperspectral imaging
of nanowires [12] and particle dimers [13]. Overall, cathodoluminescence is a unique
technique in analysis of surface plasmon polariton (SPP) and local plasmon resonance
(LPR), providing an actual visualization of the electric field distribution in

nanostructures with nanometre resolution.

The latest breakthrough in CL spectroscopy has been achieved in the last decade with
the advent at time-resolved cathodoluminescence (TRCL) methods, which hold ultrafast
(ps) time domain to enhance the overall capabilities of this technique. In most cases, the
spatial resolution of conventional time-resolved photoluminescence (TRPL) systems is
limited to only few microns. Hence, the optical PL spectroscopy of inhomogeneous
substances only provides information that is integrated over a large spectral domain, and

3



cannot differentiate between local processes such as radiative processes and, carrier
transfer among different radiative or nonradiative centre. Moreover, such information is
not detailed enough to characterize an individual nano-sized object. To overcome these
limitations, strongly localized excitation is achievable in a time-resolved
cathodoluminescence (TRCL) system. TRCL can isolate luminescence phenomena both
spatially and spectrally, and yield their dynamic characteristics separately. For instance,
the lifetime of the minority carriers or nano-sized object can be determined by TRCL
spectroscopy. By far, there is very limited amount of research that has applied
cathodoluminescence technique to perovskite materials, especially TRCL. For instance,
only steady-state CL spectroscopy was done on MAPbI3, FAPbI; and CsPbls [14,15]
and CL mapping was done on MAPbI3[16,17]. Therefore, it was decided to employ such
unique technique capability to reveal the spatial distribution of emission from
perovskites of different kinds with a combination of steady-state and time-resolved

modes.

Purposes of this research

This research project aims to study the exciton and charge dynamics in hybrid organic-
inorganic perovskite using cathodoluminescence spectroscopy, ultrafast spectroscopy
and microscopy, hence identify ways of enhancing the mobility of the charge carriers in
perovskite materials and improving their radiative emission properties for light emission
applications. Overall, this work will contribute to both, the understanding of
fundamental properties of this fascinating class of materials, and the development of

perovskite devices for emerging applications.



Organization of this report

This report starts with several descriptions about the origin of CL signals from
semiconductors in Chapter 1. Some important concepts such as interaction between
electrons and atoms of the material, excitation energy states transition and vibrational
states transitions are mentioned. Some concepts related to energy transition in molecules

are also introduced.

Chapter 2 describes the materials inspected in preliminary research experiments. It
introduces the structures and properties of perovskite materials. Different classes of
hybrid perovskite materials were chosen to be studied due to their unique luminescence

properties. The syntheses of these perovskites were also described.

Next, Chapter 3 includes the experimental methods, such as optical characterization
methods and cathodoluminescence characterization methods. The working principles of
the steady-state and time-resolved CL system, including details of the instrumental setup
were described. Next, the reviews of the methodology adapted in this study are
described. The synthesis of perovskites and the methods of characterization such as

absorption and photoluminescence spectra acquisition are described in this chapter.

In Chapter 4, results on optical and cathodoluminescence characterization of perovskites
are given. CL spectra and mapping of standard perovskites and hybrid perovskites of
Ruddlesden-Popper series were measured, showing the capability of high spatial
resolution of the CL technique. Besides that, time-resolved CL and time-resolved PL
measurements on these perovskites were performed and compared, elucidating the
energy funnelling effect occurs in quasi two-dimensional Ruddlesden-Popper series

perovskite thin films.



Chapter 5 concludes and summarize this project whereas the final chapter provides
several suggestions for future work. Nanostructured perovskites and nanopatterned
(metamaterial) perovskites can be the options for future research, followed by advanced
measurement modes, including Electron-beam-induced current (EBIC) and probably

time-resolved EBIC measurements.



Chapter 1

Cathodoluminescence In
Semiconductor and
Cathodoluminescence Technique

1.1 Interaction between electrons and materials

Electron microscopy becomes one of the most popular instrumental techniques in
investigating the morphology of materials in high resolution. Electron microscopy has
much higher resolution than optical microscopy because the De-Broglie wavelength of
electrons can be up to 100,000 times shorter than that of visible photons (Asnortest =

400nm). This can significantly reduce the Abbe diffraction limit:

A

Resolvable feature size,d = SNA (1.1

where A is wavelength and NA is the numerical aperture of the objective lens.

When an electron beam strikes on a solid, it penetrates through its surface then interacts
with bulk atoms. Different interactions can occur simultaneously, as summarized in
Figure 1-1. The most elementary process is the collision of electron and electron or
nucleus of an atom. These interactions can be classified into elastic interactions and

inelastic interactions:

M Elastic interactions
There is no energy transfer between the incident electron and the atom. The
first case is there is no interaction between the incident electrons and atoms,

so the electron beam passes through the sample in the direction of incident



beam. Another case happens when the electron is deflected without
significant energy loss whereas nucleus remains its position because nucleus
is much heavier than electron. These elastically scattered electrons are
commonly ejected back, namely backscattered electrons (BE) whose energy
is comparable to that of incident electrons.
(i) Inelastic interactions

These interactions mostly occur between the incoming electrons and the
bounded electrons because they have equal masses. The energy of the
incoming electron is transferred to the specimen, inducing different signals
such as X-rays, secondary electrons, Auger electrons and importantly for us,

cathodoluminescence (photons).

It is crucial to mention that most of the energy of the electron beam is absorbed by the

material and converted into heat energy, generating phonons [18].

Depending on the energy of the impinging electrons and the resulting penetration depth,
different processes may occur, as depicted in Figure 1-1. The cathodoluminescence
signal of interest is emitted from deeper section levels in term of excitation volume. Due
to large interaction volume, CL is useful to investigate defects. The nature of
cathodoluminescence of a material is a complex function of lattice structure,

composition, morphology and strain or damage on the structure of the material.
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Figure 1-1. Scheme of electron-matter interactions under the

impact of electron beam [19].

There are several ways of modelling the elastic and inelastic scattering that occurs in a
specimen due to electron beam penetration, such as Monte Carlo simulation [20] and
analytical study. The depth of electron penetration x, (in um) was approximated to be:

0.1 E}®
p

IR

Xe (1.2)

where Ej is incident energy (in keV) and p is density of the sample (in kg/m?3) [21].
The excitation volume which results from the scattering by collisions was approximated
to be:

0.077 EL®
p

R

Ye (1.3)

where y, is the width of the excitation volume (in um) [21]. This should be taken into
account when interpreting cathodoluminescence emission zone as a function of electron

beam energy.



1.2 Energy of excitation electron beam

De-Broglie relation states that a moving charged particle has dual identity: wave and

particle. Hence, a moving electron can also be treated as a radiation with wavelength A:

h
=— (1.4)

De — Brogli length, A =
e roglie waveleng —

S|

where h is the Planck constant, p is the momentum of the electron with mass m moving
with velocity v. The velocity g, in unit of speed of light c, of an electron which is

accelerated by voltage V can be expressed in equation (1.5).

v 1

(1 L&V )2 (1.5)

m,c?

where m,, represents the rest mass of electron and e represents the charge of electron.

The mass of a moving electron, m, is shown in equation (1.6). The relationship between
accelerating voltage and electron wavelength is simplified to equation (1.7). Table 1

contains the values of electron velocity and wavelength for different accelerating

voltage.
M= g (1.6)
1.23
= W (1.7)

It is apparent that the diffraction limit (wavelength) is smaller when higher accelerating
voltage applied, however, high accelerating voltage will introduce high energy and may
destroy the material. Therefore, in spatially resolved CL measurements, the lowest

accelerating voltages are typically chosen, compatibly with the signal-to-noise ratio.
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This is to optimize the spatial resolution which is given by:

_ 0613

where d is the resolution of electron microscope (in nm), « is the half opening angle of

the objective (in radian) and V is the accelerating voltage (in eV’).

Table 1-1. The wavelength and velocity of electron under various accelerating

voltages.

Accelerating  Electron velocity in units of speed of Electron wavelength, 4

voltage (kV) light, B (nm)
1 0.062 0.0388
5 0.139 0.0173
10 0.195 0.0122
20 0.272 0.0086
50 0.412 0.0054

11



1.3 Electron-beam-induced light emission

The mechanisms of photon emission induced by electron bombardment can be classified
according to their degree of coherence with respect to the external evanescent field
accompanying the moving charge. Note that coherent electron radiation is dominant
mechanisms in metals whereas the incoherent cathodoluminescence is dominant
emission in semiconductors. In this research, incoherent cathodoluminescence
(recombination emission) of perovskite materials is of interest, to study the
recombination dynamic of the charge carriers in perovskite materials.

1.3.1 Incoherent cathodoluminescence

The mechanism of incoherent emission is highly similar to that of photoluminescence,
mainly recombination of electron-hole pairs in the sample. The sample is first excited
and then decays inelastically by emitting light. The difference between
photoluminescence and cathodoluminescence is the mode of excitation.
Photoluminescence is excited by photons which preferentially couple to strong-dipole
modes, whereas cathodoluminescence is excited by electrons which transfer large
momenta to the sample and enhance the probability of nondipole transitions.
Furthermore, the excitation electrons in our system (1 — 10 keV) carry much higher

energy, hence able to excite large-band-gap insulator.
Recombination emission

Recombination emission is the dominant process in a semiconductor upon electron
bombardment. Under electron beam, a material absorbs the energy of electron beam. An
electron which was originally in valence band (ground state) is excited to high energy
states, leaving a vacancy (hole) in valence band. Upon a molecule being excited to any
higher electronic states, the electronic states depend on the excitation energy. However,

emission wavelength observed from the molecule does not depend on the excitation

12



wavelength. This is because Kasha’s rule states that photon emission that occurs in
significant yield only results from the transition from the lowest excited states of a given
multiplicity. This can be explained by the Franck-Condon principle which states that an
electronic transition from one vibrational energy level to another will occur more likely
if the two vibrational wave functions overlap more significantly. The overlap of
vibrational wavefunctions is the greatest between the two energy levels that are close to
each other. In most molecules, high energy levels lie closely together, hence the
molecules in upper states reach the lowest excited states quickly, before they release
photons [22]. After inter-band relaxation process, the relaxation of electron to the
ground state causes recombination of electrons and holes, with release of a photon. This
emission is dominant in semiconductors and insulators but impossible to be emitted

from metals because there is no band gap in metals.

For recombination emission, cathodoluminescence signals are usually distinguished into
intrinsic and extrinsic luminescence. Intrinsic luminescence results from band-to-band
transition, photon is emitted with energy hv = E;, = E. — E,,, whose energy level is
illustrated in Figure 1-2a. Extrinsic luminescence results from the transition of energy
states within the band gap. Impurities or lattice defect can trap electrons or holes at the
energy states within the forbidden gap. Recombination of an electron and a trapped hole
releases a photon (Figure 1-2b). A trapped electron may be excited to the conduction
band then recombine with an acceptor, this results in emission of a photon (Figure 1-
2¢). Another case is the trapped electron may relax to the ground state after certain time
(Figure 1-2d) or some other activator levels due to the defects of material (Figure 1-2e)
and emit a photon. The excitation and relaxation between the energy states within the

forbidden gap is also possible (Figure 1-2f) [19].

13



(a) (b) (c} (d) (e) ®

Y i | v i

A H

5 5 5 b= - A a

|- i (3 % 8

: RS

excitation ] :
snargy K ic:c:eptorE(z :

Valence Band

Figure 1-2. Mechanisms of generation of CL response in an insulator or
semiconductor, as conceptualized with band theory [19].

1.3.2 Coherent electron induced emission

Coherent electron induced emission is induced through several mechanisms such as
Cherenkov radiation, transition radiation and Bremsstrahlung radiation. The sources of
these coherent emission have relatively delocalized origin since they involve large
regions from electronic point of view [9]. High electron energy increases the coherent
photon yield because faster electrons carry more extended external field and coupling

to delocalized excitations more efficiently.
Calculation of coherent light emission

The information of electron-beam-induced light emission can be obtained by solving
the Maxwell’s equations using boundary element method (BEM), which was performed

by F. J. Garcia de Abajo and A. Howie [5,6]. An incident electron with electromagnetic

field E,,; and H,,, will induced another electromagnetic fields, E;,,4 and H ;4.
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Starting from Maxwell’s equation:

41
V-D = 4mp, |7><H+ikD=Tj (1.9)

V-B=0, VXE—ikB =0 (1.10)
where k = w/c, p is the charge density, j is the current density, D is the electric

displacement and B is the magnetic induction, such that:

D = ¢E, B = uH (1.11)

where ¢ is dielectric constant and u is magnetic permeability of the specimen.

Expressing equations (1.9) and (1.10) in terms of scalar potential ¢ and vector potential

A:
E=ikA—-"Vo (1.12)
1
H = ; VxA (1.13)

Working in the Lorentz gauge (V - A = ikeg), the potentials become:

® = Pext + | dsGi(|r — s|)a;(s) (1.14)
Sj

A=Ay + | dsGi(|r —sDh;(s) (1.15)
Sj
where r is the coordinate vector inside the medium, s is the coordinate vector running

over the interfaces, o; and h; the auxiliary interface charges and currents in medium j.

Gj is the Green’s function of the Helmholtz equation inside medium j:

o
o _ ek e) 116

J r
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The induced electric and magnetic field at » can be determined by using BEM to solve
Maxwell’s equations. Next, consider the radiated energy by integrating the Poynting
vector which is perpendicular to the large virtual sphere around the object over the whole

sphere and over time.

c
AErqq = Ef dtf s, - rz(Eind X Hipg) ' T (1.17)

where r is the pointing radially outwards and Q, is the solid angle [9]. In term of

frequency, equation (1.17) becomes:

(0]

AE, o = f wdw f 40, Tga(w,2,) 118)
0

and

2
cr
Lga(w,0,) = mRe[(Eind X Hipg) " 7] (1.19)

where I, IS the probability of the system emitting a photon with energy Aw per solid
angle. Note that this electron-induced coherent radiation emission is dominant at
relatively high electron-beam energies (above 10 keV), it decays and be overcome by

incoherent cathodoluminescence at low electron energy [9].
Transition radiation

Transition radiation is also emitted when an electron passes form one medium to another.
When an electron from the first medium incident onto the surface of the second medium,
a perturbation in the electrons of second medium and polarization charge is created. The
incoming electron and the induced charge act as induced dipole. Once the electron
crosses the interface, the effective dipole is annihilated, generating emission in far field,

namely transition radiation [25].
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Cherenkov radiation

Cherenkov radiation is emitted when an electron travels faster than light in a medium:

c
v> ) (1.20)

where v is the speed of the electron, c is the speed of light and n(4) is the refractive

index of the medium with respect to wavelength.

Incoming electrons disrupt the local electromagnetic field in a medium and induce
radiation (photons) in the medium. If the speed of the electrons is slower than the speed
of light in the medium, photons interfere destructively. On the other hand, if the speed
of the electrons is higher than the speed of light in medium, the energy radiates
constructively as a coherent shockwave, resulting in emission of photons [26].
Cherenkov radiation can only be observed when the velocity of electrons is high enough

(accelerating voltage of at least 50 keV’).
Bremsstrahlung radiation

Bremsstrahlung radiation, which is also known as braking radiation, is the
electromagnetic radiation emitted when there is a sudden change in a charged particle’s
trajectory. An incident electron charge particle is deflected by a heavy atomic nucleus
and decelerate. The Kkinetic energy lost by the incident electron is compensated by
emission of a photon. Since our system deals with 1 keV to 10 keV electron energy, the
energy of bremsstrahlung photons is in X-ray range. Besides that, the spectrum of
bremsstrahlung radiation is continuous due to different impact parameters for each

interaction.
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Main Source of Observable Radiation from Perovskites

Knowing the source of signals obtained is very important in data analysis. Different
photon-emission processes are induced by electron bombardment. Some mechanisms
mentioned in previous sections can be selectively eliminated, depending on the
properties of target materials, the range of data acquisition and experiment parameter
values. Firstly, Cherenkov radiation can be excluded because Cherenkov radiation can
only be observed when the velocity of electrons is higher than velocity of light in
materials (accelerating voltage of at least 50 keV). This is hardly observed in our system
which operates at maximum 10 keV. Next, the generation of surface plasmons occurs
only at the interface of two media whose real part of permittivity are in opposite sign,
such as dielectric-metal interfaces (dielectric with positive permittivity whereas metals
with negative permittivity). Over the last decades, cathodoluminescence technique has
been used to study plasmons excitation in metals [9]. In fact, surface plasmons can
hardly be generated at semiconductor. Another notable point is transition radiation is an
unavoidable electromagnetic radiation emitted when an electron crosses the interface of
two media with different dielectric constants. This is the reason why the background CL

signal is never zero but always broad and low magnitude order.

In the case of many semiconductors and dielectrics, especially in strongly luminescent
materials like perovskites, incoherent luminescence (from e-h pair recombination) is the
main source of radiation as it is usually orders of magnitude stronger than transition
radiation. Brenny et al. also reported that transition radiation increases with increasing
accelerating voltage applied because higher energy electrons have electric fields that
extend further from its trajectory, hence polarize larger volume of materials and induce
more surface currents [27]. Nevertheless, cathodoluminescence signals should be

corrected by subtracting transition radiation which can be calculated based on the
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theoretical formalism described in section 1V-C of Ref. [9], especially when high

accelerating voltage is used.

It is also worth mentioning that high energy photons (X-rays) are also emitted upon
electron bombardment. A characteristic X-ray photon is emitted during the transition of
an electron from outer shell to inner shell, in order to fill up the vacancy left behind by
an inner electron being kicked out by high energy incident electron. Bremsstrahlung
radiation, which is also known as braking radiation, is emitted when there is sudden
change in incident electron trajectory. Since electron microscopy deal with electrons of
1-10 keV, the energy of Bremsstrahlung photons is in X-ray range in our system. These
X-ray photons can be excluded in our case because they are not in our acquisition range

(UV-Visible range).

1.4 Cathodoluminescence Technique

1.4.1 Excitation system

Traditional TRCL setup equipped a beam-blanking unit below the electron gun of SEM
to generate electron pulses (Figure 1-3) [12,13]. The beam-blanking unit is driven with
a generic electrostatic pulse generator which also synchronize to the time-related photon
counting detector. Due to the long duration of the electron pulse generated by beam-
blanking mechanism (> 1 ns), the time resolution (< 200 ps) of the traditional TRCL
system is limited by the resistivity relative to beam current density, the speed of
deflecting the electron beam and the blanking time [30]. Shorter electron pulse duration
is required to study the characteristic relaxation time in semiconductors. Besides that,
when the beam is blanking, the beam pointing shall be shifted by few micrometres away,

even if picosecond blanking speed is achieved, the space-resolution of the system is
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ruined. Moreover, most of the beam current will be lost after being chopped. One of the
simplest means of obtaining shorter electron pulse is to use laser-triggered electron
sources. By illuminating a photoemission-based electron gun with a short pulse laser of
energy above the work function of the material of the electron gun, a very short pulse of
electrons which has approximately the same duration as the laser pulse can be created.
This approach has removed the limitation of the detector as a factor of limiting temporal
resolution and makes the “source laser” the major determining factor for temporal
resolution. This approach requires drastic modification of SEM and low effective

current in the pulsed beam, the signal to noise ratio of the images.
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Figure 1-3. Experimental setup to measure time-resolved CL

by installing electrostatic beam blanker [31].
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The system at SPMS uses a high brightness photoelectron gun which can generate high
beam current to ensure that there is still enough current within the electron spot to record
secondary electron images, and a picosecond laser to drive the photoelectron gun.
Picosecond laser sources are more economical than femtosecond lasers and sufficient to
observe the luminescence decay of materials. It is important to note that after the short
electron pulses are generated, coulomb repulsion between the charged particles in an
electron packet will result in space charged induced transverse and longitudinal
expansion of the packet [32]. Longitudinal broadening directly influence the temporal
length and energy spread of the electron packet, and consequently the temporal

resolution of the time-resolved system [33].

1.4.2 Detection system

Figure 1-4 offers an overview of the time and length scales of different dynamic
processes. The dynamic process of interest is electronic process, atomic, molecular and
lattice dynamics, with time scale from picoseconds to attoseconds. The time resolution
of a system is often affected by the performance of detector besides electron pulse length.
In the system at SPMS, time resolved detection is achieved by using Optronis Optoscope
SC-10 streak camera is used to collect photons emitted at range 200-850 nm, with
intrinsic temporal resolution >2ps. A streak camera converts temporal information into

spatial information by applying time-varying electric field.
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Figure 1-5. Operating principle of a streak camera [35].

Figure 1-5 shows the operating principle of a streak camera. The luminescence signals
collected are firstly converted into electron pulses by the photocathode. Next, the
electron pulses are deviated by deflection plates which apply time-varying electric field
with same frequency of the pulsed laser repetition rate to synchronize the signal. The

deviated electrons are amplified by multichannel plate (MCP) and then converted back

into photons by the phosphor screen.
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The time resolution of streak camera is affected by the aperture of temporal slit and the
speed of the trigger jitter. The temporal slit should be as small as possible and the trigger

jitter should be as fast as possible.
1.4.3 Time resolution of TRCL

The temporal resolution of a system can be obtained by deconvolving the TRCL signal
with the time-resolved photoluminescence (TRPL) from a GaAs:Si sample. This method
is inconvenient because both TRPL signal should be obtained under same experimental
configuration as TRCL. Instead, the time resolution of TRCL system can obtained with

direct fitting and analysis of the TRCL data [36].

The carrier population evolution excited by an electron pulse can be expressed in the

equation below:

dN N N
E=f(t)———— (1.21)

r TTLT‘
where f(t) is the electron pulse profile, N is the number of carriers at time t, 7, is the
radiative carrier lifetime and t,,,. is the non-radiative carrier lifetime. The number of

photons generated at time t is assumed have proportional relationship with N(t).

By integrating equation (1.21),

t(* x
N© =exp(=2) [ 1) e (5)-ax w22
0
where
1 1 1
T T o (1.23)
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Now, by assuming that N, = N(t = 0) = 0 and the electron pulse profile is Gaussian
as expressed in equation (1.24), the experimental data can be fitted with equation (1.25).
The duration of the electron pulse can be obtained by calculating the FWHM of the
Gaussian profile as stated in equation (1.26) by using the value of parameter . This is
the temporal resolution of the TRCL setup. Better fitting can be done by considering

two-channel decay (bi-exponential fitting).

1 1/x—
1) = —=exp(~5 (") (124

t _ 2
mw=%wwﬁ§L L expl- S e ()

oV2n 20? T (1.25)
~dx
FWHM = 2V2In2o (1.26)

Future Development of TRCL resolution

The temporal resolution is presently limited by the repulsion between the electrons
inside the pulse, causing electrons with different initial velocities arrive at the sample
earlier or later, consequently develop temporal broadening during propagation. It is
however possible to be overcome. In the Physical Biology Centre for Ultrafast Science
and Technology (UST) at Caltech, Ultrafast Electron Microscopy (UEM) that makes the
direct imaging of the ultrafast dynamic process in short timescale has been developed
by Zewail et al. [37]-[39]. Figure 1-6 shows UEM imaging of a single protein vesicle,

obtained at different time [40].
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Figure 1-6. UEM imaging of a single protein vesicle at 0 fs, +200 fs and +1

ps [40].

Much higher resolution (up to femtosecond) resolution is achievable in UEM with
single-electron coherent packets [41]. Single-electron coherent packet describes the case
when each timed electron packets contain a small number of electrons such that the
Coulombic repulsion is insignificant. In short, single-electron coherent packets can
avoid electron repulsion, allowing shorter electron pulse duration hence higher
spatiotemporal resolution. Aidelsbrurger et al. reported that the electron packets can
contain, with highest probability, single electrons by properly adjusting the energy of
the femtosecond laser pulse [42]. Hommelhoff et al. reported that electron pulse
durations of 1 fs is achievable through single electron generation by 8 fs laser pulses
[43]. Such high time resolution will allow investigation on more dynamics processes
that happen at shorter time scale. Spatial resolution will also be improved if the single-

electron packet excitation is installed.
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Chapter 2

Perovskite Materials

2.1 Properties of Perovskite

2.1.1 Structure of Perovskite

In 1839, Calcium Titanium Oxide (CaTiO3) mineral was discovered by Gustav Rose
from rock samples found in Ural Mountains, Russia and Kazakhstan. It was named
“Perovskite”, after the name of a Russian mineralogist, Count Lev Aleksevich von
Perovski [44]. Soon, the perovskite crystal structure was introduced by Victor
Goldschmidt in 1926, when he was working on tolerance factors [45]. Perovskite
became a name to the class of compounds which have the crystal structure ABXs, the

same type of crystal structure as CaTiOs.

The general chemical formula of the perovskite structure is ABX5, “A” and “B” are
cations whereas “X” is anion, often oxygen or halogen. In the case of halide perovskites
(X = halogen) B is usually a divalent cation of the group IV elements (e.g. Ge?*, Sn*",
Pb?") but it can also include transition metals (e.g. Cu?*, Ni*") and alkaline earth metals
(e.g. Sr¥*, Ba?"). A is a monovalent cation which can be inorganic (e.g Cs+, Rb+) or
organic (methylammonium, formamidinium). The unit cell of the ideal perovskite
structure is shown as the cubic in Figure 2-1. Its respective atomic coordinates are shown
in Table 2-1. Cations A, which are usually larger than cation B in size, are located at the
corner of the cube. Cation B is located at the center of the cube, and is in octahedral
coordination with X, which therefore collocate at the face-centered positions. Cation A

occupies the cuboctahedral cavities keeping the electroneutrality of the system. The
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repetition of the unit cell along the 3 dimensions creates then the perovskite crystal

lattice.
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Figure 2-1. (a) Ideal atomic structure and (b) more complex crystal
structure of perovskite. (illustration by author)
Table 2-1. The atomic co-ordinations of perovskite structure.

Atom Co-ordinates Coordination number Geometry
A (0,0,0) 12 Cuboctahedron
B (l 1 1) 6 Octahedral

2'2°2
X 1 1 1 6 Octahedral
z:00)-(03-0).(0.03)

Note that Strontium Titanate (SrTi0O3), Strontium Stannate (SrSn03) and Barium
Zirconate (BaZr0s3) have ideal perovskite structure (cubic), however, most of natural
perovskites, such as CaTiO5, Calcium Metastannate (CaSn03) and Calcium Zirconate
(CaZr0s), are determined to be orthorhombic (a # b # c) perovskite instead of cubic
by Helen D Megaw using X-ray powder photographs [46]. Besides cubic and
orthorhombic, there exist other forms of perovskite structures such as tetragonal and

rhombohedral [46]. There are hundreds of material adopting perovskite structure, with
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huge variation of characteristics such as semiconducting, insulating, piezoelectricity and
superconducting [30,31]. In 1990s, halide perovskite was found to have the electricity-
to-light conversion ability by Mitzi’s group [32,33]. Almost two decades later, in 2006,
in order to find an absorber which allows high light absorption in thin film, a perovskite
compound which worked as visible light sensitizer in a photochemical cell was reported
by T. Miyasaka and his team [51]. Since then, hybrid halide perovskites have drawn
much attention as absorbers for solar cells due to their light-to-electricity (photovoltaic)

conversion.

2.1.2 Organic-inorganic hybrid perovskites

Organic-inorganic hybrid perovskites open an interesting path to the field of
photophysics. Inorganic materials usually have high mechanical hardness (since they
form ionic bonds), high electron mobility and some magnetic properties, however, their
fabrication cost is high. Layers of organic compounds, on the other hand, can be
fabricated in low cost by simple procedures such as spin-coating. Organic compounds
also have beneficial properties such as polarizability and high flexibility but weak
interactions between molecules. Organic-inorganic hybrid material has shown the
possibility to combine the properties of organic component and the inorganic component,
resulting in having marvellous characteristics. The versatility of the perovskite structure
allows to obtain materials with mixed cations and halides, leading to the fine tuning of
their optical properties; examples of this are MAPbI;_,Cl, [28,29], MAPb(I,_,B1;)3
[54], FAPbI,Brs_,, [55], FAPbI;_,Cl, [56] and (FAPbI3)gs(MAPbBT3),45 [571.
Organic-inorganic perovskite materials have been reported to have long carrier diffusion
length [5], [58], [59]. The average distance travelled by the charge carriers before

recombination is long. This is mainly due to the low exciton binding energy of
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perovskite materials [60]. This indicates that free charges are predominantly generated
and tend to have long recombination lifetime.

2.1.3 Crystallographic phases and respective structure of perovskites

In early 1920, Goldschmidt introduces tolerance factor [45]. Goldschmidt’s tolerance
factor, 7, is an indicator for the stability of a 3D perovskite lattice ABX3 and the degree
of distortion of crystal structure. It is the ratio of the distance between A and X to the

distance between B and X, as shown in equation (2.1).

R, + Ry

Tolerance factor,71 = ———
V2(Rg + Ry)

(2.1)

R4, Rg, Ry correspond to the atomic radius of A, B and X respectively. There are 4
different phases of perovskite structure under different conditions. Under ideal
conditions, tolerance factor, t, lies between 0.89 and 1 [61], and the perovskite has cubic
structure and in a phase. In order to satisfy t~1, the atomic radius of A should be larger
than B. The tolerance factor is different at different range of temperature due to the
change in the structure. For most of the perovskite, the tolerance factor becomes in range
0.71 to 0.89 when temperature decreases, the structure of the perovskite is no longer

cubic, it becomes lower symmetry tetragonal (S phase) or orthorhombic (y phase)

structure, with unit cell (v/2 x V2 x 2), based on a phase [62]. § phase is the structure
much deviated from the ideal perovskite structure, it was found for certain perovskite
such as Cesium Lead lodide (CsPbl3), Formamidinium Lead lodide (FAPbI3) and
Cesium Tin Tri-iodide (CsSnl3) [63]. When the organic cation A is too big compared
to the central cation B, it will not fit inside the cuboctahedral cavities of the 3D
perovskite, and there will be a rearrangement into a two-dimensional perovskite with
general formula (NH; — R — NH;)MX, . Such structures are characterized by an

alternation of organic and inorganic sheets. Perovskite sheets can be imagined as
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deriving from the cut along certain direction of the 3D perovskite lattice. The orientation
of the perovskite sheets is affected by the choice of organic cation [50]. The degree of
interaction within the perovskite may be decided by the organic cation [64]. Table 2-2

summarizes the tolerance factor and the structure of perovskite.

The transitions between different phases occur at specific temperatures [65]. Organic-
inorganic perovskites have more complicated atomic structure compared to inorganic
perovskite because they have more possible orientations of the cations, which can also
result in a polarization of the structure upon application of electrical bias. In organic-
inorganic perovskites, the organic molecules are orientated randomly at a phase but
have less freedom in 8 phase. At low temperature (y phase), organic molecules are

frozen and their alignments are fixed [65].

Table 2-2. The structures of perovskite at respective tolerance factor.

Tolerance factor, t Phase  Structure lonic radii

>1 - Hexagonal Aion>>B ion

0.89-1.00 a Cubic A'ion > B ion (ideal ratio)

0.71-0.89 B,y Tetragonal/ A'ion is not large enough to fit into the

Orthorhombic interstices of B ions

<0.71 1) Different structures Aion = Bion

Since the different phases have different bandgaps, cathodoluminescence could be used
as an effective tool to differentiate among them across the phase diagram by varying

temperature.
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2.2 Materials studied

This project starts with MAPbI; and CsPbBrs perovskites which have been widely
studied, to first deal with the issue of stability of materials and resolution of signals, also
as a calibration for our CL system. One of the main reason of choosing these materials
is their bandgaps lie in the visible range (1.65 eV to 2.75eV). This property is
especially important for applications such as solar cells and light emitting diodes (LED).
The lead halide perovskites MAPbI; has proven to be an exceptional light harvester for
hybrid organic-inorganic solar cells [66]. Inorganic lead halide perovskite CsPbBrs is

also studied because of its exceptional luminescence and band gap in visible range.

Next, a hybrid perovskite of Ruddlesden-Popper series, with chemical formula
(PEA),(MA) 1 [Pby15,41], was studied. Hybrid perovskites with Ruddlesden-Popper
series consists of stacks of alternating organic and inorganic layers whose thickness can
be controlled by reaction stoichiometry. Different heterogeneous domains are found
during the formation of this perovskite film. Cathodoluminescence is the ideal
equipment to investigate the spatial distribution of self-organized heterogeneous
domains in this perovskites film, in the aspect of its luminescence properties and

recombination dynamics.
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2.2.1 Properties of MAPDbI;

Energy (eV)

Z AM TZ RXT

Figure 2-2. (a) The structure of MAPbI;. Purple ions represent iodide, the ions
surrounded by iodide are lead, blue ions represent oxygen, brown ions represent

carbon and white ions represent hydrogen. (b) Band structure of MAPbI; [67].

Figure 2-2a shows the structure of methylammounium lead iodide
CH3;NH;PbI;(MAPDI5). Note that the basic electronic structure and the total energy of
MAPDbI; have insignificant dependence on the orientation of methylammonium ion,
CH;NHF (MA) because it lies in an isotropic cage made of iodide anions, where
methylammonium can assume various orientation. Here the positive ammonium
moieties can interact equally with every negatively charged iodide ion by coulombic
attraction [68]. Figure 2-2b shows the band structure of MAPbI; calculated by J. Yin et
al. in our group based on van der Waals density functional (vdW-DF2) [67]. It shows a
direct band gap energy E; =~ 1.60 eV at I point. The transition temperatures of MAPbI;
between a phase (cubic), f phase (tetragonal) and y phase (orthorhombic) are
summarized in Table 2-3 [65]. When the temperature decreases down to certain value,
cubic phase is transformed into tetragonal phase, then transformed into orthorhombic
phase when temperature further decreases because of the ordering of MA ions. MAPbI;

adopts tetragonal crystal system, space group 14/mcm and lattice parameters a = 8.87 A,
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c = 12.65 A at room temperature [69]. The three-dimensional crystal structures of
MAPDI; at cubic phase, tetragonal phase and orthorhombic phase are shown in Figure

2-3.

Figure 2-3. Structural model of MAPbI; with (a) cubic, (b) tetragonal and

(c) orthorhombic structures [70].

Table 2-3. Transition temperature of MAPbI; summarized from references

[71][72][73].
MAPbI,
Crystal system / Phase Cubic/ a
Transition temperature (K) 330
Crystal system / Phase Tetragonal / B
Transition temperature (K) 161
Crystal system / Phase Orthorhombic / y
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2.2.2 Properties of CsPbB13
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Figure 2-4. (a) The crystal structure [74] and (b) band structure of CsPbBrs [75].

Inorganic perovskite CsPbBr; is investigated because inorganic ion Cs™ shows less

volatility, hence with higher stability. The degradation due to heat and humidity can be

significantly reduced [76]. Its stability under high energy electron beam might be higher

than organic-inorganic perovskites. The crystal structure of CsPbBr (Figure 2-4a) has

been previously reported in literatures [57]. Heidrich developed a model based on an

empirical linear combination of atomic orbitals (LCAO) [75]. It shows that CsPbBr;

has a direct band gap energy E, ~ 2.20 eV at R point at room temperature. The

transition temperatures of MAPbI; between a phase (cubic), 8 phase (tetragonal) and y

phase (orthorhombic) were studied by Stoumpos et al and their results are summarized

in Table 2-4 [78]. When temperature goes down to 403K, the cubic phase is transformed

into tetragonal phase, then transformed into orthorhombic phase at 361K.

Table 2-4. Transition temperatures of CsPbBr; [78].

CsPbBr;
Crystal system / Phase Cubic/ «a
Transition temperature (K) 403

Crystal system / Phase

Tetragonal / 8

Transition temperature (K)

361

Crystal system / Phase

Orthorhombic / y
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2.2.3 Properties of (PEA);(MA),_1 [PbypI3,:1] (two-dimensional perovskite)

As mentioned in section 2.1.3, two-dimensional perovskite will be formed when the
organic cation A is much larger than cation B. We hereby introduce a bulky cation,
phenylethylammonium (PEA = CgHoNH3) into MAPbI; to induce the formation of
layered perovskites of the Ruddlesden-Popper series with chemical form
(PEA),(MA) 1 [Pbyl5,41]. Figure 2-5a shows its structures with different n values.
For n = 1, the perovskite is (PEA),Pbl,, in a pure 2-dimensional structure. For n = 2,
the perovskite is (PEA),(MA) [Pb,I,] , in a quasi-2D dimensional structure
(intermediate between 2D and 3D). For n = oo, the perovskite structure can be simplified
to the 3-dimensional perovskite. The band gap of the perovskite with different n values
is different. Suppose a film of perovskite with different n values is synthesized, the
carriers can be directed to the smallest bandgap region and concentrated at the region,
hence increase the emission efficiency, as illustrated in Figure 2-5b. By adjusting the
ratio of PEA iodide to methylammonium iodide (MAI), grains with composition

(PEA),(MA)y_4 [Pbyl3,41], With average grain comprising (n) layers of Pblg is

produced.
n=ece
e
(MAI),,.1+ (PEAI)2+ (Pbly),
A e _t—‘g.
Low | Y ( —e—
slapility %Formation :
energy v >
- ."._o_
o (==
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stability
(PEA)E(MA)' ‘Pbml;}:;n’ >

n=1

Figure 2-5. (a) Unit cell structures of (PEA),(MA),,_1 [Pbynl5,41] With different n
values [79]. (b) Energy funnelling of multi-phase perovskite materials
(PEA);(MA)y—1 [Pbnlzny4] [80].
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2.3 Syntheses of perovskites

2.3.1 Synthesis of MAPbI;
74.4 mg of MAI was mixed with 57.7 mg of lead(Il) acetate trihydrate (1:1 atomic ratio)

in 500 ul of DMF solvent. The solution was heated on a hotplate at 100 °C.
Pb(Ac), - 3H,0 + 3CH3NH3I — MAPbI; + 2MA* + 2Ac* + 3H,0

35 ul of the solution was drop casted on the substrate then spun at 5000 rpm for 30
seconds using spin coater, then annealed at 100 °C for 15 minutes to evaporate the
solvent, the excess of organics Ac* and MA™ and the water byproduct. After the end of
the spin coating, the film remains colourless, and only turns dark purple upon annealing;
a change that marks the perovskite formation. The procedures are summarized in Figure
2-6. The spin coater used is installed in a glove box to allow the spin coating in an inert

atmosphere and have complete control over the crystallization conditions.

‘ MAPbDI, 0 Ac* s

D
b

Spincoat

100 °C hotplate

Figure 2-6. Procedures for fabrication of MAPbI; film.
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2.3.2 Synthesis of CsPbB1;
The sysnthesis of CsPbBr; was adapted from the synthetic method reported by D.

Zhang et al. [81] and Protesescu et al.[82]. Firstly, 0.4 g Cs,C05 and 1.2 ml of oleic
acid (OA) were loaded into a 3-neck flask while 15 ml of octadecene (ODE) is degassed
and dried under vacuum at 120 °C for 1h. The solution was then heated at 150 °C under
nitrogen gas until all Cs,C05 dissolves to form Cs-oleate solution. Next, 5 ml of ODE
and 0.069 g of PbBr, were loaded into another 3-neck flask and degassed under vacuum
at 120 °C for 1h. 0.3 ml of oleyamide (OLA) and 0.4 ml OA were injected into the flask
at 120 °C under nitrogen. The temperature was then increased to 200 °C for 1h. Next,
0.6 ml of Cs-oleate solution was injected rapidly. After 8 minutes, the mixture was
cooled in ice-water bath.

2.3.3 Synthesis of (PEA),(MA),,_1 [PbypI341]

In this work, two thin films and three single crystals are synthesized. The thin films
include pure 2D perovskite (PEA),Pbl, and heterogeneous films formed by mixed
phases of quasi-2D perovskite of series (PEA),(MA),—1 [Pbpl3n41]- Puren=1,n=2
and n = oo single crystals were also synthesized by adapting the synthetic strategy

reported by C. C. Stoumpos et al. [83] for similar multidimensional perovskites.

For the synthesis, the following chemicals were used: phenethylammonium iodide
(PEA)I (Dyesol), lead iodide PbI, (99.99%, TCI), methylammonium iodide MAI
(Dyesol), methylammonium chloride MAC! (Dyesol), stabilized hydroiodic acid HI
(Sigma Aldrich), 50% aqueous Hs;PO, (Sigma Aldrich), lead oxide PbO (Sigma
Aldrich), phenethylamine (Sigma Aldrich), g-butyrolactone GBL (Sigma Aldrich),

N,N-dimethyl sulfoxide DMSO (98%, Sigma Aldrich).
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A. Synthesis of (PEA), Pbl, single crystal (n =1)

2 mmol of PbO powder was dissolved in aqueous HI solution (2 ml) and 50% aqueous
H;P0, (3.1 mmol) was added to the mixture. Separately, 2 mmol of phenethylamine
were neutralized with 1 ml of HI 57% w/w causing the precipitation of a white solid
that re-dissolved upon heating. This was added to the PbO solution, and the mixture
heated at 150 °C under magnetic stirring on a hotplate. After 10 mins, the stirring was
discontinued, and the solution was left to cool down at room temperature, causing the
precipitation of orange crystals. These were collected by filtration and dried at 100 °C
under vacuum. This synthesis process was adapted from the synthetic strategy reported
by C. C. Stoumpos et al. [83] which used for similar layered perovskites.

B. Synthesis of (PEA),(MA) [Pb,I] single crystal (n = 2)

2 mmol of PbO powder and 3 mmol of MACI were dissolved in aqueous HI solution (2
ml) and 50% aqueous H; PO, (3.1 mmol) was added to the mixture. Separately, 2 mmol
of phenethylamine were neutralized with 1ml of HI 57% w/w causing the precipitation
of a white solid that re-dissolved upon heating. This was added to the PbO solution, and
the mixture heated at 150 °C under magnetic stirring on a hotplate. After 10 mins, the
stirring was discontinued and the solution was left to cool down at room temperature,
causing the precipitation of dark red crystals. These were collected by filtration and
dried at 100 °C under vacuum. This synthesis process was adapted from the synthetic

strategy reported by C. C. Stoumpos et al. [83] for similar layered perovskites.
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C. Synthesis of MAPDI3 single crystal (n = o)

Another similar procedure to that described by M. I. Saidaminov et al. was used for the
synthesis of MAPbI;. 1 M solution of Pbl, and MAI was prepared in GBL. The
solution was then left on the hotplate without stirring at 120 °C for 24 hours, allowing
the growth of MAPbI; black crystals. These were recovered by filtration and dried at

100 °C in vacuum.

D. Synthesis of (PEA), Pbl, (n =1) thin film

0.5 M solutions of (PEA),Pbl, were prepared by mixing stochiometric amounts of
phenethylammonium iodide, (PEA)I with Pbl, in DMSO. After dissolving the
powders at 100 °C for 1 hour, the solution was spin coated on p-doped silicon substrates
at 4000 rpm for 30 seconds, and annealed at 100 °C for 15 minutes resulting in the

formation of orange films.

E. Synthesis of multi-phase films (PEA),(MA),,_1 [Pb,I3541]

The spin-coating solution was prepared in DMSO by mixing 1 M of (PEA)I, 0.5 M of
MAI and 1 M of Pbl, . An initial molar ratio of 2:1:2 was used between
(PEA)I: MAI: Pbl,. After dissolving the powders in solvent at 100 °C for 1 hour, the
solution was spun coated on p-type silicon substrates at 4000 rpm for 30s then annealed

at 100 °C for 15 minutes resulting in the formation of red films.
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Chapter 3

Experimental Methods

3.1 Optical characterization measurements

3.1.1 UV-Vis Absorption measurement
The absorption spectra of the materials were measured using UV-Vis-NIR

Spectrophotometer Shimadzu UV3600 (Figure 3-1). The samples were deposited on a
glass substrate then were placed in the integrating sphere that was attached in the whole
set up, with another glass substrates as reference. The materials were excited at 290 nm
and measured by directing light in the wavelength range 300 nm to 900 nm and step

increment of 1 nm onto the surface.

Figure 3-1. UV-Vis-NIR Spectrophotometer Shimadzu UV3600.
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3.1.2 Photoluminescence and time-resolved photoluminescence measurement

A micro-photoluminescence setup was used to measure the photoluminescence spectra
and time-resolved photoluminescence of the perovskite materials. This micro-PL setup
is performed using free space excitation and collection using microscope objective
(NA=0.3). Figure 3-2 illustrates the instrumental setup of photoluminescence
measurement system. A ps-pulsed laser diode emitting at 405 nm wavelength with 40
MHz repetition rate is used to excite the sample. The photoluminescence is collected by
the objective lens and directed to a grating monochromator (Acton SpectraPro 2300i,
Princeton Instruments) then spectrometer detector (Acton SpectraHub, Princeton
Instruments) or time-correlated photon counting detector (PicoHarp 300, PicoQuant)

with 4ps resolution.
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Figure 3-2. Instrumental setup of micro-photoluminescence system.
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3.2 Cathodoluminescence measurements

3.2.1 Instrumental setup of Cathodoluminescence
The cathodoluminescence system used in this research was Allalin 4027 Chronos from

Attolight AG. Figure 3-3 shows the instrumental setup of the microscope. The whole
system is divided into four critical parts: field emission gun, hybrid electron and light

objective, chamber and cryogenic stage and detectors.
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Figure 3-3. Instrumental setup of Allalin 4027 Chronos [84].
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Firstly, a sharp tungsten filament is heated up. ZrO reservoir diffuses into the tungsten
tip to lower the work function of the emitter such that the tip starts emitting electrons.
The electrons are shaped by an extracted plate into cone shape then accelerated by an
accelerator. Next, the electron beam passes through gun lens which control the size of
the beam by controlling the probe current. This decides the number of electrons that
reach the apertures. There are four apertures with different diameters (25, 30, 50 and
100 um). Different apertures allow users to work in different probe current regimes. A
manual handling is attached to the apertures to allow position tuning of the apertures.
There are two ion pumps connected to the upper chamber to maintain ultrahigh vacuum
(1 X 1071% mbar) to prevent contamination to the emission gun. The upper chamber
(gun chamber) and the lower chamber (sample chamber) are separated by a separation

valve to keep the gun chamber in ultrahigh vacuum during sample exchange.

The electron beam arrives at the objective lens when the separation valve is opened. The
objective of this system is made up of a reflective objective and electromagnetic
objective lens. A reflective objective with numerical aperture (NA) of 0.72 (half angle
of 46°) is embedded within an electromagnetic objective, as illustrated in Figure 3-4.
This reflective objective has high NA to collect cathodoluminescence effectively. The
effective focal length of this objective is 7.2 mm. The electromagnetic lens is optimized
to focus electrons at a working distance of 3 mm, which matches the focal plane of the
light objective perfectly. This objective has large opening to allow the reflective
objective to collect the luminescence from sample. Due to the large opening, the

smallest achievable electron probe size is limited (2.7 nm at 10 kV).

The lower chamber can reach high vacuum (< 1 x 10~° mbar) through pumping by a
turbomolecular pump. The turbomolecular pump contains a ventilation valve which is

connected to the Nitrogen inlet. The chamber will be purged with Nitrogen during
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sample exchange to reduce the amount of water and unwanted pollutants entering the
chamber. The nano-positioning cryogenic stage (as illustrated in Figure A-la in
appendix) consists of specimen holder, nanopositioning stage and cryostat (for low
temperature performance) with 6 degrees of freedom for arbitrary movements. A 25.4
mm diameter disc with three-points bayonet fitting (as illustrated in Figure A-1b) can
be used to accommodate specimens. Note that the height of the specimen should be less

than 1.5mm to prevent hitting the lens.

Figure 3-4. Hybrid electron and light objective of Allalin 4027 Chronos [85].

The detection system and time-resolved system are illustrated in Figure 3-5. The CL
signals collected are directed to different detector depending on the acquisition range.
Horiba Jobin Yvon iHR320 imaging spectrometer breaks down the CL signals in term
of wavelength with three gratings on two different turrets. The information of the
gratings is shown in Table A-1 in appendix. The detectors are placed at the exit slit.
Spectroscopic CCD camera Newton920 can detect UV-VIS range from 180 — 1100 nm.
Photodiode array InGaAs 490 detector covers near-IR range of wavelength from 600 —

1700 nm. A photomultiplier tube (PMT) is installed before the InGaAs detector.
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Figure 3-5. CL setup together with the time-resolved system and detection system

[85].

A unique capability of this CL system is given by the operation in time-resolved mode.
Traditional TRCL setup equipped a beam-blanking unit below the electron gun of SEM
to generate electron pulses [66,67]. Due to the long duration of the electron pulse (>
1 ns), the time resolution (< 200 ps) of the traditional TRCL system is limited. To
overcome this limitation, our CL system uses a photoemission-based electron gun. An
ultrafast pulsed laser is employed to excite burst of electrons illuminating the cathode.
Electron pulses are generated by a pulsed UV laser (1 = 355nm), with pulse duration
< 2 ps . Optronis Optoscope SC-10 streak camera is used to collect photons emitted at
range 200-850 nm, with temporal resolution >2ps. For IR detection, time correlated
photon counting system is used. InGasAs/InP Single-Photon Avalanche Diode (SPAD)
detector single detects photons with wavelength from 900-1700 nm, with timing jitter

down to less than 100ps. Niobium Nitrite (NbN) superconducting nanowire single-
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photon detector (SNSPD) is for detection of near-infrared single photons up to 2000 nm,
with timing jitter less than 100ps.

3.2.2 Overcoming spatial resolution

The spatial resolution of cathodoluminescence maps is largely determined by three
parameters: probe size (diameter of the focused electron beam), generation volume and

diffusion length.

(a) Probe size

The smaller the probe size, the higher the resolution. The probe size is decided by the
quality of gun lens, the spatial and energy profile of electrons emitted by electron gun,
and working distance [86]. In this system, the probe size can be tuned from few

nanometers up to micrometers.

(b) Generation volume

SE image resolution is weakly dependant on the generation volume. However, for
visualization of CL signals (imaging or mapping), the spatial resolution is strongly
determined by the interaction of the incident electrons and the material. The smaller the
generation volume, the higher the spatial resolution. The generation volume depends on
the properties of the material and the accelerating voltage. Accelerating voltage decides
the energy of primary electrons and penetration depth of the electrons into the sample.
However, low accelerating voltage also introduces the surface effect, where non-
radiative processes dominate due to polishing damage, CL signal is hence effectively
killed. It is also worth highlighting that small generation volume results in higher
injection density (high charge carrier concentration in small volume) and lower CL
emission due to saturation effect. Therefore, high spatial resolution requires optimum

accelerating voltage and low beam current [86].
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(c) Carrier Diffusion

The diffusion length of charge carriers directly affect the generation volume. The higher
the carrier mobility or diffusion length, the lower the final resolution. The diffusion of

the charge carriers is decided by the properties and quality of materials.

3.2.3 Overcoming time resolution

The time resolution of a CL system is often limited by the electron pulse duration and
the temporal resolution of the detector. The detector used in the SPMS system, Optronis
Optoscope SC-10 streak camera, carries intrinsic temporal resolution up to 2 ps (in ideal
case). However, the actual resolution of the slit camera is affected by the parameters
selected such as the aperture of temporal slit, the speed of jitter and the limited numbers
of pixels of readout CCD in the streak camera. The electron pulse duration which acts
as the opening of a “camera” shutter is also one of the limitations to the temporal
resolution of the SPMS system. In order to obtain short electron pulse, the electron gun
used in the CL system is photoemission-based electron gun. This photoemission-based
electron gun is driven by a picosecond UV laser with pulse duration 5 - 7 ps. Electron
pulses with similar duration should be generated, however, due to the Coulomb
repulsion between the electrons (space charged effect) in the electron packet, electrons
with different velocities arrive at the sample earlier or later, consequently develop
temporal broadening during propagation. The time resolution of the CL system can be
obtained by direct fitting and analysis of TRCL data of a stable material through
introducing the Gaussian electron pulse profile into the fitting function [36] (refer to
section 1.4.3). Based on the analysis done by the manufacturer, the electron pulses are
broadened to around 10 ps upon arriving at samples. However, the actual time resolution

of our CL system is around 20 ps. This is because there are many dispersive
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spectroscopy instruments such as gratings in the system which affect the resolution of

the signal obtained.
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3.2.4 Cathodoluminescence and time-resolved cathodoluminescence measurement
Cathodoluminescence measurements were performed using Allalin 4027 Chronos from
Attolight AG (Figure 3-6). The instrumental setup of Allalin 4027 Chronos has been
shown in detail in previous section. Since the perovskites in this work have visible range
bandgap, the measurements were performed by using grating with 150 gratings/mm and
blazed at 500 nm. The spectra were acquired with Newton920 CCD with resolution 0.5
nm with different range depending on the emission of the materials. For every
measurement, the electron beam was accelerated at 6 kV, passing through gun lens 1.2A.
For time-resolved mode, 10 ps pulsed photoelectron gun was used. Perovskite films for

CL were spin coated on p-doped silicon substrates.

Figure 3-6. Attolight Allalin 4027 Chronos, Time Resolved Cathodoluminescence
Microscope. Green arrow indicates the UV pulsed laser that excites pulse electrons. Blue
and Red arrows indicate the path of collected light to UV-Vis detector and IR detector
respectively.
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Chapter 4

Results and Discussions

4.1 Lead halide perovskites
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As mentioned in Section 2.2, the emission of MAPbI; and CsPbBr; were firstly studied
to deal with the issue of stability of materials and resolution of signals, also as a
calibration for our CL system. Figure 4-1a and 4-2a show the SEM images of MAPbI,
thin film and CsPbBr; QDs respectively. PL emission spectrum of MAPbI; (Figure 4-
1b) shows emission peak at 744 nm whereas CL emission spectrum of MAPbI; (Figure
4-1c) shows a strong emission peak at 738 nm. Nevertheless, the obtained CL peak is
1.68 eV in energy scale. Comparing with the band gap value (1.58 eV) obtained in
previous work by SPMS research group [67], the energy of released photon is higher
than the band gap. This might because the structure of MAPbI; is slightly oriented by
high energy electron beam, the band gap of the material is broadened. PL emission
spectrum of CsPbBr; (Figure 4-2b) shows emission peak at 512 nm whereas CL
emission spectrum of CsPbBr; (Figure 4-2¢) shows even stronger emission peak at
518 nm. It agrees reasonably with the results of reference literature [81] that we adapted
for the synthesis method. Overall, the FWHM of the CL emission peaks are larger than
that of PL emission peaks. Broadening of CL emission peaks is caused by the incident
electrons which have excited more vibrational modes. Broadening will also be observed
in the (PEA),(MA),,_1 [Pb,I3,+1] perovskites and will be further explained in next

section.

4.2 Two-dimensional perovskite (PEA)2(MA)n-1Pbnlsn+1

Two-dimensional perovskite quasi-2D thin film was believed to contain several phases
in single film hence allow energy funnelling effect, this claim has yet to be proven,

hence it would be extremely interesting to reveal the spatial distribution of the film.

4.2.1 Single crystals

Perovskite single crystals were used to assign the individual phases distinguished the
self-organized heterogeneous phases in the perovskite thin film and find their
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characteristic emission spectra and decay dynamics as function of the thickness of
inorganic layer. Without this information, it is not possible to identify the individual
emissions states that were observed in the heterogeneous phases of perovskite. To obtain
the absolute information of each states, single crystals of (PEA):Pbls (n = 1),
(PEA)2(MA)[Pb2l7] (n = 2) and MAPbIs (n = o) were synthesized. Figure 4-3 shows

the images of single crystals fabricated.

ajn=1 b)n=2 _ C)n=ee

Figure 4-3. (PEA)2(MA)n-1Pbnlan+1 perovskite single crystals: a) (PEA)2Pbls, n =1,
orange; b) (PEA)2(MA)[Pb2l7], n = 2, dark red; ¢) MAPDI3, n = o, black.

Normalized PL

Normalized CL

450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 4-4. Photoluminescence and cathodoluminescence spectra of single crystals
(PEA)2(MA)n-1 [Pbnlan+1] withn =1, 2 and co.
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PL and CL emission spectra of single crystalsn = 1, n = 2 and n = oo are shown in
Figure 4-4. It is observed that the CL emission peak for (PEA)2(MA)n-1 [Pbnlan+1] with
n =1 is slightly blue-shifted, whereas the CL emission peaks for (PEA)2(MA)n-1
[Pbnlsn+1] withn = 2 and n = oo are red shifted when compared with their respective
PL emission peaks. For the main reason for the inconsistency results (emission peaks
fluctuate by few nm) in each CL acquisition, EI-Hajjie et al. showed that both photo-
and electroluminescence are spatially not uniform in perovskite [87]. The range of
emitted photons fluctuate by +10 nm when investigated spatially at um length scale.
One of the possible explanations for red-shifting is the existence of shallow trapping
levels where the recombination processes take part, hence emitting photons with lower

energy.

Besides that, in cathodoluminescence, most of the energy of the incident electrons is
converted to heat energy. The vibrational energy of atoms increases with temperature,
causing the interatomic distances to become further and reducing the potential seen by
the electrons in material, resulting in the narrowing of band gap. The observed blue-
shifting of the CL emission peak for (PEA)2(MA)n-1 [Pbnlan+1] with n = 1 could be due
to Burstein-Moss effect. Burstein-Moss effect occurs when the charge carrier
concentration is much higher than the density of states in conduction or valence band,
causing the Fermi level lies in conduction band or valence band. Consequently, the
measured band gap appears to be larger than its actual value. The value of measured

band gap is the sum of actual band gap and Burstein-Moss shift (see Figure 4-5).

Overall, the FWHM of the CL emission peaks are larger than that of PL emission peaks.
Broadening and tailing of CL emission peaks is caused by is the incident electrons which
have excited more vibrational modes. The relaxation to higher vibrational sublevels of

electronic ground state (Figure 4-6), as the excitation energy from electron beam (few
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keV) is relatively high compared to light excitation mode in photoluminescence.
Another possible reason is more inter-band trapping states and vacancies are introduced
by high energy electron, causing the emission peaks broader. Last but not least, it is also
worth mentioning that the CL emission peak of (PEA)2(MA)n-1 [Pbnlan+1] with n = 2 has
a shoulder peak at 600nm, as shown in Figure 3. We proposed that the crystallographic
structure of small components of the perovskites were distorted by the high energy
electron beam, from n = 2 phase to higher order phase. Nevertheless, the emission peaks
for both PL and CL of these three materials almost coincide and lay well within the
expectation values for the reported band gaps of these materials (PL emission peak of
single crystals n =1 is at 517nm, n=2is at 570 nm and n = oo at 781 nm)
[88][89]. The emission peaks of n = 1, n = 2 and n = oo single crystals are (520.0 +
5.0)nm , (575.5+ 0.5)nm and (779.0 + 1.0)nm respectively. Their calculated

bandgaps are hence 2.38 eV, 2.15 eV and 1.59 eV'.
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Figure 4-5. Optical band gap widening due Figure 4-6. Jablonski diagram

to Burstein-Moss shift. Adapted from Ref. [91] showing vibrational relaxation. [90]
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4.2.2 Thin films

A. (PEA)2 Pbl4 thin film (2D, pure n = 1)

Hm a.u.
ad
) b) -
25
- 420
15 410
10 400
5
390
0
0 10 20 30 pn.
800
c) _
700 4
>
B 6004
F—
D
E
T 500 <
3]
400
300 : . : ; : ; . , ;
300 400 500 600 700 800

Wavelength (nm)
Figure 4-7. (a) SEM image, (b) CL map at 525 nm, (c¢) CL emission

spectrum of (PEA)2Pbls film.

Figure 4-7a shows the SEM image of n = 1 thin film, with corresponding CL emission
intensity mapping in Figure 4-7b. CL emission spectrum is shown in Figure 4-7c. Pure
(PEA)2Pbl4 polycrystalline film exhibits cathodoluminences emission peaked around
520 nm. The intensity has been integrated between 515 nm to 525 nm. Directly
comparing the CL map to the SEM image reveals a correlation between the
cathodoluminescence intensity and the grains distributions --- lowly emissive areas
(black colour in Figure 4-7b) correspond to the boundaries between the grains. There
are several small parts with relatively higher emission (bright green colour in Figure 4-

7b). This indicates inhomogeneity in the film crystallization. The main CL emission of
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(PEA)2Pbl4 thin film (Figure 4-8a) was at 520 nm. Comparing the PL emission spectrum
and CL emission spectrum (Figure 4-8a and Figure 4-8b) of (PEA)2Pbls thin film
respectively, both CL and PL measurement come into agreement that they emit at the
same wavelength. In Figure 4-8b, (PEA). Pbls is observed that it mainly absorbs at 510
nm and emits at 520 nm. The different between band maxima in absorption and emission
spectra can be explained by Kasha’s rule. Some energy is lost by nonradiative relaxation
process, consequently the emitted photons has less energy than absorbed photon,

resulting in Stokes’ shift.
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Figure 4-8. (a) CL spectrum and (b) Absorbance spectrum and PL spectrum of (PEA)2
Pbls thin film.
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B. Multi-phase (PEA);(MA),_1 [Pb,I3,,+1] film (quasi 2D, mixed n’s)

Cathodoluminescence
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Figure 4-9. (a) SEM image of the multiphase (PEA)2(MA)n-1[Pbnlsn+1] perovskite film
and (b) corresponding cathodoluminescence (CL) map. (c), (d) and (e) maps show the
individual CL components centered at 510 nm, 580 nm and 720 nm, respectively. (f)

Spatially resolved CL spectra at specific points of the CL map (b).
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Figure 4-10. (a) SEM image of the multiphase (PEA)2(MA)n[Pbnlzn+1] perovskite film

and (b) corresponding cathodoluminescence (CL) map; (c) and (d) maps show the

individual CL components cantered at 565 nm and 705 nm, respectively. (e) Spatially

resolved CL spectra at point A and B of the CL map (b).
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Figure 4-11. (a) CL spectrum and (b) Absorbance spectrum and PL spectrum of multi-
phase thin film.

The absorption and emission spectra of two different regions in multi-phase perovskite
thin film are summarized in Figure 4-9 and Figure 4-10. SEM image in Figure 4-9a
shows the formation of an ensemble of flat, plate-like grains with edge length > 10 um
which appear uniform. CL mapping (Figure 4-9b) of the corresponding region reveals
irregular luminescence across the probed area, yet following a well-defined pattern: at
the crystal edges (point A), the emission is characteristic of the presence of (PEA)2Pbl4
(n = 1), whereas the emission of the bulk of grains (point B) is typical of n = 2 phase
(PEA)2(MA)[Pb2l7]. Another weaker emission at 720nm is observed at the close
proximity to the grain boundaries (point C) can be related to the formation of higher
order phases (n = 3) of (PEA)2(MA)n-1[Pbnlan+1]. Higher order single crystals (n > 3)
were not fabricated by far in this work. According to the online references, single crystal
(PEA)2(MA)n-1[Pbnlan+1] n = 3 has been fabricated and found to be emitted at 620 nm.

This comes into agreement with Figure 4.10e and Figure 4-11a which shows the
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emissions of multi-phase thin film are composed of peaks at 620 nm, indicates the trace
amount of n = 3. The information of higher orders phases (n = 4) of (PEA)2(MA)x.
1[Pbnlan+1] single crystals are currently not available. In another region of the same
sample (Figure 4-10), phase segregation composed by perovskite clusters with lower
and higher emission wavelength are found. The emission of certain grains at 705 nm
further indicates the formation of higher order phases of (PEA)2(MA)n-1[Pbnlzn+1]. In
short, both Figure 4-9 and Figure 4-10 that show the SEM images and CL mapping at
two different regions of the sample further confirm the existence of multiple grains. The
grains show different emissions, meaning different grains are made of different number

of layers of perovskites.

C. Time-resolved Cathodoluminescence
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Figure 4-12. a) Time-resolved photoluminescence (Aexc =400 nm) and b) time-

resolved cathodoluminescence measured on perovskite single crystals.
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Table 4-1. Time resolved photoluminescence (TRPL) and cathodoluminescence
(TRCL) fitting parameters for perovskite single crystals. TRPL decays are collected

under 400 nm excitation wavelength; Tt = characteristic lifetimes, A = amplitude.

Crystals Time-resolved PL
A T1 T2
(mm)  Ar (ps) Az (ps)
n = oo 780 036 2657 0.64 44298
n=2 575 0.83 450 0.17 14184
n=1 525 097 298 0.03 1417
Time-resolved CL
n=oo 780  0.96 50 0.04 2059
n=2 575 0.89 49 0.11 380
n=1 525 0.92 34 0.08 319

To study the lifetime and recombination dynamics of the perovskites, time-resolved CL
measurement and time-resolved PL measurement was firstly performed on the single
crystals (Figure 4-12). Table 4-1 gives the fits parameters of bi-exponential fits

(Equation 4.1) of time-resolved data of single crystals in Figure 4-12.

X—Xq X—Xo

y=vyo+Ae 1 +Ae T2 4.1)

The fitting parameters obtained from the data of perovskite single crystals are used as
reference for the assessment of the characteristic photoluminescence decay dynamics.
The results in Figure 4-12 and Table 4-1 show that single crystals with increasing
perovskite dimensionality exhibit progressively longer lifetime. The perovskite with
dimensionality achieves infinity (n = oo) exhibit a much longer lifetime component.
Comparing the data of TRPL and TRCL of the single crystals, TRCL of the same
perovskite crystals is dominated by a much faster decay. We suggest that this ultrafast
decay is caused by the excitation by high energy electrons to hot-exciton thermalization

and Auger recombination. Another interesting result is that the slower component (z,)
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of TRCL well matches the faster component (7,) of TRPL of the same perovskite single

crystals, suggesting they are related to the same recombination process.

Next, time-resolved cathodoluminescence (TRCL) measurements were performed on
the pure phase (PEA)2Pbls and multiphase (PEA)2(MA)n-1[Pbnlsn+1] perovskite thin film.
Table 4-2 shows the fits parameters of bi-exponential fits (Equation 4.1) of time-
resolved data of pure phase and multiphase perovskite thin films in Figure 4-13. The
film of pure (PEA)2Pbls shows a single peak at 520 nm (Figure 4-13a), whereas the film
of multiphase (PEA)2(MA)n-1[Pbnlan+1] shows multiple peaks at 520 nm (shorter lifetime)
and 570 nm (longer lifetime), as obtained in Table 4-2. The higher dimensionalities
component in the multiphase perovskite thin film could not be probed since the signals
are too weak. The partial quenching of n = 1 component in multiphase perovskite thin
film suggests that there exists energy transfer from lower dimensionalities (n = 1) to
higher dimensionalities (n = 2). These results agree with the modelling introduced in
Yuan’s article as shown in Figure 2-5b and Figure 4-14 [80]. The energy funnelling

effect is achievable in this film.
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Figure 4-13. Time-resolved CL decays as a function of wavelength of (a) (PEA)2Pbl4

(pure n = 1) thin film and (b) multi-phase (PEA),(MA),,_1 [Pb,I35,+1] thin film.
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Table 4-2. Time resolved cathodoluminescence (TRCL) fitting parameters for
perovskite films of pure (PEA)2Pbls (n = 1) and
multiphase(PEA),(MA),_1 [PbyI3,,+1] film. In the last case, two main signals are

probed relative to the n = 1 and n = 2 phases. T = characteristic life-times, A =

amplitude.
A Aprobe T1 T2
Thin Film pro A A
mm) ' (ps) 7 (ps)

(PEA);(MA),_1 [Pb,]3,.1] 565 091 48 0.09 486
(PEA);(MA),_1 [Pb,]3,.1] 520 092 18 0.08 135
(PEA)2Pbl4 520 096 31 0.04 308

Figure 4-14. Carrier transfer process in thin film perovskite with mixed states [80].
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Chapter 5
Conclusions

Electron microscopes that operate in scanning mode combined with
cathodoluminescence analysis are extraordinary tools for studying optical responses of
nanostructures. In this work, the spatial distribution of the emission of perovskites
allowed study of the relationship between the morphology and emission properties.
Consequently, the ‘band gap’ can be mapped, revealing the relationship between the
phases and luminescence. One can distinguish regions with n = 1, 2... etc from
cathodoluminescence microscopy. The partial quenching of lower dimensionalities
component in multiphase perovskite thin film also further proves the energy transfer
from lower dimensionalities to higher dimensionalities. This self-assembled
multicomponent and multi-layered quasi-2D perovskite enables convergence of excited
carriers through funnelling mechanism hence increase the efficiency of radiative
recombination and prolong the lifetime of emitted photons. This concept can be a
potential breakthrough in improving the efficiencies of devices such as light emitting

diode (LED) or solar cell by tailoring the composition of perovskites.
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Chapter 6
Future Work

6.1 CL mapping of nanostructured perovskites

The rises in local photoluminescence emission after exposure to simulated sunlight has
been presented in previous work. DeQuilettes et al. suggested that illumination induces
redistribution of iodide and reduction of trap densities [92]. Their PL mapping (Figure
6-1) discovered that the changes in PL and trap densities are more significant for dimmer
spots. CL mapping of nanostructured perovskite can reveal morphology emission
characteristics and study the trap densities of materials under different conditions, such

as different temperatures (different phases) and different exposure periods.

+21 min in dark after
Before 60 min light soak b light soak

Q

PL (norm. to avg.,)

Figure 6-1. Local photoluminescence (PL) rises after exposure to simulated sunlight

[92].
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6.2 CL of perovskites metamaterials

A metamaterial is an arrangement of artificial structural elements designed to achieve
advantages properties that are unachievable by natural materials. Thus far, metamaterial
research has shown wide variety of extraordinary electromagnetic responses such as
electromagnetically induce transparency (EIT), negative refractive index, and terahertz
magnetism.[70,71,72] Plamons are the oscillations of electron gas plasma due to the
coupling of incident electrons and electrons of metals. Localized surface plasmon (LSP)
is formed when a surface plasmon is confined in a nanoparticle size comparable or
smaller than the wavelength of excitation light. LSP can undergo radiative decay and
release photons. Cathodoluminescence system can be used to study localized surface
plasmon. With the advantage of spatial mapping ability of CL system, the surface
plasmon resonance can be directly visualized. [25] The resonances at different
wavelengths can also be determined. A recent work by B, Gholipourm, et al.
demonstrates the first tunable-color perovskite MAPbI; across the visible range by
nanostructuring them at subwavelength scales [96]. This overcomes the limitation of
choice of materials and provides an alternative route other than varying perovskite
composition chemically. Reflectivity of nanograting perovskite is effectively tuned by
changing the grating period (Figure 6-2). Besides that, they also showed
photoluminescence enhancement by nanopatterned perovskites. It will be extremely

interesting to reveal the spatial distribution of the luminescence under CL system.
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Figure 6-2. Tunable color perovskite metasurfaces. Reflection spectra of (a)
nanograting and (b) nanoslit, with different etch depth. (c) Corresponding unpolarised
optical microscope image of nanograting metasurfaces with different mill depth. (d)

Color created by nanograting metasurfaces on CIE color palette. [96]
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6.3 Electron-beam-induced current (EBIC)

Electron-beam-induced current (EBIC) is a semiconductor analysis technique
performed in electron microscopy. It can be used to identify underlying junctions or
defects in semiconductors and the characterization of minority carriers transport
properties. Electron-hole pairs are generated upon excited by electron beam, then diffuse
away from the generation volume due to the concentration gradient. An electric field is
applied to separate the electron-hole pairs and the drifted charge carriers are collected.
When an electric field is applied to an intrinsic semiconductor, the free electrons drift
with velocity v, and the holes drift with velocity v,,. They can be expressed in equation

(6.1) and equation (6.2).

Drift velocity of electrons,v, = —/,teﬁ (6.1)
Drift velocity of holes, v, = +u,F (6.2)

where p, is the electron mobility, p, is the hole mobility and F is the electric field [97].

Even though the free electrons and the holes drift in opposite directions, their current
densities add up together because their charge polarities are opposite.
Current density (current per unit area) can be expressed by equation (6.3).

Current density,] = env (6.3)

where e is the electronic charge, n is the number of charge carriers per unit volume, v
is the drift velocity of the charge carriers. Since the drift velocity is directly proportional
to the applied electric field, as shown in equation (6.1) and equation (6.2). By subbing
equation (6.1) into equation (6.3), we get

Current density,] = enuF = oF (6.4)

where ¢ = enu is the conductivity of the material.
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EBIC can be mathematically modelled by considering the charge collection probability

and the generation volume. Therefore, the normalized EBIC I, can be expressed as:

Iy(x',z") = f Qx,2)g(x —x',z— z')dxdz (6.5)

where Q(x,z) is the charge collection probability and g(x —x',z—2z") is the

generation volume centered at (x', z").

EBIC measurement is also accessible in the SPMS CL system, by contacting the
specimens with the contact pads on the specimen holder. Another exciting opportunity
is the time-resolved EBIC system which could achieve ultrafast current detection. EBIC
of perovskite shows high electron extraction efficiency of perovskite-based solar cells.
[98] However, the transport properties of charge carriers in perovskite are not in a
complete story yet. EBIC mapping and time-resolved EBIC measurement are expected
to reveal the transport properties and diffusion length of charge carriers in perovskites,

relating with the morphology.
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Appendix

Details of cathodoluminescence system

(b)

Figure A-1. (a) Cryogenic Nanopositioning stage and (b) specimen holder of Allalin

4027 Chronos. [99]

Table A-1. The information of turrets in spectrometer

Turret Grating Groove Density (gr/mm)  Blaze (nm)
1.1 150 500
1 (UV-Visible) 1.2 600 300
1.3 1200 250
2.1 150 500
2 (near-IR) 2.2 600 750
2.3 150 1200
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A.1 Photomultiplier tube (PMT)
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Figure A-2. Diagram of a photomultiplier tube with nine dynodes. [100]

A PMT (Figure A-2) is a sensitive device that amplifies the signals obtained. Firstly, the
light falls on a photoemissive cathode, photoelectric effect causes the cathode emits
electrons. The photoelectrons are accelerated towards secondary electrodes, called
dynodes, and gain enough energy to knock off the secondary electrons. Each dynode
amplifies signals by emitting more electrons. The process is repeated several times, the
electrons are finally collected at the anode. In order to minimize the noise, it is necessary

to operate PMT at low voltage. [101]
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A.2 Photodiode Array (PDA)
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Figure A-3. (a) Schematic cross-sectional view of photodiode array. (b) Schematic

design of PDA spectrophotometer. [100]

A photodiode array (PDA) consists of a linear of hundreds or thousands of photodiodes
that convert the light into current. Figure A-3 shows the cross-sectional view of PDA.
Rows of p-type silicon are embedded into n-type silicon substrate, creating a series of
pn junction diodes. Electrons and holes are drawn away from the junction by applying
reverse bias, hence the formation of depletion region, which act as condenser. These
charges can be stored on the either side of depletion region. All diodes are fully charged
at the start of measurement. During measurement, the incoming light excites electrons
and partially discharge the condenser. The system obtains the information by detecting
the current required to restore the charge. In practice, the light is dispersed into its
component wavelength and directed to the diode array. Each diode detects the intensity
of light at different wavelength simultaneously. Therefore, PDA allows high speed
parallel readout. The resolution of PDA depends on the distance between the diodes and

the dispersion of the grating polychromator.
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A.3 Charge Coupled Device (CCD)
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Figure A-4. (a) Cross sectional view of each pixel in CCD. (b) Top view of CCD.

[100]

A charged coupled device (CCD) is extremely sensitive detector that consists of
thousands of pixels in two-dimensional array (Figure A-4b). Each pixel is constructed
of p-doped silicon on s-doped silicon substrate and conducting electrodes on top (Figure
A-4a). Incoming light generate electrons and holes. The electrons are attracted and
stored at the region beneath the positive electrode whereas the holes migrate to n-doped
substrate. The electrical charge accumulated at each pixel is transferred to its neighbour
pixel in horizontal direction, along the readout register, by applying bias. CCD has high
quantum efficiency (electrons generated per incident photon), high sensitivity and low

noise compared to readout signal.
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