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Abstract

Organo-metal-halide (OMH) perovskites form a new class of materials with
perovskite crystal structure ABX3 where A is an organic molecule, B is lead (Pb)
and X is a halide atom (I or Br). OMH perovskite semiconductors have been widely
used in photovoltaics due to their very strong absorption of sun light, very suitable
electrical properties, and the ease of preparation. Today the power conversion
efficiency of record devices based on OMH is as large as 25.5%.

There are still many challenges for commercial application of OMH perovskite
based solar cells and other devices. One of the problems we can formulate as
sensitivity of the properties of OMP semiconductors and devices based on them on
factors like electric field, atmosphere, light, temperature and so on. Despite large
efforts spent in the scientific community on investigation of the environmental
effects on OMH perovskites and stability of devices many issues are still not well-
understood.

In this thesis, I present results of several research projects where photoluminescence
(PL) properties of OMH perovskites were studied by optical luminescence
microscopy and spectroscopy under different environmental conditions such as
humidity, electric field, local pressure and low temperature. We observed that water
molecules can play an important role in the transformation of OMH perovskite from
its intermediate phase containing solvent molecules to the perovskite crystal
structure. We found that both electric field and local pressure and mechanical
damage at nano-scale can create temporal PL quenching in OMH perovskites micro-
and nanocrystals. We propose that PL. quenching is induced by deep defects states
created by electric field, pressure or mechanical manipulation. However, the
destructive influence of all these factors on PL disappears several minutes after the
influence was stopped due to self-healing properties of OHP. By comparing PL
spectra and PL intensity and cryogenic temperatures and at room temperature we
found that the concentration of shallow defect states and deep defect states are
proportional to each other.
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Chapter 1 Introduction

1.1 General background

1.1.1 Global energy crisis

Looking back on the history of humans, using fire and making tools are regarded as
the turning point of human civilization. History of the human civilization can be
also called the history of energy. As one of the most important gifts from nature,
fossil energy has already become the main power that supports our daily life during
the past thousands of years. In particular, the usage of fossil energy had increased
exponentially since the first industrial revolution in the 18" century as shown in
Figure 1.1.1. This trend was even rapid in the 1950s when the 3™ industrial
revolution was finished.

Global direct primary energy consumption
Direct primary energy consumption does not take account of inefficiencies in fossil fuel production.

Modern biofuels
Other
renewables
140,000 TWh

Wind

Nuclear

120,000 TWh Gas

100,000 TWh

80,000 TWh ol

60,000 TWh
40,000 TWh

Coal

20,000 TWh

Traditional
biomass

h
1800 1850 1900 1950 2000 2019

Source: Vaclav Smil (2017) and BP Statistical Review of World Energy OurWorldinData.org/energy * CC BY

Figure 1.1.1 Global direct primary energy consumption from 1800 until 2019.
(Source: https://ourworldindata.org/energy)



Notwithstanding the human civilization has developed rapidly, emitting products
such as CO; from fossil fuels has also enlarged simultaneously as shown in Figure
1.1.2. Meanwhile, large number of side effects from excessive use of fossil fuels
start to appear. First of all, fossil fuels are non-renewable. Fossil fuels in the earth
are formed during the past billions of years. Once they’re run out, it is nearly
impossible to get them back again. Another problem is the global climate change
caused by emission products (CO; and other toxic ingredients) from fossil fuels. For
example, the greenhouse effects have generated global warming and lead to an
increase in the average temperature of the world. Therefore, it is necessary to find
some other “clean” energy source that has less carbon emission and is renewable.

Annual total CO2 emissions, by world region

This measures CO: emissions from fossil fuels and cement production only — land use change is not included

35 billion t
Oceania
Asia (excl. China

30 billion t & India)

25 billion t

China
20 billion t

15 billion t Africa

South America
North America
(excl. USA)

United States

10 billion t

5 billion t

Europe (excl
EU-28)

0t—— —
1751 1800 1850 1900 1950 2018

Source: Carbon Dioxide Information Analysis Center (CDIAC); Global Carbon Project (GCP)
Note: 'Statitistical differences' included in the GCP dataset is not included here.
OurWorldInData.org/co2-and-other-greenhouse-gas-emissions « CC BY

Figure 1.1.2 Annual total CO2 emissions by world region from 1751 until 2018.
(Source: https://ourworldindata.org/energy)

Since the 2™ industrial revolution, the electricity took the place of steam and started
to act as the main power source for our daily life. Up to now, almost all of the
traditional fossil fuels such as coal were converted to electric power in the power
station at first. Besides, new types of fossil fuels such as gas or petroleum were also
developed which have higher efficiency and less pollutant emission compared with
coal. On the other hand, some other new types of renewable fuels were developed
to generate electricity such as nuclear energy, wind, hydropower, and solar energy.



1.1.2 Solar cells and Organo-metal halide perovskites

Among all new energy, solar energy was always regarded as the driving force for
all the lives on the earth and has become one of the most important easy-accessed
renewable energies in the world. On the one hand, sunlight can drive the
photosynthesis reaction in plants to convert the carbon dioxide into oxygen. On the
other hand, sunlight can also be converted to electricity via solar cells. Hence, the
solar cell is the key to the better use of solar energy as a renewable energy source.

Solar cells were fabricated based on the photovoltaic effect which was first
described in 1873 by Willoughby Smith.['] Almost all of the solar cells use a
semiconductor layer to work as a sensor for generating free electrons and holes
under the sunlight illumination. Then the generated electrons and holes can be
extracted to the anode and cathode of the device to form the output voltage as shown
in Figure 1.1.3. Solar cells were applied as power source in many fields since it was
fabricated, especially in space crafts or artificial satellite.

Electron extraction layer
, t t 1t 1
N-type semidonductor e O o o o
Output voltage
P-type semiconductor i e o ~ ~ @ Electron
Hole extraction layer t 1 113 ® Hole

|

Figure 1.1.3 Scheme figure of semiconductor based solar cells.

The first practical photovoltaic solar cell device was made at Bell Laboratories in
1954. Since then, solar cells started to act as an energy source in space applications
(spacecraft or artificial satellite) and in our daily life. During the past half-century,
large amount of efforts had been spent to develop different types of solar cells with
higher power conversion efficiency (PCE). The PCE of all types of solar cells is
presented in Figure 1.1.4. It can be seen that the highest PCE of solar cell reaches
47.1% up to now. However, most of the current solar cells require an extremely low
impurity level so that the cost of the solar cell is relatively high. Therefore,
developing new types of solar cells with a lower cost has become more and more
crucial.

Very recently, organo-metal halide (OMH) perovskite was found to be a potential
candidate material for solar cells. Since then, considerable amount of experiments



have been done to increase the PCE of OMH perovskite based solar cells and the
PCE was increased to 25.5% as marked in Figure 1.1.4.

Best Research-Cell Efficiencies IENREL

Perovskite solar cells

0oererood

Cell Efficiency (%)

I T -
1985

Lo 00 1 Lo Lo Lo Lo Lo Lo 1o 1o
1975 1980 1990 1995 2000 2005 2010 2015 2020

Figure 1.1.4 Figure of best research-cell efficiencies
(Source: https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf )

Despite the great success has been achieved in the OMH perovskite, the
fundamental physical properties of this material are still not clear and lead to many
mysterious problems. For example, the performance of the OMH perovskite-based
solar cell devices might be diverse even if they are synthesized under a similar
method, which will be discussed in the latter part[’] The effects of the local
environment (such as water in the humid environment) on the OMH perovskite
might also be diverse. [*°] Therefore, systematic knowledge and deeper
understanding are required to break the efficiency ‘“bottleneck”. Here, some
fundamental knowledge about the OMH perovskite will be presented to give a better
understanding about this type of materials.



1.2 Introduction to perovskite semiconductors

1.2.1 Introduction to perovskites

Perovskite is one kind of calcium titanium oxide mineral which was originally
discovered in 1839 in Russia by Gustav Rose and the name came from Russian
mineralogist Lev Perovski. The chemical formula is CaTiOs and the cubic crystal
structure is presented in Figure 1.2.1, in which Tiand O forms [TiOs]* octahedral
and Ca®" locates in the space between octahedral. This type of crystal structure was
named perovskite structure. Now “perovskite” is not only the name of this calcium
titanium oxide mineral, but also for all the materials with such type of crystal
structure. For example, BaTiO;!"! and BiFeO;® are the compounds which have the
similar ABX; formula and the same crystal structure. Among all kinds of perovskite
compounds, OMH perovskites have become prominent because of their excellent
performance in the fields of solar cells, LEDs, lasers and so on. [’]

o O*(Xsite)
() Ti**(Bsite)

o CaZ*(A site)

Figure 1.2.1 Crystal structure of CaTiO3 perovskite

1.2.2 Organo metal halide (OMH) perovskites

1.2.2.1 What are Organo metal halide perovskites

Organo metal halide (OMH) perovskites are one kind of novel compounds which
owns the perovskite structure. Here, 4 site is occupied with organic cation such as
methylammonium. B site is metal cation (Pb, for example) and X site is halide anion.
One typical OMH perovskite is methylammonium lead triiodide (MAPbDIs,
MA*=CH;NH3"), in which Pb and I form [Pbls]* octahedral and further form the
inorganic framework. MA™ occupies the space in between. I can also be replaced
by other halide anions such as Br or CI" and MA™ can be replaced by other cation

like Cs". The structural stability can be described by t = (14 +1y)/ [\/E (rg + rX)J



and the Goldschmidt tolerance factor (t) is based on the relationship between the
radius of each site and 1y, 5 and ry are the radius of A, B and X, respectively['"''].
The MAPDI; shows the cubic phase (as shown in Figure 1.2.2) under 329 K. At
room temperature, the [Pbls]* octahedral may show a slight distortion, leading to
the formation of tetragonal structure. If the temperature goes even lower to about
160 K and 170K, the distortion will be even more to form an orthorhombic structure.
The comparison of two different MAPbI; phase is presented in Figure 1.2.2.

® lodide @ A cation

Cubic Tetragonal Orthorhombic

Figure 1.2.2 Scheme figure of the cubic, tetragonal and orthorhombic structure of MAPbIs perovskite.

1.2.2.2 Semiconductor properties of OMH perovskites

Before discussing about the electronic structure of the perovskite, let’s take a look
of the energy level splitting of two atoms at first. Assume that we have two identical
atoms with one energy level. When they are far away from each other, their energy
levels are identical. However, when they are put closer, the energy levels will
overlap and split into two levels because of the Pauli Exclusion Principle, which
says that there mustn’t be two electrons which have exactly the same energy levels
at the same time. Followed by this idea, if several atoms (N) are brought together,
the energy levels of each atom will also overlap and split due to the interaction
between atoms, resulting in N types of separation but closely spaced energy levels.
If N is extremely large, these energy levels will become a continuous energy band,
as shown in Figure 1.2.3 (a).

When it comes to semiconductors, things will be much more complicated as more
orbits from each atom may contribute to orbital overlap to form energy bands. The
electrons occupy the lower energy bands and the higher energy bands is not
occupied (Or occupied by holes). The highest occupied band is called valance band
(VB) and the lowest unoccupied band is named conduction band (CB). The gap



between the valence band maximum (VBM) and conduction band minimum (CBM)
is called bandgap, as illustrated in Figure 1.2.3 (b).

As mentioned in the previous text that the VB and the CB are occupied by electrons
and holes, respectively. Since almost all the electron states in VB are fully occupied,
the electrons cannot move freely in VB. But if the electrons are excited into the CB,
they can move freely because there are lots of unoccupied electron states. In
MAPDI;, the Pb-6s and I-5p orbits forms the VB while the CBM is formed by the
Pb-6p and I-5p orbits with the bandgap of about 1.6 eV ['?]. So it is the Pb-I
inorganic frame work that mainly contributes to the electronic properties while the
effect of MA™ is negligible, ['?] but the orientation of MA" can affect some physical
properties such as dielectric constant.['?] There are quite many factors which can
affect the electronic structure such as substitution or mixture of different halide
anion,['*'*] the unpaired bond (or also called defect) ['*'®] and the external
pressure.[' 7]

If there 1s no momentum shift between CBM and VBM, this can be called the direct

semiconductor, such as GaAs [*], otherwise it is the indirect semiconductor, such
as Si [*']. The OMH perovskite such as MAPbI; was considered as direct

semiconductor. ['7*224]
(a) (b) Direct Indirect
CB CB
CB
- A
Qo
GCJ A
p Bandgap
g \ 4
8 Momentum
i VB &
¥ e
Atomic distance w

Figure 1.2.3 (a) Scheme figure of splitting of energy level into a band. (b) Scheme figure of direct and indirect
bandgap semiconductors.

1.2.2.3 Absorption and photoluminescence in OMH perovskites

Due to the unique band structure, the OMH perovskite has a wide absorption
spectrum which covers almost all visible light wavelength region and a high
absorption coefficient (10° cm™) as shown in Figure 1.2.4 (b) with black solid
line[*’], where an absorption edge was clearly presented here. When the OMH
perovskite is being illuminated by the light which photon energy is greater than the



bandgap energy, some of the electrons in the VB can be excited to the CB with holes
left in the VB. As mentioned in the previous text that electrons and holes can move
freely in the CB and VB respectively with several hundreds of nanometer diffusion
length.[*®] This is key point to the application of solar cell devices. The excited
electrons can relax to the bottom of the CB in a very short period (about fs to ps) as
marked in Figure 1.2.4 (a). Then they can recombine with hole via either a radiative
recombination process with photon emission or a non-radiative (NR) recombination
process in the trap state, which leads to the NR energy loss. The PL spectra of the
MAPDI; perovskite is shown in the red dash line in Figure 1.2.4 (b) and the photon
energy of the PL emission peak is around 1.6 eV. PL is a very important tool for us
to understand more about charge recombination process happened within the
material.
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Figure 1.2.4 (a) Charge trapping and recombination process in semiconductors. (b) PL and absorption spectra of
MAPbI3 perovskite [?7]



1.2.2.4 Migration of defects and ions in OMH perovskites

As one of the most import intrinsic properties of OMH perovskite, defects have
already become a “hotspot” and have attracted considerable amount of the attention
in both the theoretical and experimental fields because of their direct influence in
the performance of the OMH based solar cell devices. ['*'%**3!] Defect tolerance is
one of the unique properties in OMH perovskite which contribute to their great
performance in solar cells.[*'**] In order to understand the mechanism behind this,
knowing the intrinsic properties of defects is required.

From the view of crystallography, defects describe the interruptions of the periodic
structure pattern in crystalline solids. Crystallographic defects include point defects,
line defects, planar defects as well as bulk defects based on their dimension. In the
OMH perovskite, the point defects are rather important as they act as quenchers
during the non-radiative quenching process. There are quite many types of point
defects in OMH perovskite, including the vacancies, interstitials of halide anion,
organic cation and metal cation. Antisite defects are also one of the typical point
defects in OMH perovskite that the position of one ion was replaced by another one.
The scheme of these point defects is shown in Figure 1.2.5 (a). Among all of point
defects, halide vacancies (Vi) and halide interstitials (Ii) seem to have lower
formation energy according to the previous theoretical calculations[****] and
experimental results[*®], which means that they are easier to be formed in the OMH
perovskite crystal. Figure 1.2.5 (b) shows the thermodynamic ionization levels of
different point defects in MAPDI; perovskite crystals. It can be indicated that Vi, Pb;
and MA; locate close to the CBM (“shallow trap”) while [; and Vpy are in the middle
of the bandgap (“deep trap”). Generally speaking, “deep trap” can act as NR
recombination centre because both electrons and holes can be captured here. In
contrast, “shallow trap” locates quite close to the edge of CB or VB which allows
them easier to capture the electrons. However, the probability to capture a hole from
VB to this state is quite low as shown in Figure 1.2.5(¢c). In this case, these traps do
not act as NR recombination centre and the electrons might “escape” from “shallow
trap” back to the CB. This is quite unique in perovskite compared with other
traditional semiconductors.

Now here comes a question, why there are so many point defects in the OMH
perovskite crystals? In fact, these defects might be formed during the crystallization
from solution process. [*] In Section 3.4, we will compare the PL of OMH perovskite
film under low temperature, where the relationship between defects and synthesis
method will be discussed. Another mechanism for the formation of the point defects

is the ion migration, which has also been widely studied in the previous reports. [*"~
40
]

Based on the fact that photoluminescence quantum yield (PLQY) of most OMH
perovskite films are quite low (about 1 % or less), it can be indicated that most of
the input energy from incident light are lost due to NR recombination process. On



the other word, these traps are quite efficient to “kill” most of the PL. Here comes
another question, why is NR recombination process so efficient in OMH perovskite?
In OMH perovskite, charge carrier diffusion length is longer than the distance
between NR recombination centres. Besides, the capture and recombination cross-
section of the non-radiative recombination centre is strong.[*']
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Figure 1.2.5 (a) The scheme figure of different point defects in OMH perovskite. (b) Thermodynamic ionization levels
of most stable defects in MAPDI3.[*"] () The scheme figure of trap-assisted recombination process.

1.2.3 Synthesis methods of OMH perovskites

1.2.3.1 Different synthesis methods for OMH perovskites

Different from other semiconductors, OMH perovskite films can be synthesized via
solution method so that the cost can be significantly reduced. The most widely used
method is one-step method as shown in Figure 1.2.6.[***] In this method, the raw
materials (Pb-halide compounds, MA/FA-halide compounds) were dissolved in
some organic solvents such as dimethylformamide (DMF) or gamma-Butyrolactone
(GBL) to form precursor solution at first. Then the precursor solution was spin-
coated on the pre-cleaned substrate. After thermal annealing to remove the solvents,
the perovskite samples were prepared. Furthermore, this preparation method was
improved by changing components such mixing different types of A-site ions as
well as halide ions. [*"*°] Anti-solvent annealing process was also introduced to
further improve the photovoltaic performance of OMH perovskite films [>'*].

Another widely-used solution method to prepare OMH perovskite films is the two-
step methods, [**>*] in which Pb-halide compounds and MA-halide compounds
were dissolved in two different solvents separately at first. Then Pb-halide precursor
was spin-coated on the substrate to form film. In the end, MA-halide solution was
dropped on the Pb-halide film to form perovskite films. In some recipe, this
procedure can also be achieved by dipping the Pb-halide film into the MA-halide
solution to form perovskite film.
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There are also many other methods such as chemical vapor deposition method to
prepare perovskite films. [**’]

O MAI+Pbl,-DMF

One-Step Method
Glass

s s 4

Figure 1.2.6 Scheme figure of one-step and two-step method for synthesis of MAPbIs perovskite films.

Two-Step Method

For most of the solar cells, the concentrated MAPDI; films with high surface
coverage rate are always required, even lots of improvements in synthesis such as
anti-solvent treatment was used to get better coverage or larger grain size.[>"¢*%]
For some of the studies which is based on the results from a large area (such as the
PL distribution in a large area), this sample is perfect. However, if we want to study
size-dependent properties of perovskite such as the effect of trap to the charge
carrier recombination process under optical microscopy, these large samples are not
proper anymore. As is mentioned in the previous text that chargers have a quite long
diffusion length in perovskite, the effects of traps to chargers recombination process
will be more pronounced if charges are limited in a small region nearby traps.
Furthermore, if the film is not homogeneous, the diversity of intrinsic properties
from different micro region could be ignored due to the “average” information.
Therefore, it is necessary to make a low concentration film instead to obtain
individual perovskite “islands” to beyond the ensemble average. In addition, the
unique spatial resolution from PL microscopy and spectroscopy (which will be
discussed in later chapter) could tell more information about the intrinsic properties
(such as charger carrier dynamics) of OMH perovskite from these individual
“islands”. In this study, both the high and low concentrated MAPbI; films samples
were synthesized. More detailed recipe about synthesis will be found in Section 2.3

1.2.3.2 Effects of solvents to crystallization of OMH perovskites

When preparing high concentrated MAPbI; films with one-step method, there are
several candidate solvents (such as DMF, DMSO or GBL) for this process.
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However, it has been already known that different solvent may result in different
film morphologies.[**®"] The general picture is like this: When Pbl, and MAI are
dissolved in the solvent, the solvent molecule will form the coordination bond with
Pb to form the solvent-MAPDI; intermediate phase. The further crystallization is
based on the intermediate phase. Therefore, the morphology and even performance
of the final perovskite are determined by the intermediate phase structure. Figure
1.2.7 illustrates the solvent-based intermediate phase during the transition between
Pbl, and MAPDI; using DMSO and DMF. It can be indicated that the formation of
perovskite film from solution is quite complicated.
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Figure 1.2.7 Chemical reactions between Pbl2 and MAPbIl; mediated by DMSO and DMF studied for isolated
crystalline intermediates.[**]
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1.3 The importance of this study

Despite numerous efforts, such as changing chemical component [**®*7°] or
changing solution process with chemical vapour deposition [***7""2], have been
spent to improve the performance of the OMH based solar cells, their still exists lots
of shortcomings which limit the application of OMH based perovskite solar cells.
One of the serious issues comes from their poor long-term device stability, which is
mainly affected by the surrounding environment.

For example, water and humidity of the atmosphere are essential to the OMH
perovskites. On the one hand, water is a great challenge to the stability of OMH
perovskite solar cell devices as it can induce the degradation of the perovskite. On
the other hand, water can also act as one of the anti-solvents during the
crystallization process and lead to larger grain size. [ 7] In addition, thermal
annealing is always required during synthesis of the OMH perovskite while water
can provide a possibility to remove thermal annealing to reduce energy cost.[**"7]
By tracking the PL spectra and image of OMH perovskite during crystallization
process under different humidity, we can track the transition of perovskite from the
intermediate phase. More detailed discussion can be found in Section 3.1.

Electric field (EF) is another important environmental factor to the stability of the
OMH perovskite which can induce ion migration inside.[*”"**’] The EF induced ion
migration might change the internal electric field within perovskite and lead to the
change in the light current-voltage characteristics. Furthermore, EF can induce
reversible conversion in OMH perovskite phase[”*]. In this case, when the external
EF was removed, all the “side effects” will disappear and perovskite will recover to
the initial state via ion migration. However, in most of previous studies, perovskite
film was in direct contact with electrodes which made it difficult to tell the effect of
pure electric field to the charge injection induced decomposition because of the lack
of the insulation layer. In order to solve this problem, an insulation layer between
electrodes and perovskite should be introduced. This part will be discussed in
Section 3.2.

Another effect which is related to the stability of the perovskite is the local pressure
and has been discussed in lots of previous studies.[*'®’] It is known that external
pressure can induce the phase transition in OMH and change the electronic band
structure by changing the crystal lattice constant. ['*!*%°°] What’s more, the
internal pressure (crystal strain) might be formed during the crystallization process
and it can enhance NR recombination rate by providing a driving force for defect
formation. [*'"?!] In order to study the effect of pressure to the PL of perovskite, a
confocal microscope system embedded with an AFM is used in this study (or also
shown in Section 2.2.3). Here, the AFM tip was used for both pressing crystal as
well as scanning crystal surface morphology. More detailed discussion can be found
in Section 3.3.
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Temperature is also one of the unavoidable environmental condition which may
affect the properties of OMH perovskite. [*>°] If OMH-based solar cell device was
used in the space out of the earth, the temperature change would be quite significant.
There are quite lots of effects related to the environmental temperature on the OMH
perovskite. For example, phase transition has been reported in previous studies
which may appear in OMH perovskite under a certain temperature (also called phase
transition temperature). [>**°] Moreover, there exist lots of traps on the perovskite.
When the OMH perovskite is placed at low temperature, the emission from these
trap states can be detected to help us to understand more about the properties of
defects in OMH perovskite. More detailed discussion can be found in Section 3.4.

As being mentioned in the previous text that the PL is as an important indicator for
the charge carrier recombination kinetics of OMH perovskite, which is closely
related to the device efficiency. Meanwhile, PL microscopy and spectroscopy was
used as the main characterization instrument due to its advantage in PL study which
will be discussed in next chapter. We believe that studying the PL of OMH
perovskite under different environmental conditions with PL microscopy and
spectroscopy can provide more fundamental knowledge about how the environment
affects the performance of OMH perovskite. For further characterization, scanning
electron microscope (SEM), atomic force microscope (AFM) and other techniques
will be applied.
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Chapter 2 Experimental Setup

2.1 Optical and PL microscopy

Microscope is one kind of instruments from which one can see very small objects
with naked eyes. Optical microscope is the traditional microscope which uses
visible light as the light source and the image magnification is achieved by an optical
lens. Electron microscope was developed in the 20" century which uses the electron
beam to scan the surface of the small objects and get high magnification images,
such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM).

The simplest optical microscope system is just an optical lens, which has been
widely used in our daily life such as reading a newspaper with a magnifier for
example. However, the magnification is limited and can only reach to about 30X.
Later, the compound microscope was developed which contains one eyepiece lens
and one objective lens and the total magnification can reach to several hundred
times. In this section, the PL microscopy will be mainly discussed as it is the
fundamental characterization instrument in the whole study.

2.1.1 Principle of PL microscopy

Compared with other optical microscope which collects reflection light from the
sample surface, PL microscope collects the PL signal instead. If a sample (also
called fluorophores) was illuminated by a light with a specific wavelength (e.g.,
monochromic laser), it would absorb and emit the light with a longer wavelength,
which is called Stocks shift ["’]. Therefore, one can separate the excitation light and
emission light by using proper optical filters such as a dichroic mirror.

Figure 2.1.1 (a) shows the picture of an upright PL. microscope (Olympus BX61)
and the scheme figure is shown in Figure 2.1.1 (b). The incident light was first
selected by the excitation filter. Then the selected light with the certain wavelength
(purple line) was reflected by a dichroic mirror and focused on the sample by the
objective lens. The emission light (yellow line) from sample was collected by the
same objective and propagated through the dichroic mirror. Then the emission light
was cleaned by an emission filter and focused on the detector by the image lens.
From this setup, one can take the luminescence image of the sample.

15



(a) (b)

Image Detector

&—— Imagelens
E.m|55|on‘ - ; Light
Filter S
ource
Dichroic
my— ]

Excittion

Objective Filter

Lens

“l

Sample Stage

Figure 2.1.1 (a) Picture of PL microscope. (image source: https://en.wikipedia.org/wiki/Fluorescence microscope).
(b) Scheme figure of luminescence microscope
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2.1.2 PL microscopy and spectroscopy

The PL microscopy and spectroscopy used in the whole study was built based on an
Olympus IX71 optical fluorescence microscope, as shown in Figure 2.1.2 (a) and
the scheme figure of the setup was presented in Figure 2.1.2 (b). Compared with the
normal PL microscope as shown in Figure 2.1.1, our PL microscopy and
spectroscopy can get not only PL image, but also the absorption or emission
spectroscopy as well as PL. decay curves.

In this setup, both continuous-wave (CW) and pulsed laser were used as the light
source. For CW laser, 514 nm CW excitation line from the Argon laser was used in
the whole study. The excitation spot size was approximately 40 pm in diameter at
the sample plane and the power density was varied from 0.2 to 3.6 W/cm?®. For
pulsed excitation, 485 nm from diode laser was used in the whole study and the
repetition rate was varied from 2.5 to 80 MHz. Other laser sources with different
wavelength (640 nm, 405 nm, ...) or repetition rate are also available in this setup.

The function of all optical components in this setup are presented as follow. Here,
the laser was introduced and focused on the sample stage of optical microscope by
a dry objective lens (40X, Olympus LUCPlanFL, NA=0.6). A neutral density filter
wheel was placed in the excitation beam path to control the excitation power. Next,
a defocusing lens was then placed behind the neutral density filter to magnify the
excitation spot to obtain a wide-field image. If without defocusing lens, the full laser
power will be focused on a small point and lead to a high-power region which may
damage the sample. Then an excitation clean-up filter was placed between the
microscope and the defocusing lens to purify the excitation laser light. In order to
separate the excitation light and emission light, a dichroic mirror was installed inside
the microscope to block the excitation laser and transmit the emission light as shown
in the setup figure. Then the emission light transmitted from dichroic mirror was
guided to the detection light path by a reflection mirror. and cleaned by an emission
clean-up filter in the detection path.

In this setup, an EM-CCD (electron multiplying CCD, ProEM 512B, Princeton
Instruments) was used to collect photons or images which was magnified by the
image lens as marked by L2 which could give 2X magnification. For the CCD
camera, the size of each pixel in the detection chip was 16 um by 16 pm and the
effective pixel size of the CCD chip under 40X objective lens was calculated to be
200 nm. (16 + (40 x 2) = 200nm). With this effective pixel size, we can estimate
the size of the area and determine the excitation power density.

In this setup, one can record the PL intensity change with time by recording movie
via EM-CCD. Then we can get the PL transients of the whole region or a small
region. We can also add a long-pass, short-pass or band-pass filter in the emission
detection path to get the distribution of components with certain emission
wavelength. (See Section 3.4 for example)
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To measure the PL spectra, a slit was placed in the detection path. The width of the
slit was adjusted as narrow as possible to get a narrow vertical light. Then the narrow
vertical light transmits through a diffraction grating (150 grooves/mm) which was
placed in front of the CCD camera. Due to the light diffraction effect, the
interference of light transmitted from each groove would lead to the spatially
separated fringes in the CCD detection screen (also called first-order fringes) with
a bright zero-order fringe which does not show any position shift. The obtained
image from CCD was the PL spectral image, see Figure 2.1.2 (c) for example. The
PL spectra could be converted by counting the distance between the zero-order and
first-order diffraction fringe in horizontal direction. Here, the distance was counted
by pixel. In order to convert it to wavelength unit, the spectral resolution needed to
be obtained at first. We used this setup to measure the PL spectra of the light from
mercury lamp in the lab. By taking the wavelength of the known spectra line divided
by the horizontal distance between zero-order and first-order spectra line, we can
get the calibrated spectral resolution. In our setup, the resolution was about 2.09
nm/pixel. By selecting different regions in vertical direction on the PL spectra
image, we can get the spatial-resolved PL spectra of the sample.

For PL decay measurement, a 50/50 beam-splitter was placed between the image
lens and the CCD camera to split half of the emission signal to the APD (Avalanche
Photodiodes, Single Photon Avalanche Diode, PicoQuant) detector. Then a pinhole
(100 um diameter) was placed to block majority and only allow the emission light
from a small region of the sample to pass. The image lens L3 was installed to focus
the light passed through a pinhole into the APD detector. By checking the
corresponding coordinates of the pinhole in the CCD screen, one can put the
interested region of sample in the coordinates by moving the sample stage or
imagine lens and measure the PL decay from this position. The effective diameter
of the pin hole was 1.2 pm if under 40X objective lens. This pinhole could also be
removed if we want to get average signal from a large area. In this setup, the pulsed
laser and APD detector were connected and controlled by a Time Correlated Single
Photon Counting (TCSPC) system from PicoQuant PicoHarp 300 counting module
and the time resolution is about 100 ps.
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Figure 2.1.2 Image (a) and scheme figure (b) of photoluminescence microscopy and spectroscopy used on this
study. (c) An example of PL spectra image obtained from CCD camera.



2.1.3 Advantage of PL microscopy and spectroscopy for material
science

In other PL. measurements such as the PL spectrometer, the sample was often placed
in the sample stage and the signal was obtained from a large area. This is okay for
homogeneous sample. However, if the sample is not homogeneous, some extra
information will be “hidden”. In this case, the advantages of the fluorescence
microscopy start to appear. First of all, we can get reflection image and PL image
of a sample so that we can check the surface morphology as well as the PL intensity
distribution. By adding proper optical filters, we can get spectrally filtered PL image
to see the distribution of different phase or component with different PL. emission
peak. (See the description in Section 3.4 and Paper IV). One can also get PL spectra
by adding a diffraction grating in the front of the CCD camera. By changing the
position of the slit, we can get the PL spectra from different region of the samples.
Similarly, we can get PL decay curves from different region of the samples by
changing the pinhole position in the detection path. By adding cryostat with
transparent windows, we can get PL data under different temperature (See
description in Section 3.4 and Paper V).

One typical example to show the PL microscopy and spectroscopy in material
science is the research of PL blinking of OMH perovskite nanocrystals in our
previous studies.[”>*®] In these studies, the CCD camera was used to collect PL
transients of MAPbI; nanocrystals by recording a movie while each frame of this
movie corresponds to one PL image of the crystal. After further mathematical
analysis based on these images, the PL blinking model was developed.[**] By
changing the temperature, the temperature dependent PL transients can be also
collected from the same setup and the corresponding switching mechanism was
formed.[**] The PL spectra of the OMH perovskite was also obtained from this setup
even under temperature and this was used to study the PL. of MAPbI; nanowires
under different temperature, in which the relationship between the temperature and
activation/passivation of traps was studied.[*’]
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2.2 Other setups used in this study

2.2.1 Home-built humidity controller

The humidity of the local environment surrounding the OMH film was controlled
by a home-made humidity controller as shown in Figure 2.2.1. The main dry N, tube
was divided into two branches. On one branch, the N, was introduced into water.
After bubbling in the water, the N, in this branch will become humid. Another
branch was still the dry N». In the end, these two branches of N, mixed with each
other by valves. By controlling the valve, the ratio between dry and humid N, could
be changed and lead to the change of the humidity in the end. The humidity value
was measured by a commercial hygrometer and the accuracy was about 10%. The
N> with designed humidity was then pumped into a closed sample chamber.

N,
Valve Atmosphere
cavity
Hygrometer — Sample

Objective

Figure 2.2.1 Scratch figure of home-made humidity controller used on this study.
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2.2.2 Devices with interdigitated electrodes

The device with interdigitated electrodes used in this study was fabricated on the
Si0,/Si wafer by standard photolithography method. The device was mounted on
the optical microscope as shown in Figure 2.2.2 (a). The positive photoresist was
spin-casted on the bare substrate and baked at first. After photolithography process,
a pattern of interdigitated electrode was printed on the photoresist-covered substrate.
Next, a Ti (5Snm)/Au(200nm)/Ti(5Snm) metal layer was deposited on the substrate by
thermal evaporation process. Then the substrate was soaked in acetone to remove
residual the photoresist and metal layer to obtain the interdigitated finger-pattern
metal electrodes. In the end, 140 nm SiO; layer was applied to cover the surface via
plasma enhanced chemical vapour deposition process to act as an insulation layer.
The width of the metal bar was 5 um and the height was 210 nm. The space between
metal bar is 5 um.

In order to generate electric field (EF) between the electrodes, a functional generator
was used to generate either constant or alternating EF in this study. Then the voltage
signal was amplified 10 times by an amplifier connected to the function generator.
An oscilloscope was also connected to the amplifier to monitor the frequency and
the amplitude of the signal. The scheme figure of constant and alternating EF was
shown in Figure 2.2.2 (b). The actual EF distribution between electrodes under 50V
constant was simulated and shown in Figure 2.2.2 (c). It can be indicated that strong
EF is generated on the edge of electrodes only.
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Figure 2.2.2 (a) Scheme figure of the interdigitated electrode device with microscope. (b) Two types of bias voltages
applied to the interdigitated electrodes device. (c) The scheme of the device (not in scale), thicknesses of the layers:
Au—210 nm, SiO>—140 nm. The distribution of the EF over the electrode gap is calculated for 50 V constant voltage
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2.2.3 AFM-PL microscopy

In this subproject, the atomic force microscope (AMF) and confocal PL microscope
were combined together to study the OMH perovskite nanocrystals as presented in
Figure 2.2.3. This setup is available in Mainz University and we got the permission
to use it for our study.

The experimental setup (Figure 2.2.3 a) consists of a home-built confocal
microscope and a commercial AFM (MFP-3D, Asylum Research) mounted on the
top of the sample stage of an inverted confocal microscope. Silicon tip with radius
of 7 nm (OPUS 240-AC-NA-100, MikroMash) was used for probing the topology
and for pressing and cutting the sample. The sample was excited by a CW diode
laser (640 nm) giving 0.45 W/cm? excitation power density at the sample stage after
being focused by an oil immersion objective lens (1.4 NA, 100X, Zeiss). The
objective lens can be moved by a three-axis piezoelectric translation stage. The
sample holder is placed on top of a two-axis piezoelectric translation stage
(belonging to the AFM). Light emitted by the sample is collected by the same
objective and sent through a short-pass (to block the NIR laser used in the AFM)
and a long-pass filters to remove the excitation light. Then the emission was guided
to a photon counting detector (APD, SPCM-AQRH-15, Perkin Elmer) and a
spectrograph with a CCD camera. Except of the lasers and the spectrograph with
the CCD, the whole setup is placed on a vibration isolation table and its temperature
stabilized at 28 °C by a closed isolated box.

It is important to realize that AFM tip is probing/manipulating the top surface of the
sample, while PL is excited and collected from the other side, through the glass
cover slip (Figure 2.2.3 b).

The setup was used in three different modes where the excitation laser spot was
focused to the X-Y position of the AFM tip:

Imaging mode: In this mode, the AFM was used in the tapping mode to probe the
topography of the sample with as little as possible tip-sample interaction. The
cantilever was excited to oscillate, tip-sample contact only took place at the lower
turning points of each oscillation. To obtain a topographic image of the sample area,
the sample was moved by the x-y-piezoelectric stage and scanned line by line. At
the same time PL image of the same area was obtained.

Pressing mode (Figure 2.2.3 c): The tip was positioned above a desired location and
a force-distance-curve was carried out. Here, the deflection of the cantilever (which
can be converted into the force) is recorded as a function of the vertical position (z)
of the tip above the sample. The cantilever approaches the sample until a pre-set
repulsive force is reached. This maximum force was held constant over a user
defined time interval ranging from 10 to 1000 seconds. Forces from 2 nN to 200 nN
where applied. PL could be monitored simultaneously from the area centered in the
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tip position and the diameter equal to the size of the confocal point spread function
(PSF) (430 nm in our case) with time resolution of 0.5 ms.

Scratching mode (Figure 2.2.3d). To scratch the sample, the AFM was used in the
imaging-contact mode, however only one line was scanned. The setpoint of the
cantilever deflection (respectively the force) was set high enough, to achieve
irreversible sample deformation. The force was held constant during the whole
cutting process (one-dimensional scanning). Forces from 40 nN to 500 nN where
applied. In some experiments PL intensity was recorded from the tip location during
the scratching process with 50 ms time resolution. In other experiments, PL images
of the whole crystal were recorded by sample scanning after the scratching process
was completed. These procedures took some time which, as the reader will see later,
will be important for the result interpretation.
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Figure 2.2.3. (a) Simplified sketch of the experimental setup consisting of a home built confocal luminescence
microscope and a commercial atomic force microscope (AFM). S - shutter, BS - beamsplitter, SP - shortpass filter, LP
- longpass filter, APD - Avalanche Photodiode, CCD - Charged Coupled Device. (b) Relation between the excitation
spot size (400 nm), size of the perovskite crystals (from tens of nm to tens of micrometers) and the tip diameter (7
nm). (c) — Scratching of the sample with the AFM tip. (d) — Applying local pressure by the AFM tip. (Figures were
edited by IGS)
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2.2.4 Low temperature cryostat

To control the temperature of the local environment surrounding to the OMH
perovskite, a cryostat (Jains ST-500 continuous flow cryostat) was used as sample
chamber as shown in Figure 2.2.4. The sample was glued in the cold finger of the
cryostat. Then, the sample chamber was vacuumed by an external air pump. Next,
the cryostat was mounted on the top of the microscope so the sample was reached
by the objective lens through the transparent optical window. Next, the liquid
nitrogen was introduced to cool down the system. To get the required temperature,
an external temperature controller was connected to the cryostat to control the heater
inside the cryostat. For example, when the temperature in the chamber is lower than
the required value, the heater starts to heat the chamber to stabilize the temperature.

Figure 2.2.4 Image of cryostat used in this experiment.
(Image source: https://www.lakeshore.com/products/product-detail/janis/st-500-microscopy-cryostat)
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2.3 Synthesis recipes of MAPDI3 used in this study

2.3.1 Synthesis of concentrated MAPbDI; films

The concentrated MAPbI; film was synthesized via one-step solution method. The
CH;NH;Pbl; (MAPbI;, MA= CH3;NH;") precursor solutions were prepared by
dissolving 461 mg of Pbl, (Sigma-Aldrich, 99%) and 159 mg of methylammonium
iodide (Sigma-Aldrich, 98%) in 1.25 mL of DMF (Sigma-Aldrich, anhydrous) to
make 0.8M MAPbI3-DMF precursor solution. The solution was stirred for 2 h at 60
°C. A 100 pL of the precursor solution was dropped on a microscope coverslip (22
mm x 22 mm x 0.17 mm) at ambient conditions (=50% humidity). The coverslip
with precursor solution was treated by spin-casting (1460 rpm, 1 min) and annealed
at 80 °C for 1 h. In this procedure, the solvent DMF could be replaced by GBL
(gamma-Butyrolactone) as well.

2.3.2 Synthesis of low concentration MAPDI; films (individual crystals)

In this study, low concentration MAPbI; was prepared by a diluted MAPbI;-GBL
precursor solution. 0.8M MAPbI;-GBL precursor solution was obtained by the
similar procedure as described in Section 2.3.1. The obtained precursor solution was
further diluted by 2000 times. Then the diluted precursor solution was dropped on
the substrate followed by a thermal annealing at 80 °C for 20 min to get low
concentration MAPDI; films.

2.3.3 Cleaning recipe of glass substrates and SiQ»/Si substrates in this
study

The glass substrates used in this study were washed by 2% HellmanexIIl water
solution under 35 °C for 30 min with ultrasonic bath at first. Then the procedure
was repeated by replacing HellmanexIIl solutions with acetone and 2-propanol,
respectively. Next, the 2-propanol was replaced by deionized water and repeated
this procedure 2 times. Then the glass substrates were dried with nitrogen flux and
transferred to the substrates holder. Finally, the dried substrates were placed under
UV lamp for 30 min. For SiO,/Si substrates, the cleaning procedures were the same,
just skip the washing procedure by 2% HellmanexIII solution, as this solution could
damage the SiO; layer on the substrates.
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2.4 Some tips from sample synthesis experience

During my PhD studies, one of my main tasks was to prepare MAPbI; perovskite
films or individual crystals for my own research projects and for my colleagues. The
most common problem that I had was the low reproducibility of MAPbI; perovskite
regarding their PL properties. In another words, the PL performance was be quite
diverse even if the synthesis condition were the same. In this section, I would like
to share some tips and my reflections about preparing MAPDI; perovskite samples.

2.4.1 Solvents selection

The effects of solvents to the PL of perovskite films have been discussed in many
published studies. When preparing MAPbI3 films (high concentration samples)
using DMF as the precursor solvent, I was always getting branch-like structures
with a low surface coverage rate as shown in the insert in Figure 3.1.1 (b) in the next
chapter. This branch structure was reported to be related to the DMF-MAPI
intermediate phase.[**] When DMF was replaced by GBL, the typical branch
structure from DMF was gone and I obtained sample consisted of many rather large
(tens of micrometers) individual islands situated close to each other.

When preparing low concentrated MAPbI; films with separated individual crystals
the goal was to obtain crystals of 100 — 1000 nm in size separated by several
micrometers from each other. This was needed to observed them individually using
the PL microscope. DMF and DMSO were selected as solvents in the beginning.
However, only very large (about 20 to 100 micrometers) crystals were formed. In
order to prepare smaller crystals, I used a mixture of DMF and DMSO, which was
successful and this samples were studied in Paper iii (see list of publications not
included to the thesis, page iii). However, this synthesis process was complicated as
another cover glass was used to cover the top of the glass substrate with precursor
solution to form a “sandwich” structure. Finally, GBL was selected and proved to
be a good solvent for preparing individual MAPDI; crystals.

2.4.2 Substrates selection

In my work I used SiO,/Si substrates and microscope cover glasses for preparing
perovskites samples. Similar washing procedure was always used as described in
Section 2.3.3. The only difference was that the SiO,/Si was not treated with
Hellmanex III solution in the beginning as it may damage SiO. layer. When
preparing high concentration perovskite films (with large surface coverage), the
difference was negligible. However, when preparing low concentrated MAPbI;
films, the PLQY of individual perovskite crystals on SiO,/Si was always lower than
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that on glass substrate, even when all other conditions were the same. We were not
able to explain why this was happening.

2.4.3 Lab condition (humidity)

As we did not have a glove box in our chemistry lab, all the sample preparations
were carried out under ambient air inside a fume hood. When I prepared samples in
January or February (wintertime in Sweden), the PLQY of samples was usually
higher and PL decay longer than for the samples prepared in June or July
(summertime in Sweden). The average humidity in the chemistry lab varied from
30 % in cold winter days up to 60% or even more during summertime. Our feeling
at that the humidity in the chemistry lab is a very important factor for the synthesis
process and definitely influence the properties of the final perovskite
semiconductor.
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Chapter 3 Results and Discussion

In this chapter, we will present some results to show the PL of OMH perovskite
samples under different local environment. The impact of the environment such as
humidity, electric field, local pressure and temperature to the PL performance of
OMH perovskite crystals or films will be discussed.

3.1 Paper I: Effects of humidity on the room-temperature
crystallization of MAPDI; perovskite films

In this study, the home-made humidity controller described in section 2.2.1 was used
to adjust the humidity of perovskite samples. Figure 3.1.1 (a) shows the time
evolution of light transmission micrographs of the precursor films exposed to N
under different humidity level at room temperature. It can be observed that the
sample remained transparent in dry N> (0% humidity) with leaf-like structure even
after 1 h. When the humidity was higher (35% to 63% humidity), further evolution
of the film was occurred as black phase was formed with branch structure (typical
structure because of Pbl,). When the humidity is relatively high (>80%), black phase
was formed in the beginning and then it turned to transparent again with changed
orientation as marked by blue and yellow line. The transmission image of a
reference (REF) sample formed by normal thermal annealing was inserted in Figure
3.1.1(b) in which black phase was observed.

The UV-VIS absorption spectra of reference sample, sample in dry N, after 3 and
60 min was presented in Figure 3.1.1 (b), in which no absorption in visible range
was observed in the sample after conversion in dry N, for 3 min. Then it was
increased in visible range after 60 min in dry N but it is still weaker compared with
reference as marked by black line. Moreover, the absorption edge at 750 nm in red
line indicates that some materials was converted to MAPbI; phase and the
absorption feature at 450 nm in 3 and 60 min indicated that the structure also contain
lead-halide-solvent phase.
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Figure 3.1.1. (a) Time evolution of light transmission micrographs of the precursor films exposed to nitrogen gas of
different humidity. The scale bar is 200 pm. Yellow and green lines show the crystal growth directions of the
perovskite (black phase) and transparent (hydrated perovskite) crystals for 83% humidity case. (b) The UV-VIS
absorption of the reference (REF) sample, sample in dry nitrogen atmosphere after 3 and 60 min of conversion at
room temperature. Inset - transmission micrograph of the reference sample.

The PL spectra of the sample from 5 min and 60 min from 0%, 35% and 63%
humidity were collected and fitted with Pseudo-Voigt model and the results are
presented in Figure 3.1.2. The evolution of the material in dry N, was also indicated
by the change of PL spectra shape from multiband shape (600-750 nm) to a red-
peak domain shape. By comparing with fitting results, it can be concluded that the
initial PL spectra contains several high-energy bands and a low-energy band. The
low-energy band become the main peak in the end while other high-energy bands
remained unchanged. When the humidity was increased, the low-energy bands was
observed in the beginning but they disappear in the end. More detailed results can
be found in attached Paper L.
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Figure 3.1.2 Pseudo-Voigt fitting of PL spectra measured at 5 min and 60 min during the sample evolution under
different humidity at room temperature (the data indicated at the top of each spectrum).

Based on previous experimental results and some information from literature, the
whole evolution process of MAPbI; film from liquid to solid phase under different
humidity can be presented and illustrated by Figure 3.1.3. Take the sample in dry
N, for example. The solvent perovskite phase (MAPbI; -DMF) was formed in the
substrate in the beginning. Under room-temperature, even though most of the
solvents was evaporated, there still exist lots of DMF molecule inside the structure
because of the hydrogen bond between DMF and MA (MA-DMF). The formed MA-
DMF does not fit the space of Pb-I octahedral, so the pure perovskite phase was not
formed. Instead, the intermediate phase was formed which contains most of the low-
absorption solvent-perovskite phase with some disordered bulk and some low
dimensional perovskite phase embedded inside. This can be indicated by the
appearance of blue-shifted high-energy bands as shown in the attached Paper I.

When the water molecule was introduced into the system, even though the low
dimensional perovskite phase was formed in the beginning, water can remove the
DMF molecule by either forming hydrogen bond with DMF (H,O-DMF) or by
replacing DMF in Pb-halide-structure because of stronger coordination to Pb.
[7477.100-102] 'Then the transparent intermediate phase was converted to 3D non-
transparent perovskite phase. Higher humidity will lead to faster conversion rate. If
the humidity is too high (>80%), we can get non-transparent perovskite very fast.
However, the water will further interact with MA™ by forming hydrogen bond (MA-
H,0). As the size of MA-H,O is larger and it does not fit the space between Pb-I
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octahedral, the already-formed 3D perovskite structure collapsed again to form
hydrate perovskite (MAPbI3-H>O) phase.

In conclusion, water can act as a catalyst to help the crystallization of MAPbI; from
precursor solution in room temperature by removing residual solvent molecule.
However, high humidity environment will lead to the recrystallization of non-
transparent perovskite film to transparent hydrate phase.

MAPbI; maturing in moderate humidity MAPDbI, transformation in high humidity

(MAPbI;-DMF) + H,0 >MAPbI; + (H,0-DMF) Hydrated phase +Pbl,
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Figure 3.1.3 Cartoon illustrating our view on the room-temperature transformation of the perovskite precursor and
final material at different conditions. It is based on the experimental observation of the film’s transparency, PL intensity
and spectra, visible film crystallinity, literature data about the intermediate stages, and the origin of the blue-shifted PL
as luminescence of low-dimensional perovskite inclusions proposed here.

The room-temperature transformation of the perovskite DMF precursor film
prepared from Pbl, and MAI via intermediate DMF-MAPbI; phase was studied by
PL micro-spectroscopy and light transmission imaging as a function of ambient
humidity. We found an intermediate phase that possesses an appreciable PL with a
broad multiband spectrum ranging from 600 to 760 nm, blue shifted from the
expected PL peak of pure MAPbI; (760 nm). We propose that the blue-shifted PL
comes from perovskite nanocrystals and other low-dimensional perovskite
structures of different sizes present in the film. We suggest that water works as a
catalyst helping to remove the residual DMF solvent from the film to accelerate the
transformation to the perovskite structure. However, a prolonged exposure to water
at high humidity (>80%) conditions leads to the recrystallization of the initially
formed perovskite film to a transparent hydrated perovskite phase.
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3.2 Paper II: Effects of external electric field on the PL
of MAPbBBr; perovskite crystals

As is mentioned in the previous part that understanding the effect of local electric field
(EF) to the photoluminescence of OMH perovskite is quite important to the
application of OMH based solar cell devices. To do this study, both MAPbBr; and
MAPDI; crystals were deposited on the interdigitated electrode device as described in
section 2.2.2. Then the device with perovskite sample were mounted on the
microscope as shown in Figure 2.2.2 (a). In this chapter, we will only present the
results from MAPDbBr3;. More detailed information can be found in attached Paper II.

The PL and SEM images of device containing MAPbBr; nanocrystals are shown in
Figure 3.2.1 (a) and (b), in which good correlation between PL and SEM results can
be clearly observed and the crystals are located in the edge of the electrodes as shown
in Figure 3.2.1 (b). Figure 3.2.1 (¢) shows the COMSOL simulation of the EF intensity
distribution between electrodes under 50V constant bias, in which strong EF
amplitude was appeared in the edge of the electrodes (up to 4 x 10° V ecm™).

Figure 3.2.1 (a) PL image of MAPbBr; nano and microcrystals dispersed on the device with interdigitated electrodes
with 5 um gap. (b) SEM image of the same region of the device where electrodes and some crystals are visible,
circles mark the same areas in (a) and (b), crystals are labeled by numbers. (c) The scheme of the device (not in
scale), thicknesses of the layers: Au—210 nm, SiO>—140 nm. The distribution of the EF over the electrode gap is
calculated for 50 V constant voltage applied between neighboring electrodes using COMSOL simulation software.
Close to the electrode edge, the EF reaches 4 x 105V cm™. (d) SEM image of crystal no. 63 marked in (b).
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In this study, the 50 V constant EF and 50V 1 kHz alternating EF were applied on
the device and the PL transients of several selected crystals during the EF
loading/unloading process were recorded and the laser was kept on all the time. It
can be observed that when constant EF was loaded, variable response behave was
observed from different crystals as shown in attached Paper II. However, when the
50 V 1 kHz alternating EF was loaded on the device, almost all the crystals showed
PL quenching immediately after switching on EF. When the alternating EF was
removed, the PL recovered to the initial level at the time scale of minutes.

Furthermore, when the frequency of the alternating EF was fixed at 1 kHz and the
bias voltage of alternating EF was swept from £10 V to £ 50 V as shown in Figure
3.2.2 (a), it can be seen that the PL of an individual MAPbBr3; nanocrystal was not
quenched when the bias voltage was £10 V. Then the quenching became well
pronounced when the bias voltage was increased to = 20V and completely quenched
under further higher value. When the voltage was fixed at 50V while increasing the
frequency from 1 Hz to 1 kHz, it can be observed that higher frequency induced

stronger PL quenching with much slower recovery rate compared as shown in
Figure 3.2.2 (b).
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Figure 3.2.2 (a) Normalized PL intensity traces of an individual MAPbBrs crystal under 1 kHz alternating EF with
different bias amplitude. (b) Normalized PL intensity traces of another individual MAPbBrs crystal (No. 63) under +50
V alternating bias with different frequency. Switching of the EF is marked with blue dash line. The sample was
irradiated by the laser over the whole measurement.

Now it was experimentally observed that the PL of MAPbBr; nanocrystals will be
quenched under alternating bias. However, as the laser light was remained on during
the whole process, the effect of light during the quenching and recovery process
should not be ignored. Here, a set of control with “on” and “off” between EF and
laser were carried and the results are shown in Figure 3.2.3.

The response of PL to the change of laser was first checked by switching laser while
keep EF off during the measurement as shown in Figure 3.2.3 (a). An instantaneous
response can be obtained, indicating that the sensitivity of the detector will not lead
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to the delayed PL response. Then the PL transients of crystal during switching on
and off the EF with laser illumination all the time and the results are shown in Figure
3.2.3 (b), in which a PL quenching and slow PL recovery was presented. Next, the
EF was added during the dark period and the PL transient was shown in Figure 3.2.3
(c) where a faster PL recovery can be observed. In the end, the effect of dark to the
PL recovery rate was checked as shown in Figure 3.2.3 (d) in which the experiment
was exactly the same as described in Figure 3.2.3 (b) in the beginning, then the EF
and laser were switched off at same time. After 10 s, the laser was switched on
again. It can be observed that the PL recovered even slower compared with case (b),
which indicates that the laser may help the material to recover to the initial state.
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Figure 3.2.3 PL intensity transients of the individual MAPbBr3 crystal (no. 63) under light irradiation and alternating
bias (50 V@1 kHz) applied in different combinations. (a) The laser was switched on and off without bias (dark period
is shown by gray coloring). (b) The laser was always on while the EF was switched on and then off (red hatching). (c)
EF was applied during the period when the laser was switched off. (d) The same experiment as in (b) but the laser
was switched off for 10 s at the same time with switching off the EF. Compare the PL recovery kinetics in all graphs,
marked by red ellipses.
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In this study, the constant EF showed diverse effects to MAPbBr3 crystals while the
alternating EF quenched PL from almost all the crystals. In fact, when the EF (no
matter constant or alternating EF) was attached on the crystal, the actual internal EF
inside the crystal is weaker compared the external EF by a factor of dielectric
constant €.

For constant EF, the € is about 1000 and it decreases by one or two order when
increasing the frequency (1 kHz) of the alternating EF. Hence, the internal EF under
constant bias is much weaker than under alternating EF. In this case, the constant
EF can only change a little on the pre-existing NR centers and charge accumulation
on grain boundaries as well as surfaces but not create new NR centers. For different
crystals, the morphology as well as the grain boundary are quite different from each
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other, so the “pre-conditions” are quite different, this can explain the diverse PL
response from different crystals.

Alternating EF, however, can induce EF with orders of magnitude higher in inside
the crystals in comparison to the constant EF due to a lower dielectric constant for
alternating EF (1 kHz). This alternating EF is able to create NR recombination
centers by promoting ion migration. In all experiments, the rate of creation and
annihilation of the PL quenching centers showed clear dependence on the light
illumination conditions as expected for an ion-migration-induced process. The
whole observations fit the qualitative picture where the external EF determines the
balance between the radiative and NR recombination (equilibrium conditions) while
light illumination influences the speed the equilibrium is reached. Besides
fundamental interest, our results can be useful in application of MHP as
optoelectronic switches including neuromorphic optoelectronics where responses
with memory/delay can be of an advantage.

In conclusion, we studied the effect of electric field (EF) on the PL of sub-
micrometer polycrystals of MAPbX3(X = Br, I) perovskite. It was found that a
constant EF shows very individual effects on PL of MAPbBr3; polycrystals ranging
from PL quenching to PL enhancement and from an immediate to a delayed
response. At the same time, alternating EF (10-1000Hz) was found to reversibly
quench PL of all studied crystals for both perovskite materials. We propose that
alternating EF has such a clear effect first of all due to the orders of magnitude
higher EF inside the crystals in comparison to the constant EF due to a lower
dielectric constant for alternating EF in comparison with the static conditions. We
propose that this alternating EF is able to create NR recombination centres by
promoting ion migration. The constant field, although much weaker, acts for a long
time uni-directionally, which eventually can change the status of already existing
NR centres and states at the surfaces and grain boundaries. This can lead to either
changes of PL (quenching or enhancement) depending on the initial conditions in
the crystal. In all experiments, the rate of creation and annihilation of the PL
quenching centres showed clear dependence on the light illumination conditions as
expected for an ion-migration-induced process. The whole observations fit the
qualitative picture where the external EF determines the balance between the
radiative and NR recombination (equilibrium conditions) while light illumination
influences the speed the equilibrium is reached. Besides fundamental interest, our
results can be useful in application of OMH perovskite as optoelectronic switches
including neuromorphic optoelectronics where responses with memory/delay can
be of an advantage
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3.3 Paper III: Effects of local pressure and structural
damage on the PL of MAPDbI3 nanocrystals

It has been mentioned in chapter 1 that local pressure may affect the PL of MAPbI3
perovskite nanocrystals. In this study, we used an AFM tip to perform some nano-
scale manipulation and a confocal PL microscopy to study the PL of MAPbI; at the
same time. The setup is shown in section 2.2.3. The top surface of the sample which
is mechanically manipulated, while PL is excited and collected from the glass side
of the sample (bottom side of the sample)

Panels a0 and b0 in Fig.3.3.1 show AFM and PL images of a MAPbI; microcrystal
of 30 -100 nm thickness and about 1000 nm in diameter placed into argon
atmosphere. After acquiring these initial images, the crystal was scratched by
moving the sample along Y-axis (vertical axis in the figure) with the tip inserted
into the crystal. After each vertical scratch which is clearly visible at the AFM
images (panels al, a2 and a3), PL image was recoded (panels bl, b2 ad b3).
Surprisingly, none of these drastic manipulations of the crystal resulted to any PL
intensity quenching of this crystal. Even slight increase of the total PL is observed
as shown in Fig. 3.3.1c. However, it may take 5 minutes to finish scanning after
each scratching, while no damage on PL intensity was observed even though strong
mechanical damage was observed.
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Figure 3.3.1. AFM and PL images of a MAPDbIs crystal before (a0, b0), after 1st (a1,b1), 2nd (a2,a2) and 3rd (a3,b3)
scratching of its surface, the scale bar is 500 nm. (c) The integrated PL counts obtained from the corresponding PL
images. The sample was in argon atmosphere.(Figures are edited by IGS)
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Realizing that PL could potentially already recover during the delay from the
mechanical damage and PL detection, we recorded PL transients while grooving
crystals (Fig. 3.3.2). Note that the objective of the confocal microscope was aligned
with the AFM tip and the PL was detected from a region is about 430 nm in diameter
corresponding to the confocal point spread function (PFS). The start time (the tip
was inserted in the crystal) and end time (the tip was removed from the crystal) of
the scratching process are marked by the red box in Fig. 3.3.2 c. Before scratching
of the crystal, its PL intensity shows random blinking. Within a few seconds after
inserting the tip and starting scratching, the PL becomes heavily quenched. After
removing the tip, the PL intensity stays at the low level and slowly recovers to the
initial level after approximately 120 s. Thus, we conclude that recovery of PL at the
time scale of minutes after ending of the mechanical treatment is the reason why no
changes of PL are observed in the experiment shown in Fig. 3.3.1. We also recorded
PL spectra of the same crystal during the scratching process (Fig. 3.3.2 d) and
observed no detectable spectral changes between the initial, final and partially
recovered PL.
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Figure 3.3.2 AFM and PL image of a MAPbl; nanocrystal before (a1, a2) and after (b1,b2) nano-scratching. Note the
change of the topology due to scratching shown by arrow in (b1). The scale bar is 100 nm, red circle is the PFS. (c)
PL transient from during the whole experiment where the signal was collected without scanning of the sample stage
from the area limited by the PSF of the microscope showed by the red circle in a1 and b1. The times of application
and removing the force (200 nN) are marked with red ticks. (d) PL spectra of the crystal obtained at different times
showing absence of spectral shifts. (Figures are edited by IGS)

It was proved from the previous experiment that scratching can induce temporary
PL quenching, while local pressure or crystal strain might be created at the same
time. So here comes a question: Can a local ressure generate such temporary PL
quenching without structural damage? To answer this question, an AFM tip was
used to press against crystal with a substantially smaller force (from 5 to 120 nN
creating about 100 MPa to 3 GPa) and the pressure was hold about 10 s and the
results are presented in Figure 3.3.3. Similar temporary PL quenching was observed,
while there were some differences: i) scratching usually quenches PL to a lower
level than pressing, ii) while the effect of scratching on PL is very fast and usually
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beyond our time resolution (50 ms), applying of pressure leads to a clearly resolved
PL decline at the time scale about 1 s. It can also be obsereved that stronger force
leads to faster PL decline in many crystals and PL recovery can even happen without
light illumination. More information are presented in attached Paper I11.

Initial AFM and PL images Images a few minutes after releasing the pressure
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Figure 3.3.3. AFM topography and confocal PL images a of MAPbI; nanocrystal before (a1,a2) and several minutes
after releasing the pressure. The scale bar is 500 nm. The point where the pressure was applied is shown by an arrow
in (b1). (c) PL signal measured in the confocal regime from the point of the force application. The signal was
integrated over the area covered by PSF, which diameter is shown by the red circle (420 nm). The times when the
force (30 nN) was applied and released are marked by the vertical red ticks. (d) PL spectra of the crystal obtained at
different times showing absence of spectral shifts. (Figures are edited by IGS)

In this study, the AFM tip was used to manipulate on the surface of the perovskite
while the PL was detected from the bottom. Nevertheless, it did not prevent us to
see the tip-induced PL quenching. This is because the charge diffusion length in
MAPbI; is at least several hundreds of nanometers [**] making the local defected
area accessible over this length. We also chose 640 nm excitation light due to its
penetration depth (1/e attenuation) as large as 200 nm for the MAPbI; material,[**]
which is larger than the thickness of the studied crystals.

Quenching by local pressing and/or mechanical damage nicely illustrates the ability
of a local area containing defects (the contact area of the tip is about 50 nm?* only)
to influence the charge dynamics of whole crystal of several hundreds of nanometers
in size. If the crystal is large, we can definitely say that its area of at least the size
of confocal PSF (430 nm) is affected.

It is well-known that MAPDI; crystals of similar sizes demonstrate so-called PL
blinking effect, which is explained by temporal formation of a very strong
metastable quencher (supertrap) which can non-radiatively recombine the majority
of photogenetated charges from crystals as large as charge diffusion length in the
material.['**!%] In our experiments we also created a local defected area which
captures charge carriers when they pass by in their diffusion leading to NR charge
recombination. The creation of the NR centers by the AFM tip is fully controlled
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while appearance of the super-traps is stochastic. It is also interesting to see that
mechanically created NR centers are also not stable, as well as the spontaneously
occurring super-traps. All these allows us to speculate that probably there is a
connection between the metastable NR centers causing random PL blinking (super-
traps) and mechanically induced NR centers.

We are not able to say how many efficient NR centers are created by pressing or
scratching. However, based on the fact that the PL increasing during the recovery
process is usually quite smooth and gradual, we suggest that in most of cases the
number of NR centers created by pressing or scratching is large. Most probably
there were many NR centers, but having only one of the in the crystal was already
enough to quench PL substantially, that is why during the recovery the strongest
effect on the observed PL is observed when the last NR center is removed appearing
as a sudden jump of PL intensity up. [*']

Our experiments clearly demonstrate that the thermodynamically stable state of the
MAPDI; crystals is the state with high PL intensity level. It means that even that
quenching of PL by 10-100 times or even more can be easily induced by mechanical
deformation/damaging of the material at the nano scale, it is only temporal. This is
observed not only in this study but also under external EF effect. This property is
definitely beneficial for applications of these materials. The recovering ability is
strong and in some cases its leads to self-recovery even under continuously applied
force.

The observed behaviour of the material reminds that of a living tissue which is trying
to heal the damage and adapt for the new environmental conditions (pressure).
Another, probably much closer analogy is a very viscous liquid or a tar. Tar can be
cut in pieces; it is a hard material where a strain can be also created by pressing.
However, after a while (hours, days) all these defects either completely disappear
or the material will adopt to their presence due to its fluidity. We propose that
fluidity of MAPbI; is the main reason for the self-recovery effect.

In conclusion, we demonstrated and studied the self-healing properties of MAPbI;
perovskite by applying atomic force microscope (AFM) to make nano-scale damage
using its tip and confocal PL microscope to study the PL properties during the
mechanical manipulation. The fast PL. quenching and slow PL recovery of MAPbI;
perovskite was observed under local pressing/mechanical damage. One possible
explanation might be that the nano-scale damage induced by AFM tip may create
lots of metastable NR centers in MAPbI; nanocrystals. Besides, MAPDI;
nanocrystals might either recover to the initial state or reach to a new balance state
even when the surrounding condition is changed due to is low barrier energy for
creation and annihilation of defects. At the same time, the crystal strain induced by
the AFM tip might also induce NR centers.

42



3.4 Paper IV: Effects of low temperature on the PL of
MAPDI; films.

It has been mentioned in Chapter 1 that defects in OMH perovskite film are the main
reason for NR recombination that “steal” most of the incident energy and defects
are mainly formed during the crystallization process. Although lots of efforts have
been spent on improving chemical synthesis process to reduce amount of defect to
get higher PCE, understanding the nature of defects is still a tough task. However,
defect-related emission at cryogenic conditions provides an independent approach
to study defect states. At room temperature, emission from such defects is hard to
detect. Indeed, we can see them only indirectly via their influence on the observables
like band-edge PLQY, time-resolved PL dynamics, charge mobility, and so on.
While at low temperature we can see and study the emission of some of the defect
states themselves.

In this study, MAPDI; films were synthesized with two different methods. The
sample named “MAPI” were synthesized by the general one-step method described
in Chapter 2.3.1 with DMF as solvent at ambient environment. The sample
“MAPIC” was synthesized in a glovebox under a nitrogen atmosphere using a
commercial perovskite precursor ink that has been optimized for processing of
perovskite-based photovoltaic devices with power conversion efficiencies of 12%.

Microscopy and PL spectral characterization of both films are presented in Figure
3.4.1, where MAPIC film shows larger grain size with better surface coverage,
longer PL decay kinetics as well as higher PLQY than MAPI film.

(a) MAPIC
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Figure 3.4.1 Microscopy and PL spectral characterization of the MAPIC and MAPI films: (a and b) SEM images, (c
and d) PL images 295 K (note that the laser excitation spot has a Gaussian-like shape with the maximum intensity in
the middle of the image), (e) PL decays at 295 K (excitation power density 40 nJ/cm?/pulse, repetition rate 2.5 MHz,
charge carrier concentration ca. 10" cm™), and (f) temperature dependence of the integrated PL intensity. Observe
the approximately 10 times higher PL quantum yield of the MAPIC film.
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At room temperature (295 K), PL spectra of both films are the same with emission
peak located at 775 nm (tetragonal phase) as shown in Figure 3.4.2 (a). However,
when the temperature is lower than 120K, the PL spectra of both films are quite
different. For MAPIC sample, the PL spectra shows an emission peak located at 750
nm (orthorhombic phase) with a broad low-energy tail which is pure band-edge
emission. In contrast, the PL spectra of MAPI sample is dominated by a broad-band
low-energy emission in the range of 770-950 nm which is almost pure defect
emission.

The obtained PL spectra can be divided into three spectral regions as marked in
Figure 3.4.2 (b). Here, OP region is attributed to the orthorhombic phase, LEI is the
tetragonal inclusions due to incomplete phase transition and LE2 is completely
assigned to radiative recombination of charge carriers trapped in defect. In order to
obtain the distribution of each components in perovskite film, three emission filters
corresponding to the spectral region mentioned above were placed in front of the
CCD camera to get the PL image of the same area. They are a 760 nm short-pass
filter for OP region, a 770 nm long-pass filter to detect all LE1+LE2 region and an
820 nm long-pass filter to detect only the LE2 spectral range. Transmission spectra
of these filters together with the PL spectrum of the investigated films at 77 K are
presented in Figure 5.4.2 a. To separate the contribution of the emission of the LE1
region, we subtracted the signal detected for each pixel with the 820 nm long-pass
filter (LE2 region) from that measured with the 770 nm long-pass filter (LE1+LE2
region).

For the MAPI sample, the PL image of the orthorhombic phase (OP region) shows
spatially separated individual regions while most of the image remains dim. It can
be indicated that the band-edge PL is strongly quenched in most of the crystals while
in some part the amount of NR centers is quite small. Besides, PL maps of the
tetragonal inclusions (LE1 region) and defects (LE2 region) show much more
homogeneous intensity distribution all over the film. However, the optimized
MAPIC film shows the opposite picture: the PL image of the orthorhombic phase
(OP) consists of numerous rather large emitting domains extending over several
micrometers, while the sub-bandgap emission (LE1 and LE2 regions) shows
distributed point like emitting sites.
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Figure 3.4.2 (a) PL spectra evaluation of the MAPI and MAPIC films at 77 K. (b) PL spectra together with the
transmission spectra of the emission filters (SP760, LP770, and LP820) used for spectral imaging. Spectral regions
OP, LE1, and LE2 are defined in the figure. (c) Spectrally filtered PL images of three different PL components at 77 K
(scale bar, 5 um). Intensity in all images is normalized according to the color schemes. Note a clear presence of
individual emitting sites in the MAPIC LE2 image.

Up to now, it can be concluded from the previous results that the more traps the
MAPDI; film has (result in lower band-edge PL intensity), the stronger defect
emission intensity at lower temperature. However, the relationship between the
defect which shows emission at low temperature and the defect related to NR
recombination at room temperature is still missing.

As discussed in Chapter 1 that there exist “shallow” traps and “deep” traps in
MAPDI; perovskite, as shown in Figure 3.4.3 (a). Generally speaking, “shallow”
traps do not act as NR recombination center because of a much lower capture cross
section for the opposite charge. Only the “deep” traps can act as NR recombination
centers (process 6 + 7, capture and recombination of charges via a NR center) leads
to NR recombination and thus determines the PLQY of the material. A strong NR
center should provide efficient sequential trapping of both charges, or, in other
words, provide a ladder of states for an electron to relax down to the valence band.
This can be achieved by having a state in the middle of the bandgap
(Shockley—Read— Hall recombination) or by a defect complex providing effective
electron and hole trapping states on the same site or in the near spatial vicinity.
Because we do not know the actual nature of the NR center, it is shown as a gray
box in the schematic. This picture predicts that there should be no correlation
between the NR recombination (processes 6 + 7) and low- temperature sub-bandgap
emission (process 5) because the two processes are related to different sub-bandgap
species.

In order to confirm this hypothesis experimentally, the spatial PL distribution of
both MAPDbI; films at 77 K and 295 K was analysed pixel by pixel in CCD image
with 1 pm spatial resolution. Figure 3.4.3 (b) shows the scatter plots where the
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abscissa is proportional to PLQY and the ordinate to the defect emission intensity.
By comparing the PL of each location of the sample at 295 K with exactly the same
location at 77 K, we essentially probe thousands of samples with varied defect
concentration due to the sample inhomogeneity. It can be observed that no
correlation between PLQY and defect emission is observed as illustrated by a yellow
horizontal line for MAPI (a fairly constant defect emission fraction independent of
a broadly distributed PLQY) and a yellow circle for MAPIC (absence of any
correlation between the two parameters which vary substantially). However, it can
be indicated from the previous results that if the crystal has more NR centers, it
should have more shallow trap numbers at the same time.
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5 NR Center
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Figure 3.4.3(a) General scheme of the relaxation processes in semiconductors: 1, absorption; 2, band-edge PL; 3,
trapping on the shallow trap; 4, temperature activation to the band; 5, sub-bandgap PL; 6, capturing an electron by a
nonradiative (NR) center; 7, nonradiative recombination by capturing a hole. (b) Correlation between the contribution
of the sub-bandgap PL to the total PL at 77 K and PL intensity at room temperature. Each data point corresponds to
one pixel of the CCD camera, and the optical resolution is approximately 4 pixels (1 um). Blue dots, simple MAPI film;
red dots, optimized MAPIC film. The yellow dashed line shows the correlation between the defect emission at 77 K
and PLQY of the sample. This correlation, however, is not visible within each sample.

In this study, we studied the PL of two MAPbI; films synthesized from different
methods under low temperature, it appears that within each sample the local
presence of more NR centers does not lead to a higher number of shallow defect
states emitting at low temperature. This means that NR centers must have a different
nature than the shallow defect states and may be even spatially situated in different
locations at the nano and micro scales as indicated by PL multispectral imaging.
However, there must be an indirect connection between the NR centers and the
shallow traps, and this connection must be specific to the preparation procedure.
Therefore, we must conclude that formation of the both defect types is promoted or
suppressed by the sample preparation conditions. For the example of the two
preparation methods, we see that if the method leads to a higher concentration of
NR centers, it also creates a higher concentration of the defects yielding PL emission
at low temperature. In other words, the chemical processes behind the formation of
both types of defects must be connected, although NR centers and the shallow states
probably form at different locations (e.g., surface versus bulk) of the material.
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Chapter 4 Conclusions

In this thesis, I presented studies of PL properties of MAPbl; and MAPbBTr3
perovskite semiconductors under influence of several external environment factors
such as the presence of water in the atmosphere, electric field, pressure and
mechanical damage as well as temperature characterized by the PL microscopy and
spectroscopy.

All studies presented in the thesis we are dealing with defects and their
transformations in OMH perovskites. First of all, the formation of the perovskite
from precursor solution is a complicated process which may leave the final material
to contain various types of defects and crystal structures as discussed in Section 3.1.
We further showed using PL that shallow and deep defects states are formed in
proportional concentrations, meaning that their formation must have some common
chemistry (Section 3.4). Although we are able to create intentionally (“by hand”)
lots of defects and quench PL by applying electric field or pressure or by simply
cracking or cutting the semiconductor at nanoscale, studied perovskites were always
able to recover their properties and come back to the initial state. We interpret this
fantastic self-healing property as the result of the soft and dynamic crystal structure
of the perovskites allowing for ion migration and spontaneous rebuilding of the
initial structures from the available atoms (Section 3.2 and 3.3).

The motivation for me to do all these studies was to contribute to answering the
question why OMH perovskites work so well for solar cells. I think that the self-
healing property is one of the reasons. Hopefully further work in these directions
will allow to shed light on the chemistry of the defect formation and healing and
this is important for the long-term stability of OMH perovskite based solar cells.
Even though there are still lots of mysterious things about perovskites, I think that
this work helps to move forward and will be continued by other researches in the
future.
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