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Chapter 1. Introduction

In recent several years, the fields of optoelectronics and material science have witnessed
the remarkable development of metal halide perovskites. Metal halide perovskites exhibited
excellent device performances in solar cells and field-effect transistors.’® Since the first solar
cells with the CHsNH3sPblz (MAPbIs) perovskite as the light absorber were reported by
Miyasaka et al.,” power conversion efficiencies of perovskite solar cells have rapidly increased
from 3.8% to over 25%,8 because of great efforts of optimizing perovskite film morphologies
and device architectures. The efficiency of 25% is comparable to those of other semiconductor
solar cells, such as solar cells based on copper indium gallium selenium, gallium arsenide,
cadmium telluride, and silicon.® The fast progress on perovskite solar cells triggered a research

boom and also attracted a lot of attention and resources from global energy companies. Since

that, in the fields of light emission,'® photoelectric detection,** X-ray detection imaging,*? and
so on, researchers also began to explore the application of perovskites.

These significant achievements can be attributed to the excellent optoelectronic
properties of perovskites. These properties include the high absorption coefficient, the relative
benign internal defects, the long carrier diffusion length, the bipolar charge transport ability,
the narrow width of the luminescence spectra, and etc. Therefore, the performances of halide
perovskite devices can be rapidly improved, forming a prospect that they can replace the
existing mature technologies. There are many types of halide perovskite materials, with
adjustable bandgaps and adjustable functions, and their applications need more exploration.

The application of perovskites on light emitting was inspired from their potential of high
emitting efficiencies in electroluminescence (EL) process. The triplet excitons, which are a
limit factor on the emitting efficiency in organic light-emitting diodes (OLEDS), do not restrict
the emitting efficiency of perovskite light emitting diodes (PeLEDs). Besides, the bandgaps of
perovskites can be continuously tuned by changing compositions, especially halogen atoms.

In 2014, Tan et al. first demonstrated room temperature green and red EL from MAPbBr3 and
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MAPbI5.«Clx PeLEDs.2 Since then, consistent researches have been done to expand the range
of emitting colors, as well as to modify the perovskite crystallinity and device architectures to
improve the LED performances. As a result, multicolor emissions covering a full visible
spectral region®® have been developed. Recent reports have demonstrated green, red, and near-
infrared PeLEDs with external quantum efficiencies (EQEs) surpassing 20%,* 8 rendering the
performances comparable to those of organic or quantum-dot LEDs. Moreover, perovskites
exhibit outstanding performance as the charge transport layers in OLEDs.*°

Even though high-performing PeLEDs have been demonstrated, a better understanding
of their operational mechanisms behind has been required for future practical applications such

as displays and lighting.

1.1 Metal Halide Perovskite Materials

1.1.1 Crystalline Structures

General perovskite solid is well known for its crystal structure of an extended network of
PbXs octahedra intercalated with organic ammonium (or Cs) cations to keep the charge
neutrality (Figure 1-1a). Typical metal halide “3D” perovskites have a chemical formula of
ABX3, where A represents the organic or Cs cation that fits in the cavity delimited by the corner-
sharing octahedra, B represents the metal cation, and X represents the halogen anion. Simple
perovskites have a cubic close-packed lattice. The close-packed layer is parallel to the (111)
crystal plane and is composed of A" and X™. The B ions are filled in the voids between octahedra
formed in two closely packed layers of X™. Therefore, an A* has 12 X ions to coordinate with,
and a B ion have 6 X ions to coordinate with. It can be seen from the structure of the perovskite
lattice that A™ participates in close packing, which is very important for stabilizing the

perovskite structure. Since B ions are filled in the voids, the requirements for their radius and
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valence state are not strict, and there are a variety of selections. However, experience exhibits
that B ions are usually important elements that determine many physical properties of
perovskite materials. Perovskites that currently exhibit excellent performances in

optoelectronic devices usually have lead ion as the B ion.
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Figure 1-1. (a) Unit cell of a typical perovskite lattice. (b) Perovskite crystal structure in the
term of corner-sharing octahedra.

There is another description of the perovskite lattice (Figure 1-1b). According to the
description of the unit cell, a B2* and 6 X~ form an octahedral coordination unit of BXe. The
alignment of BXs octahedra sharing X~ apexes forms the framework of the perovskite lattice,
and A ions are filled in the voids formed by the above arrangement. The perovskite crystal
structure is characterized by repeating BXs octahedral units. Some non-ABXz structural
materials with this feature are also called perovskites.?

In order to obtain a stable and photoelectrically active perovskite phase, the radius of A*

has a certain range, which can be judged by a tolerance factor t:%!

T+
=4 X (1-1)
V2(rg + %)
Experience has shown that the radius of A* must meet 0.8 <t < 1.0,° otherwise the lattice
distortion will cause a phase transfer. Taking APbls perovskites as an example, only limited

sorts of A" support APbls perovskites to obtain photoelectric activity,® as shown in Figure 1-2.
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The sodium, potassium, and rubidium ions are too small, and the organic ions such as imidazole,
ethylamine, and guanidine ions are too large, inducing that they do not meet the requirements

of the tolerance factor. Even the perovskite lattices of FAPbIs (t=1) and CsPbls (t=0.8) are

easily distorted, but they can be stabilized by multi-ion mixing.

&% %\
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Figure 1-2. Cesium (Cs), methylammonium (MA), and formamidinium (FA) ions. Blue, dark
gray, and light gray spheres are nitrogen, carbon, and hydrogen atoms, respectively. This figure
is reproduced from ref. 22.

At present, the lead halide perovskites have the highest photoelectric conversion
efficiencies in devices. But lead-free perovskites avoiding using toxic lead and all-inorganic
perovskites with better stability are also hot research spots. Among the halide perovskite
materials, there is also a sub-category of quasi-2D perovskites that have received much
attention in luminescence applications. The quasi-2D perovskites inherit and expand the
excellent properties of the three-dimensional halide perovskites. Quasi-2D perovskites have
higher emission efficiency, thanks to their self-organizing quantum well structures. In this

thesis, the quasi-2D perovskites will be introduced in detail in the section 1.2.2.
1.1.2 Optical and Electronic Properties

Many methods have been developed for the preparation of halide perovskite thin films.?
The solution deposition methods are most commonly used. Perovskite films can be prepared
from a simple precursor ion solution by spin-coating and follow-up annealing, or they can be
prepared from a nanocrystal colloid solution readily synthesized from a solution chemical

reaction.?*
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Halide perovskites are direct bandgap semiconductors with good photoelectric properties.
Since halogen is a group of elements with strong electronegativity, halide perovskite crystals
have many ionic bonds, which is similar to the 11-VI compound semiconductors. At the same
time, halide perovskite materials are also a kind of semiconductors that can be processed at low
temperature. The bandgaps of halide perovskite semiconductors are in the range of visible light
to near infrared light, and they can be adjusted by the chemical composition. Holes and
electrons generated in perovskites are mostly excited or injected externally, which is similar to
the case in organic semiconductors. Solution processed perovskite films have high carrier
mobilities (greater than 20 cm? V1 s1)? and large diffusion lengths (greater than 1 um)>?®. The
carrier lifetimes of halide perovskite materials are generally in the range of hundreds of
nanoseconds to one microsecond, which is much smaller than the tens of milliseconds of
silicon.® In order to improve the performances of photovoltaic and emission devices, carrier
loss by non-radiative recombination should be suppressed.

The intrinsic point defect states of halide perovskites are generally very close to the
conduction band and the valence band (which is determined by the bonding properties). These
defect states are shallow traps for carriers and thus are not particularly harmful for most of the
properties of perovskites, which is described as the insensitivity to intrinsic defects. However,
the defects on the grain boundaries of halide perovskites can work as efficient non-radiative
recombination centers. Larger grain size, with micrometer size being possible, should be helpful
for suppressing this sort of non-radiative recombination. The energy loss on the grain
boundaries was proved smaller than that of other polycrystalline solar cell materials.?’

The photoluminescence quantum yield (PLQY) was found to be limited by the effect of
carrier or exciton trapping by grain-boundary defects at low excitation intensities.’® At high
excitation intensities or at low temperatures, these trap states are easier to fulfill, and photo-

generated carriers/excitons recombine mainly through the radiative process. Both theory and
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experiments exhibit that the PLQY's of halide perovskites can approach 100% at high excitation
intensities or low temperatures. Therefore, the application of halide perovskites to emitting
devices usually involves the study of removing or filling?® the trap states in order to obtain high
emission efficiencies even at a lower excitation intensities or at room temperature. Methods to
fill the trap states are called “passivation”.

Previous researchers have made accurate and direct measurements of the exciton binding
energy (Es) of halide perovskites. Some perovskites have an Eg of only 16 meV at low
temperature, which further drops to 5 meV at room temperature, while the effective exciton
mass is only 0.1 me (me is the electron mass).?® Therefore, at room temperature, the free carrier
behavior dominates in halide perovskites, which explains the excellent device performances of
perovskite solar cells.

An inherent disadvantage of halide perovskite materials is the ion migration. Many direct
or indirect experiments proved that ion migration is the source or important factor of many
unusual phenomena in halide perovskite materials and their devices, such as photocurrent
hysteresis, photo-induced giant dielectric constant, photo-induced phase separation, and a rapid
decline of device performances.?’° Thankfully, the ion migration mainly occurs through the
grain boundaries, and is mainly based on the migration of A* ions such as MA*.?” If the ion
migration in a bulk perovskite is also serious, the modified perovskite structure may take away
its wonderful photoelectric properties. However, the ion migration properties also make the

halide perovskites possible as lithium storage materials in batteries.*°

1.2 Quasi-2D Perovskite

1.2.1 Quantum Confinement Effect

Eg is an important parameter that characterizes the property of excitons and refers to the
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energy required for excitons to return to free electrons and holes. Eg is generally tens to
hundreds of eV. Because the strong dielectric screening effect in halide perovskite materials
weakens the Coulombic interaction of the electron-hole pair, Eg in perovskites is relatively
small. This phenomenon is particularly obvious for I-based perovskites, since they typically
have low Eg of no more than 20 meV3 and exhibit no excitonic character under room
temperature.

This very low Eg*>® results in slow bi-molecular recombination and long charge-carrier
diffusion.®% Also, as mentioned above, when the grain size of a perovskite film is large, the
recombination sites and traps of the carriers are fewer, the mobility is excellent, and the carriers
are free at room temperature. These features render 3D perovskites excellent materials for

photovoltaic applications, which requires charge carrier-pair separation. However, in emitting

devices, the low Eg makes obtaining efficient photoluminescence (PL) and EL difficult since
the slow radiative recombination may be susceptible to trap-assisted quenching. Also, the
excellent mobility increases the probability of non-radiative defect sites to capture carriers,
resulting in an increase in non-radiative recombination rate. Therefore, for emission
applications, increasing Eg and reducing exciton diffusion length are necessary for engineering
perovskites.®® An important method to achieve this aim is the utilizing of the quantum
confinement effect.

The quantum confinement effect can be described as follows. By reducing the crystal size
of various dimensions to the order of the exciton Bohr radius, the electron motion is restricted,
resulting in a discontinuous electron energy level structure similar to atoms. The increased
semiconductor bandgap and Eg, and decreased exciton diffusion length are the results of this
effect. Electrons are easier to form excitons with holes under the limitation of the average free
path of small-sized crystals, so the quantum confinement effect is one of the methods to increase

the concentration of excitons and thus improve the emission efficiency. As shown in Figure 1-
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3, the quantum confinement effect on perovskites can be generated through size reducing in
one direction (2D/quasi 2D structure formed), two directions (1D linear structure formed), and
three directions (0D dot-like structure formed). Low-dimensional perovskite structures such as
polymer-perovskite composites,® alumina-pinned nanocrystals,®” quantum dot colloids®*, and
quasi-2D perovskites [also referred to multi-quantum well (MQW) structures] all adopt the idea

of this quantum confinement effect.

Figure 1-3. Scheme of the structures of 3D and low dimensional perovskites. This figure is
reproduced from ref. 38.

1.2.2 Concept and Properties of Quasi-2D Perovskite

The cubic structure of 3D perovskites can be broken in some specific directions to form
a low-dimensional material. As shown in Figure 1-4, the direction of these breaks or tears is
usually along the (100), (110), and (111) crystal planes of the 3D perovskites (Figure 1-4).
Perovskites torn along three directions have different chemical formulas and different
properties.®® By introducing large organic cations, the breaks along the (100) crystal planes of
perovskites are the easiest to form, and most quasi-2D perovskites used for emission and

photovoltaic devices are formed through this way, which can always be confirmed by a strong
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characteristic peak of the (100) crystal plane in X-ray diffraction (XRD) patterns. The 2D and
quasi-2D perovskites mentioned in the following contents are from the cuts along (100)

direction.
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Figure 1-4. Cuts along (100), (110), and (111) directions and the quasi-2D perovskites that
result from such cuts. This figure is reproduced from ref. 39.

2D perovskites formed from the (100) cuts are described with the formula LoPbXa4, where
L* is the large organic ammonium cation oversized to fit in the cavity formed by corner sharing
PbXe octahedra, making the 3D perovskites collapse into PbXe tabs (n = 1 case in Figure 1-5).
There are so-called quasi-2D perovskite configurations between 2D and 3D structures, with the
formula of LoAn-1PbnX3an+1 (Figure 1-5). The large organic cations divide the perovskite crystals
into two-dimensional platelets of different thicknesses and intercalate between layers to act as
spacers. Here, n represents the number of stacked PbXs sheets (the order of quasi-2D
perovskites) in one platelet. For example, n = 1 platelets (belonging to the n = 1 domain) contain
one layer of PbXe octahedra, n = 2 platelets (belonging to the n = 2 domain) contain two layers
of PbXe octahedra, and so on. Accordingly, the n = oo platelets correspond to 3D perovskite
crystals. The large organic cations interact with the surface of the platelets through ionic bonds,
and the stacking between the platelets depends on the van der Waals force between the large

organic cations. If the organic spacer cation has a m system, the n interaction also becomes a

10
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binding force. A group of platelets with the same thickness is of a single phase. Generally, the

prepared quasi-2D perovskite films contain many domains with various phases (various n).

<P Large cation @ Small cation ¢~ Metal - halide octahedra

Energy
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Figure 1-5. Diagrams of quasi-2D perovskite phases with various n and the energy level
structures of the quantum wells. This figure is reproduced from ref. 13.

The quasi-2D perovskites formed with L™ cations are referred as the Ruddlesden—Popper
(RP) type. Besides, quasi-2D perovskites were also reported formed with L2* cations, referred
as the Dion-Jacobson (DJ) type (Figure 1-6).° The DJ type avoids the van der Waals force
between two adjacent L* in the RP type. In this way, DJ type should have better structural

stability on a lattice level, but also requires higher formation energy.

spacer

Figure 1-6. Crystal structures of a 3D perovskite (left), a RP-type 2D perovskite (middle), and
a DJ-type 2D perovskite (right). This figure is reproduced from ref. 39.

11
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By adjusting the ratio between large space cations and small cations, the thickness of the
generated platelets can be controlled to a certain extent. However, besides some low-n domains,
generating pure phases is still a very challenging topic.*° In most cases, there is no necessity to
obtain a pure phase, and adjusting the domain distribution is sufficient.

Generally, the layered structures of 2D and quasi-2D perovskites can be considered as
natural quantum-well structures (Figure 1-5). The inorganic layers act as “wells” and the
organic cations as “barriers”, which are supposed to induce strongly bound excitons and intense
PL. This is because of the much higher dielectric constants and narrower bandgaps of the PL
“well” layers than the “barrier” layers, for mostly used L cations of aliphatic or aromatic
substituents (Figure 1-7a).*-%> With a decrease of n from o to 1, both the dielectric and quantum
confinements arise, resulting in significantly enhanced Eg (Figure 1-7b)*, larger bandgap,
narrower PL emission, and smaller Stokes shift.** In general, the difference between the
bandgaps of n = 1 and n = 2 domains is the largest. As n increases, the bandgap difference of
domains with different n becomes smaller and smaller. Every domain in films has a quantum
well structure, meaning that quasi-2D perovskite films correspond to a multi-quantum well
structure. From a macro perspective, in quasi-2D perovskite films, the wide bandgap domains
can act as carrier confinement domains, while the small bandgap domains are responsible for

the radiative recombination.

12
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Figure 1-7 (a) Scheme of dielectric confinement in 2D perovskites. (b) Eg and the high
frequency dielectric constant of the (BA)2(MA)nPbnlsn+1 perovskites with various n, where the
BA is benzylammonium. This figure is reproduced from ref. 39.

The quasi-2D perovskites inherit and expand the excellent properties of the 3D
perovskites,* such as direct bandgap nature, high absorption coefficients, and small effective
masses of electrons and holes. This extends the functional adjustment approaches of
perovskites. Besides being used as the effective light-absorbing material for solar cells,*® quasi-
2D perovskites exhibit efficient PL at room temperature, indicating that a large density of stable
excitons can be generated with higher Eg at room temperature, making the radiative

recombination from excitons dominant.®

1.3 LEDs Based on Quasi-2D Perovskites

1.3.1 Electroluminescence from Metal Halide Perovskites

As a solid-state lighting technology, LED is based on semiconductors which convert
electrical energy into light. As a new generation of light source, LEDs have been widely used
in various fields of modern society, including daily civilian lighting, industrial lighting, medical

equipment, and etc.*® With the advent of the information age, LED technology has shown strong

13
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vitality in the display field in recent decades,*® driving the rapid development of the LED
industry.

In order to obtain a more convenient and comfortable life, people's demand for display
devices is also increasing. This puts more and more stringent requirements on the power
consumption, brightness, color saturation (wide color gamut), resolution, thinness, and
flexibility of LED devices. In LEDs, traditional 111-V or II-VI inorganic semiconductor
materials are mainly prepared by crystallization or epitaxial growth on rigid substrates such as
sapphire or silicon, and it is not easy to form smaller light-emitting units (pixels) with these
materials. OLED materials can be formed on a rigid or flexible substrate by evaporation or
solution processing, and it is easier to prepare high-resolution, thin, and flexible LED devices.
After the development of more than 30 years, OLED technology has become one of the most
advanced display technologies at present and is still evolving. In the field of light sources,
OLEDs can be used as a true surface light source to provide soft diffuse light. In some
application scenarios OLEDs have significant advantages over inorganic LEDs.*’

However, it is also necessary to achieve the largest possible display color gamut to
achieve a high saturation, vivid, and natural display effect. This requires the red, green, and
blue (RGB) display units of the LED display device to achieve as narrow emission spectra as
possible. However, general OLED materials have PL peaks of large full widths at half
maximum (FWHM) of over 40 nm.*® This is particularly notable in the high-efficiency
thermally activated delayed fluorescence (TADF)-based OLEDs At the same time, the
synthesis cost of OLED materials is relatively high, and a large part of them still rely on vacuum
evaporation technology to form films. This leads to higher production cost of OLEDs.*®

Inorganic quantum dot LED (QLED) and PeLEDs have become important candidates for
new LED display. They can reach the FWHM of PL and EL below 25 nm, and both support the

low-temperature solution processes for film formation. However, the grain size of inorganic

14
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quantum dots has a great influence on the position of its emission spectrum. In order to achieve
a narrow emission peak, the particle size distribution of quantum dots must be very
concentrated. Together with the requirements for dispersibility and stability, the production
process of quantum dot colloid solutions is still expensive.*® In contrast, the exciton Bohr radius
of perovskite materials is generally very small (below 3 nm),>° so the requirements for particle
size are not strict. Because of the existence of long-chain organic ligands, quantum dots
generally have the problem of inefficient charge transport. At this point, perovskite's excellent
carrier mobilities also became an advantage. In summary, perovskites are a strong competitor
for the new-generation of LED luminescent materials.

Back in 1994, Saito et al. from Kyushu University pioneered the LED devices with the
perovskite emitter.>! However, because of the low Eg of the perovskite materials at that time,
the PeLED devices only emitted light normally under liquid nitrogen temperature. Because of
the low efficiency of the devices and the strict working conditions, this work did not attract
much attention at that time, and there have been few reports on this field in following 20 years.
In 2014, there was a new breakthrough in the research of PeLEDs. For the first time, Tan et al.
demonstrated PeLEDs performing EL at room temperature and obtained devices with
brightness greater than 100 cd/m?, and EQEs of about 0.1%.° This new breakthrough ignited
people’s enthusiasm for perovskites as luminescent materials. After that, researchers improved
the performances of PeLEDs through various methods. Recent reports have demonstrated
green, red, and near-infrared PeLEDs with EQEs surpassing 20%,4*® rendering the

performances comparable to those of OLEDs or QLED:s.

1.3.2 Progresses on Quasi-2D Perovskites LEDs

With the theoretically high Eg and PLQY under room temperature because of the

qguantum well structures, researches on quasi-2D perovskite-based PeLEDs started from 2016.

15
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In 2016, Sargent et al. firstly developed quasi-2D PeLEDs showing near infrared (NIR)
emission (Figure 1-8).3% The quasi-2D perovskite structure with the formula of
PEA2(MA)n-1Pbnlan+1 (where PEA™ is phenylethyl ammonium cation) dramatically increased
the Eg of iodine-based perovskites, resulting in a high EQE of 8.8%, which was the highest
value among PeLED reported at that time. In this report, some basic principles of quasi-2D
PeLEDs that following researchers always referred to were discovered, such as multi-domain
configuration (Figure 1-8c and 1-8d), energy funneling (Figure 1-8e), dependence of PLQY on
excitation fluence, and etc. Tuned bandgaps by n was evidenced by steady-state PL (Figure 1-
8a), and the charge/ energy transfer process between domains was confirmed by transient

absorbance spectra (Figure 1-8b) for the first time.

g ==
C e
= L=
a.
W
500 600 700 800
b _ Wavelength (nm)
'—o—
_o_

T T T T
500 600 700 800
Wavelength (nm)

Figure 1-8. Photophysics of perovskites in ref. 36. (a) Steady-state PL spectra for perovskites.
The gradually blue-shifted peak position with reduced recipe n value indicates the increased
guantum confinement effect. (b) Transient absorbance spectra for perovskites with different
recipe n values. The multiple bleach peaks on one spectrum indicate the excitons from domains
with multi-n configuration. (c) Carrier transfer process between multi-n domains in (c) n =3
and (d) n = 5 perovskites. (e) Carrier funneling in a quasi-2D perovskite. This figure is
reproduced from ref. 36.

The excellent performance of the first quasi-2D PeLEDs attracted the attention of more
researchers. W. Huang et al. then raised the EQEs of NIR PeLEDs with the quasi-2D perovskite
emitter to 11.7 %.52 In following research works, Sargent’s team and Huang’s team deeply

studied the formation process and optoelectronic mechanisms of the quasi-2D perovskite

16
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emitter. W. Huang et al. investigated the exciton behavior in multi-domain quasi-2D
perovskites in detail, and deduced the rates of different exciton releasing processes, including
trap-assisted quenching, bi-molecular radiative recombination, excitonic radiative
recombination, Auger recombination, energy transfer, and etc.3® Sargent et al. analyzed the
formation mechanism of a quasi-2D perovskite, and found that the intermediate compounds
produced by the combination of the precursor and the solvent would serve as a "scaffold"” for
crystal growth. The stoichiometric ratio of large organic cations to intermediate compounds
was found to have an important effect on the phase distribution.®

Besides using a precursor solution with perfect stoichiometry of the ideal quasi-2D
structure, i.e., the formula of LoAn-1PbnXan+1, quasi-2D perovskites can also be obtained by
simply mixing two solutions of LX (halide salt of large organic cation) and APbX3 (3D
perovskite). B. Rand et al. first adopted this strategy and prepared red and green PeLEDs with
EQEs of 10.4% and 9.3%, respectively.>* The quasi-2D perovskite film using this strategy
contains a large number of crystallites with LX as the ligand and has good defect passivation
and low roughness. Also, with this strategy, B. Sun et al. fabricated green quasi-2D PeLEDs
with an EQE of 15.5 %. By adding crown ether to the precursor solution, they avoided the
aggregation and crystallization of LX and tuned the domain distribution.>

As the key to form quasi-2D structures, the large organic cations of different sorts have
large influence on the properties of perovskites. B. Rand et al. analyzed the defect passivation
effect with various L, and discovered the influence of the chain length and steric hindrance of
L* to the perovskite structure.>® Recently, it was discovered in our laboratory that the energy
levels of the triplet excitons of L* have much effect on the perovskite emitting process (Figure
1-9). Efficient triplet-triplet Dexter energy transfer was found from triplet excitons of
perovskites to T1 (the lowest excited triplet state) of NMA™ (1-naphthylmethylamine cation)

because of the low T1 of NMA®. However, PEA", which has high T1, would not quench triplet
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excitons of perovskites, allowing for full utilization of singlets and triplets for efficient emission
(Figure 1-9b). It explained why quasi-2D perovskites with similar structural properties but

different L cations have distinct emission efficiencies.®’
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Figure 1-9. (a) Chemical and unit cell structures of quasi-2D perovskites. (b) Proposed energy
transfer mechanism considering the triplet energy levels of L*. This figure is reproduced from
ref. 57.

The modifying methods commonly used in 3D perovskites, such as passivation by
doping, morphology control, crystallization control, and etc., are still applicable in quasi-2D
perovskites. With sufficient optimizing with the approaches mentioned above, the EQEs of
quasi-2D PeLEDs have achieved 20.1, 15.5, 11.7, and 5.7% for infrared, green, sky blue, and

blue emissions, respectively,16:55:5859

1.3.3 Open lIssues on Quasi-2D Perovskite LEDs

Despite the attractive performance in PeLEDs, there are still unclear issues about the film
formation, emission mechanisms, and device performances. By now, how the structural factors
of quasi-2D perovskite films affect the emission properties remains controversial. Solution-
processed quasi-2D perovskite films always contain domains with various n and thus various
bandgaps, as shown in Figure 1-10a,% which should be a result of different reaction speeds

between PbX, and SX or LX.5* In such quasi-2D systems, it is known that the energy® and
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charge®® transfer occur between domains, which results in exciton confinement within high-n
domains, as shown in Figure 1-10b, which is the energy funneling effect mentioned above.
However, in other cases, it was reported that the energy transfer can be insufficient between the
exciton confining domains with small n and the emitting domains with large n,>® which could
cause many excitons in the confining domains being quenched through non-radiative pathways
and make the order-mixing unfavorable for efficient emission.®* Furthermore, use of large
organic ammonium cations can also passivate defects around domains or grains®2%® besides
forming quasi-2D structures (Figure 1-10c), making the compositional control over perovskites
even more complex.
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Figure 1-10. (a) Multi-domain structure of a quasi-2D perovskite film.%* (b) Exciton
confinement caused by the energy level funnel effect.®® (c) Large organic ammonium cations
as ligands passivating defect states around grains.>*

Despite the high PL and EL efficiencies, quasi-2D PeLEDs, especially green- and blue-
emitting PeLEDs, still suffer from low operational durability.*®> The device lifetimes of high-
efficiency quasi-2D PeLEDs reported so far are only in the timescale of minutes,>>°%616 which
seriously impede the practical applications in industry. The factors, such as defect-assisted
decomposition®” and imbalanced charge injection,®® were found to lower the operational
durability. Besides, quasi-2D PeLEDs are also known to have strong EQE roll-off at high
current densities.'®36568 One source of the EQE roll-off is Auger recombination.®® However,
other convincing explanations to understand the PeLEDs’ degradation and EQE roll-off would

exist, which I found should be the migration of organic cations as introduced in Chapter 3.

19



Chapter 1. Introduction

Exploring the source of the short working lifetimes and severe roll-off would be meaningful

for developing PeLEDs to the demands of industry.

1.4 Aim and Outline of This Thesis

The aim of this thesis is to explore the essential factors impacting the emission efficiencies
and working lifetimes of quasi-2D PeLEDs, and the mechanisms of how the aforementioned
factors work. I will discuss from the aspects of perovskite forming, exciton and charge carrier
behaviors, and ion migration process during device preparation.

Chapter 2 reports the impact of precursor solution engineering on the emitting efficiencies
of quasi-2D perovskites. The stoichiometry control over precursors was found effective for the
tuning of grain passivation and domain distribution. Chapter 3 reports the impact of ion
migration on the working lifetimes of quasi-2D PeLEDs. The organic cations attached on the
perovskite domain boundaries were discovered migrating under the application of external bias.
The interaction of the mobile cations with the electron-transporting layer determines the
working lifetimes of quasi-2D PeLEDs. Chapter 4 summarizes this thesis and discuss future

perspectives.
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2.1 Introduction

As introduced in Chapter 1, even though high-performing PeLEDs have been
demonstrated with quasi-2D perovskites, a better understanding of their operational
mechanisms behind has been required for future practical applications such as displays and
lighting.

For example, it was commonly reported that the naturally formed multi-n configuration
of quasi-2D perovskites induces the energy-level funnel effect, because the energy* and charge?
transfer occur between domains. The energy-level funnel results in exciton confinement within
high-n domains with low bandgaps, leading to higher Eg and thus higher emitting efficiency.
However, in some reports, the energy-level funnel effect can be insufficient between domains
with various n.® Besides, the interaction between excitons and the perovskite lattice in the
confining domains might rapidly quench excitons through ultrafast non-radiative pathways*
and make the order-mixing unfavorable for efficient emission.> Therefore, how the multi-n
configuration influences the emitting efficiencies under different cases of n distribution requires
comprehensive investigation. Furthermore, use of large organic ammonium cations can also
passivate defects around domains or grains®’ besides forming quasi-2D structures (Figure 1-
2¢), and induce the dielectric confinement,® making the compositional control over perovskite
even more complex.

Quasi-2D perovskite films are generally fabricated using spin-coating precursor solutions,
in which pure 2D and 3D perovskite precursors are perfectly mixed at the stoichiometric ratio
in terms of the molecular formula. This precursor composition is hereafter termed as the
stoichiometric (ST) composition. On the other hand, quasi-2D perovskite films can also be
obtained by simply adding a large organic halide salt into a 3D perovskite precursor. This

precursor composition is hereafter termed as the large organic cation-doped (LOD)
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composition.>!° Because of the difference in precursor ratio, LOD perovskite films should have
different properties compared with ST ones. Although both the precursor composition strategies
were reported to achieve high performance from quasi-2D PeLEDs, it is necessary to
systematically investigate how the ST and LOD precursor compositions affect the defect
passivation, n distribution, and thus the PL and EL performance of resulting quasi-2D
perovskite films to avoid confusing interpretation.

In this Chapter, | studied the quasi-2D perovskite based on the 3D perovskite FAPbBr3
and the large organic cation (PEA™). From systematic analyses of the structural and optical
properties of quasi-2D perovskite films, | investigated the role of PEA™ under different ST and
LOD composition conditions, which leads to a better understanding of the impact on defect
passivation and domain distribution. | discuss reasons why low-n domains worse the emitting
properties in films. Furthermore, while PEA™ in ST perovskite films mainly functions as a
passivator, PEA" contributes to not only the defect passivation but also the effective formation
of the quasi-2D perovskite structures in LOD films, which results in high PL and EL
efficiencies. Quasi-2D perovskite films fabricated with a well-designed LOD precursor
composition achieved a high PLQY of 95.3% and showed green EL, with a maximum EQE and

luminance of 14.7% and 37,477 cd m2, respectively.

2.2 Results and Discussion

The chemical formula of the ideal quasi-2D perovskite is PEA2FAn-1PbnBran+1. However,
in actual perovskite films, there are many domains with different orders n. Here | define the
order used to prepare a precursor solution as the precursor recipe order n, to distinguish from
the aforementioned domain order n in films. As shown in Figure A-1 of the Appendix part, ST
films were spin-coated from a precursor solution, in which the pure 2D PEA2PbBrs and 3D

FAPbBr3 perovskites are dissolved. On the other hand, LOD films were spin-coated from a
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precursor solution, in which the 3D FAPDbBr3 perovskite and PEABr are dissolved. In the

perovskite precursor solutions, all the dissolved components exist as ions. To define the

+
precursor order n; for LOD solutions, | used the following equation, ﬁ = [FF%]].

This
equation is also valid to obtain the precursor recipe order n, for ST solutions. In ST solutions,
the precursor formula is designed to be PEA2FAn-1)PbnBran+1), Which is identical to the
stoichiometry of the ideal quasi-2D structure. In LOD solutions, the precursor formula is
PEA2FA(n-1)Pbn-1)Bran-1), where a unit of PbBr: is reduced compared with in ST solutions.
Since the [Pb?*] in all the solutions were controlled to be the same to ensure the same amount
of PbBrs octahedra formed in resulting films, with the same n, (or the same [PEA*]/[FA™]), a
LOD solution contains a higher concentration of overall organic cations than an ST solution
does. This overdose of organic cations in LOD perovskites makes their properties distinct to

those of ST perovskites, which is discussed in the following sections.

2.2.1 Structural Properties of Quasi-2D Perovskite Films

| first characterized the structural properties of quasi-2D perovskite films with XRD.
Figure 2-1a and 2-1b show XRD patterns of quasi-2D perovskite films fabricated from the ST
and LOD precursor compositions. In ST films fabricated with n,> 3.5 and LOD films fabricated
with nr > 6, only the XRD peaks of high-n perovskite domains were present although the
positions of these peaks were somewhat different compared with the pure 3D FAPbBr3, which
will be discussed later. According to a previous report of our laboratory using the same quasi-
2D perovskite system for grazing-incidence wide-angle X-ray scattering GIWAX analysis,°
the formed perovskite domains adopt all orientations in the films, but with slightly preferential
alignment parallel to the substrate. In ST films with nr < 3.5 and LOD films with n, < 6, the

XRD peaks originating from n = 1 and n = 2 perovskite domains appeared, along with the

existence of the high-n perovskite domains. The aforementioned results indicate that the
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addition of excess organic ammonium cations makes the formation of the low-n perovskite

domains easier in LOD films.

5 1 15 20 25 30 35 5 0 15 20 25 30 35
Two theta (°) Two theta (°)

Figure 2-1. XRD patterns of (a) ST and (b) LOD perovskite films. The y-axis scale is
logarithmic to make it easier to see the peaks. The peaks labeled with the black, red, and green
dashed lines respectively correspond to the high-n, n = 1, and n = 2 perovskite domains.

The XRD peaks at ~14.7 Q@which are assigned to the (100) plane of the high-n perovskite
domains,® are magnified to see a change of their peak positions. While little peak shift was
recognized in ST films (Figure 2-2a), the peak shift to a lower degree was clearly detected in
LOD films (Figure 2-2b), with the largest shift occurring at nr = 6 or 7. The gradual
incorporation of PEA" into the 3D lattice for the formation of the middle-n or high-n perovskite
domains may induce lattice expansion and thus slightly increased lattice constant, which leads
to this peak shift.” In LOD films with n; < 6, the XRD peaks gradually returned to a higher
degree. This is because PEA" cations are preferentially consumed to formthen=1and n=2
perovskite domains as such low-n domains tend to form at a very early stage of the film

fabrication.?
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The size of the high-n perovskite domains was estimated from the (100) peaks using
Scherrer equation with a shape factor of 0.89. As shown in Figure 2-2c, in both ST and LOD
films, the domain size firstly decreased and then began to increase gradually as the n, decreased.
The decreased domain size in the large n region may be because increasing the PEA*
concentrations restricts the crystal growth during the film formation.>!2 At the small ny, as
PEABr was used to form the low-n domains, the aforementioned restriction of the crystal
growth was released, probably resulting in the rapidly increased size of the high-n domains.

The smallest domain size was obtained at nr = 3.5 for ST films and n, = 6 for LOD films.
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Figure 2-2. Magnified XRD patterns of (a) ST and (b) LOD perovskite films. The dashed lines
are guides for the eye to see the peak shift. (c) Size of the high-n perovskite domains in ST and
LOD films, which was estimated using Scherrer equation.

2.2.2 Optical Properties of Quasi-2D Perovskite Films

The presence of the n = 1 and n = 2 perovskite domains fabricated with low nr was also
evidenced by the absorption spectra shown in Figure 2-3a and 2-3b. In ST films with n; > 3.5
and LOD films with n; > 6, the absorption onsets shifted to a shorter wavelength as nr was
decreased, probably because of the bandgap widening by a quantum confinement effect
associated with the decreased domain order.'® Besides, no multiple absorption peaks from
different perovskite domains were found in these films. On the other hand, sharp excitonic

peaks originating from the n = 1 and n = 2 perovskite domains* were observed in the other ST
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films with n, < 3.5 and LOD films with n; < 6, which is consistent with the XRD results
discussed earlier.

The quantum confinement effect from quasi-2D structure can also be reflected by PL
peak wavelengths. As shown in Figure 2-3c, 2-3d, and 2-3e, the more blue-shifted PL peaks of
LOD films than those of ST films at all nr values indicate the lower n of emitting domains. This
further confirms the promoted incorporation of PEA™ into the perovskite lattice in LOD films.
The co-existence of multiple PL peaks in low-n; films can be clearly recognized in the low-
temperature PL analysis as shown in Figure A-3, Appendix, because of the multi-n
configuration when low-n domains appeared. In all ST films, the main PL peak came from
high-n domains. However, the main PL peak in low-n, LOD films was obviously attributed to
some low-n or middle-n domains, keeping the significant PL blueshift even with the appearance
of low-n domains, although all of the perovskite films contained low-band-gap high-n domains
(Figure A-3, Appendix). This indicates that the energy or carrier transfer from the low-n to
high-n domains is more insufficient in LOD films, which may be influenced by the spacial
locations of domains with different n. Some emitting middle-n domains in LOD films were not
detected in the XRD results, probably because of the absence of long-range crystalline
ordering.’®

Plots of PLQY values as a function of n, are shown in Figure 2-3f. PLQY values increased
as the nr was decreased. This behavior is typical in quasi-2D perovskite films and may result
from stronger exciton confinement associated by the decreased n or better defect passivation
by PEA* at domain boundaries.>>!® Further decreasing nr resulted in a decrease of PLQYsS,
probably because of the appearance of the low-n domains, the reason of which is discussed later.
The highest PLQY's were obtained when n; was 3.5 for ST films (~54.9%) and n, was 6 for

LOD films (~70.6%).
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Figure 2-3. Absorption spectra of (a) ST and (b) LOD perovskite films. The red and green
dashed lines in (a) and (b) represent the excitonic peaks coming from the n =1 and n = 2
domains, respectively. PL spectra of (c) ST and (d) LOD perovskite films. (e) PL peak
wavelengths and (f) PLQY values of ST and LOD perovskite films as a function of ny.

2.2.3 Effect of Defect Passivation and Exciton Confinement on Photoluminescence

Quantum Efficiencies

To obtain Figure 2-3f, | used a low excitation fluence of ~0.001 mW cm™? at an excitation

wavelength of 365 nm. Next, | measured excitation-dependent PLQY's for ST and LOD films
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(Figure 2-4a and 2-4b). An increase in PLQY with increasing the excitation fluence would be
due to a filling of defects by charge carriers or excited states generated under the
photoexcitation.! The PLQY values began to decrease in a high fluence region, which may be
due to Auger recombination.? In films with higher PLQYs, values of PLQY became maximum
at lower excitation fluence, probably because of lower defect density. As shown in Figure A-2
of the Appendix part, the maximum PLQY values obtained at the appropriate excitation
fluences changed in the manner similar to those obtained at the low fluence (Figure 2-3f). The
highest PLQY of LOD films with nr = 6 achieved 95.3%.

According to a previous report, large organic ammonium cations can passivate defect
states at grain or domain boundaries.®”® Therefore, | infer that the LOD precursor compositions
using excess organic cations lead to the better defect passivation and higher PLQYs. In ST and
LOD films with lower ny, as PEA" cations are used to form low-n perovskite domains, it is
difficult to effectively passivate the defect states at the domain boundaries, resulting in the low
PLQY.

Another possible reason for the nr dependence of the PLQYSs is the exciton confinement
effect, which results from the decreased domain n and can be quantified by Eg. The Eg can be
calculated by fitting the plot of PL spectrum area versus temperature with conventional
Arrhenius equation.! Figure A-3 and A-4 in the Appendix part display temperature-dependent
PL spectra and their fitting results. As shown in Figure 2-4c, | found that films with higher Eg
likely have higher PLQYSs, indicating the importance of the exciton confinement effect for
enhancing PLQYSs. The small difference in nr, which provided the highest Eg and PLQY, is
possibly because the low-n perovskite domains surrounding the high-n perovskite domains
induces extra exciton confinement.!” When low-n domains did not appear, LOD films had
obviously higher Eg than ST films had. The Eg values estimated here are reasonable among

previously reported quasi-2D perovskite films.*®
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For a better understating of the effect of grain passivation and Eg, | studied the parameters
of different recombination pathways through time-resolved PL (TRPL) measurements on ST
and LOD perovskite films (Figure A-5, Appendix). All the PL decay curves can be finely fitted
with a tri-exponential decay equation:®

I(t -t _t _t
%:fle 1+ fre T2tfze T 2z-1
0

where I(t) is the PL intensity, I, is the initial PL intensity, ; values are the lifetimes of
different decay components, and f; values are the fractions of different decay components.
Table A-1 and A-2 in the Appendix part summarize the parameters obtained from the fitting.
For every sample, there area 7, of several ns,a 7, of tensofns,anda 73 of hundreds of ns,
which represent different releasing pathways of excited states in quasi-2D perovskites. As
discussed in previous reports,?® 7, 7,, and 73 can be ascribed to the fast defect-induced
quenching, the excitonic radiative recombination, and the slow free carrier radiative
recombination, respectively. The f; values of the three PL decay components are plotted as a
function of n in Figure 2-4d. The f, values are much higher than f; values, indicating that
excitonic recombination is the predominant radiative recombination in quasi-2D perovskites.
Values of f; reach the lowest value and values of f, reach the highest value at nr which
provided the highest PLQY for both ST and LOD films. This represents the case of the lowest
fraction of defect-induced quenching and the highest fraction of excitonic recombination, which

is a result of better passivation and higher Eg.
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Figure 2-4. PLQY values of (a) ST and (b) LOD perovskite films at different excitation
fluences. Plots of (c) exciton binding energies and (d) various PL decay component fractions
of ST and LOD perovskite films as a function of n.

2.2.4 Mechanisms of Domain Formation Impacted by Precursor Compositions

On the basis of the experimental results discussed earlier, | depict the quasi-2D perovskite
structures with various nr. Figure 2-5a exhibits the ideal quasi-2D perovskite structures, in
which the thickness of the stacked PbBrs octahedral slabs exactly corresponds to n.. However,
in the actual films, increasing the concentration of PEA™ decreases the domain size and a lot of
PEA" ions exist at the domain boundaries for the defect passivation as illustrated in Figure 2-
5b and reported in ref. 6. The PEA™ passivators on the domain boundaries can also provide the
dielectric confinement.® These effects are more pronounced in LOD films than in ST films
because of the presence of excess organic cations relative to Pb?* cations. Besides, | think that

PEA" cations are easier to incorporate into the perovskite lattice in LOD films to form quasi-
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2D structures, thus inducing the more significant quantum confinement. However, at the small
nr, as the large amount of the low-n perovskite domains emerges, the effect of the defect
passivation and dielectric and quantum confinement becomes weak.

Besides the depletion of PEA®, another possible reason why the formation of low-n
perovskite domains makes PLQY lower is the superfast quenching process of excitons.®
Except defect-induced quenching, the exciton-phonon scattering was also reported to
effectively quench excitons in pure 2D perovskites (n = 1),%° with a PL lifetime lower than 1
ns,® resulting in the non-radiative recombination rate nearly two orders of magnitude higher
than radiative one.?! The exciton-phonon scattering also appears in the n = 2 domains.* It makes
sense that this ultra-fast quenching in low-n perovskite domains could happen more

significantly than the energy transfer to high-n perovskite domains.
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Figure 2-5. Schematics of (a) ideal quasi-2D perovskite structures and (b) speculated actual
situations in ST and LOD films. The arrows indicate a direction of decreasing the ny.
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To further confirm the influence of low-n domains, | fabricated ST films with an n; of 5
using a dimethyl sulfoxide (DMSO) solution. As shown in Figure A-6 in the Appendix part,
these films had a clear trace of low-n perovskite domains when compared with the previously
discussed ST films fabricated from an N,N-dimethylformamide (DMF) solution. The higher
boiling point of DMSO (189 <€) than that of DMF (153<€) could make the formation of the
low-n perovskite domains easier. Since the thicknesses of the films fabricated with the different
solvents were similar, the lower PL intensities of the films fabricated with DMSO confirmed

that the low-n perovskite domains are unfavorable.

2.2.5 LEDs Device Performances

| fabricated PeLEDs with an architecture of glass substrate/indium tin oxide (ITO)
anode/PVK hole transport layer (30 nm)/perovskite emitting layer (60 nm)/TPBi electron
transport layer (40 nm)/LiF electron injection layer (1 nm)/Al cathode (100 nm) (Figure 2-6a).
Here, PVK and TPBi stand for poly(N-vinylcarbazole) and 1,3,5-tris(1-phenyl-1H-
benzo[d]imidazol-2-yl)benzene, respectively, with the chemical structures shown in Scheme 2-
1. For ST PeLEDs, there was a good relationship between the EQEs and the PLQYSs; both the
EQE and the PLQY reached the highest at n, = 3.5 (Figure 2-6b). However, the EQE of LOD
PeLEDs was the highest at n, = 8 (Figure 2-6¢). This n; is different from n; = 6, at which the
highest PLQY was obtained, and the reason of which is still unclear and may be related to the
carrier balance factor. Furthermore, all the devices had a strong EQE roll-off in a high current
density region, which will be discussed in Chapter 3.

Here | compared the device performance of the best ST (n, = 3.5) and LOD (nr = 8)
PeLEDs. The EL spectra of both LOD and ST PeLEDs were similar, with the peak wavelength
of ~529 nm originated from the quasi-2D perovskite emitters. The FWHM value was ~23 nm,

pointing to EL with high color purity (Figure 2-6d). Driving voltages were lower in LOD
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PeLED than in ST PeLEDs (Figure 2-6e). | attributed the lower voltages to better carrier
transport in LOD films than ST films because of the smaller amount of the insulating PEA™
component in LOD films.® The respective PEA* concentrations were 0.1 and 0.2 M in the
precursor solutions used for LOD PeLEDs with n; = 3.5 and LOD PeLEDs with n, = 8 (Table
A-3 and A-4, Appendix).

Additionally, LOD PeLEDs had higher maximum luminance (Figure 2-6e) and
approximately twice higher EQEs and current efficiencies (Figure 2-6f) compared with ST
PeLEDs although the PLQY values were similar between the corresponding LOD and ST films
(~70%). The maximum luminance and EQE achieved 37,477 ¢d m™2 and 14.7% for LOD
PeLEDs while they were 3,664 cd m~2 and 6.8% for ST PeLEDs. Considering the PLQY values
(~70%) and the reported out-coupling efficiency (23%)*° of a similar device architecture, the
internal quantum efficiencies were calculated as 87.5% for LOD PeLED and 42.2% for ST
PeLEDs. One reason for the higher efficiencies is the better morphology of LOD films (Figure
A-7 in the Appendix part) with lower roughness and less pinholes, which reduces the formation
of shunting paths between the two electrodes and suppresses the leak current. Another reason
could be the less influence from Auger recombination because the more suppressed decrease in
PLQY at higher excitation fluence in LOD films with n, = 8 than in ST films with n, = 3.5

(Figure 2-4a and 2-4b).

JURNL=he e
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TPBi
Scheme 2-1. The chemical structures of (a) PVK and (b) TPBI.
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Figure 2-6. (a) Device architecture. EQE versus current density curves of (b) ST and (c) LOD
PeLEDs with various nr. (d) Normalized EL spectra, (e) current density versus voltage (J-V)
and luminance versus voltage curves, and (f) EQE versus current density and current efficiency
versus current density curves of ST (n, = 3.5) and LOD (nr = 8) PeLEDs. The inset of (d) shows
Commission Internationale de L'Eclairage color coordinates.

The EL stability of ST (nr = 3.5) and LOD (nr = 8) PeLEDs was evaluated under constant-

current driving at 0.25 mA cm™2. For comparison, the PL stability of ST (n, = 3.5) and LOD (n

= 8) films was also measured under the continuous irradiation of excitation light with a

wavelength of 365 nm and a power of 4.3 mW cm 2. These stability results are shown in Figure
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A-8, Appendix. Compared with ST samples, LOD samples exhibited better EL and PL stability.
It is worth mentioning that the EL and PL intensities of ST samples first increased and then
decreased with time. The increase in EL and PL intensity at the initial stage can be attributed
to a gradual filling of defect states with charge carriers or excited states.?? On the other hand,
no increase in EL and PL intensity was observed from LOD samples, which may be due to
lower defect density as I discussed earlier. Since, on the basis of our lab’s previous results,?
the co-existence of excited states and charge carriers in PeLEDs accelerates the degradation,
thus the EL stability was inferior to the PL stability (Figure A-8). Overall, | succeeded in
demonstrating that choosing the appropriate LOD precursor composition can increase the EL
and PL stability. However, the half lifetime, at which EL intensity decreases to half of the initial,
was very low (less than one hour). The degradation mechanisms of PeLEDs will be further

discussed in Chapter 3.

2.3 Conclusion

In conclusion, | studied the optical, structural, LED performance of quasi-2D perovskite
films fabricated with ST and LOD precursor compositions with different n,. | found that, while
PEA* cations in ST films mainly function as a passivator, PEA" cations in LOD films work for
not only the defect passivation but also the effective formation of small quasi-2D perovskite
domains. In either case, the formation of low-n domains is unfavorable because these domains
make PLQYs lower. More efficient defect passivation, higher binding energy, and, therefore,
higher PLQY's were achieved in LOD films than in ST films. LOD perovskite films with the
well-designed precursor composition achieved a high PLQY of 95.3%, maximum EQE of
14.7%, and maximum luminance of 37,477 cd m™2. These findings will shed light upon the
importance of controlling the precursor stoichiometry for the defect passivation, quasi-2D

domain distribution, and LED performance.
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2.4 Experimental

Material and precursor preparation: FABr, PbBr2, and PEABr were purchased from
Tokyo Chemical Industry. PVK, 18-crown-6, chlorobenzene, DMF, and toluene were
purchased from Sigma-Aldrich. TPBi was purchased from Lumtec. These materials were used
without purification while TPBi was purified by a train sublimation method prior to use. A
FAPbBr3z precursor solution was prepared by dissolving FABr and PbBr, into DMF at a
concentration of 0.35 M and stirred overnight at room temperature for 12 h. A (PEA)2PbBr4
precursor solution was prepared by dissolving PEABr and PbBr; into DMF at a concentration
of 0.35 M and stirred overnight at room temperature for 12 h. To prepare ST solutions, the
aforementioned FAPbBr3 and (PEA)2PbBr4 solutions were mixed at a certain ratio. To prepare
LOD solutions, the certain amount of PEABr was added into the FAPbBr3 solution. These ST
and LOD solutions were stirred for 3 h at room temperature. 18-crown-6 was finally added into
all the precursor solutions at a concentration of 3.5 mM to help the better dispersion of PEABr.

Perovskite film and LED fabrication: Perovskite films used for measuring the optical,
structural, and morphological properties were fabricated on fused silica substrates. Glass
substrates coated with a pre-patterned ITO layer with a thickness of 50 nm were used for the
LED fabrication. The aforementioned substrates were ultrasonically cleaned in detergent, pure
water, acetone, and isopropanol for 15 min, followed by boiling in isopropanol for 10 min.
After that, the substrates were transferred to a nitrogen-filled glovebox with the O, and H,O
concentrations < 10 ppm. A PVK layer was spin-coated on the clean ITO surface at 1,000 rpm
for 1 min using a solution of PVK in chlorobenzene (5.5 mg mL™) and annealed at 150 <C for
15 min. A perovskite layer was fabricated with the precursor solutions via a two-stage spin-
coating (500 rpm and 5 s for the first stage and 4,500 rpm and 45 s for the second stage). 3.6—3.9
seconds after the second stage began, 0.23 mL of toluene was dropped on the film. The sample

was immediately annealed at 100 <C for 7 min. Next, the substrates were transferred to a
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vacuum evaporation chamber. After the evacuation of the chamber to < 10~ Pa, 100-nm-thick
TPBI, 0.8-nm-thick LiF, and 100-nm-thick Al layers were vacuum-deposited onto the
perovskite layer to complete PeLEDs. After the PeLEDs were unloaded from the chamber to
the glovebox without exposure to air, the PeLEDs were encapsulated with a quartz glass lid and
ultraviolet-cured resin.

PeLED characterization: The EL spectra and current density versus voltage, luminance
versus current density, EQE versus current density, and current efficiency versus current
density characteristics of the PeLED were measured under room temperature using an
integrating sphere system (A10094, Hamamatsu Photonics), which was equipped with a
computer-controlled source meter (2400, Keithley) and a photonic multi-channel analyzer
(C9920-12, Hamamatsu). The operational stability was measured using the same system.

Absorption, PL spectroscopy and TRPL measurements: The ultraviolet-visible
absorption measurement was carried out with a Lambda 950-PKA Perkin-Elmer
spectrophotometer. The PL spectra were measured with a spectrofluorometer (Fluoromax-4,
Horiba Jobin Yvon). The TRPL curves were measured with a fluorescence lifetime
measurement system (Quantaurus-Tau, Hamamatsu Photonics). Both PL spectra and PLQY
curves were collected with an excitation wavelength of 365 nm.

PLQY measurement: The PLQY values were estimated with a reference sample of a
tris(8-hydroxyquinolinato) aluminum (Algs) thin film vacuum-deposited on a fused silica
substrate. The absorbance and PL spectra of this reference sample were measured under the
same conditions with the perovskite samples. The absolute PLQY of the reference sample was
measured under the 365-nm optical excitation with a Hamamatsu Quantaurus-QY system. The
PLQY values of perovskite samples were calculated by comparing the absorbance and PL

spectra of the reference and perovskite samples and the absolute PLQY of the reference sample.
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Excitation fluence dependent PLQY and optical stability: The PL intensities of the
reference and perovskite samples at different excitation fluences were detected by Thorlabs
photodiodes. The excitation fluence-dependent PLQY values were calculated by considering
the absorbance and PL intensities of the reference and perovskite samples and the absolute
PLQY of the reference at each excitation power. The optical stability was measured with the
aforementioned set-up, which is composed of the excitation light source and photodiodes.

Temperature-dependent PL spectra: A perovskite film was cooled in vacuum with a
cryostat with a helium compressor unit (CNA-11B, Sumitomo). At various temperatures, PL
spectra of the film were measured using a photonic multi-channel analyzer (C14631,
Hamamatsu) under the photoexcitation with a wavelength of 365 nm.

XRD measurement: The XRD patterns were measured with an X-ray diffractometer
(Rigaku, RINT-2500) using a conventional 26/6 technique [A = 1.54 A (CuKa)]. To avoid the
degradation in air, a perovskite film was covered with a plastic dome with nitrogen filled in.

AFM measurement: AFM images were measured in tapping mode with an AFM
microscope (JSPM-5400, JEOL).

Film thickness measurement: The thicknesses of each film used in this study were

measured with a surface profilometer (DektakXT, Bruker).
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3.1 Introduction

In Chapter 2, | mentioned that, with the same excitation fluence of PL and EL, quasi-2D

perovskites under electrical driving have a much shorter lifetime than under optical driving.
That indicates a special degradation mechanism under EL for quasi-2D perovskites. Also,
despite the high PL and EL efficiencies,X ™ quasi-2D PeLEDs, especially green- and blue-
emitting PeLEDs, still suffer from low operational durability.> The device lifetimes of high-
efficiency quasi-2D PeLEDs reported so far are only in the timescale of minutes,>*%7 which
agrees with my results in Chapter 2 and seriously impedes the practical applications in industry.
The factors, such as defect-assisted decomposition® and imbalanced charge injection®, were
found to lower the operational durability. Besides, quasi-2D PeLEDs are also known to have a
strong EQE roll-off at high current densities.®*?> One source of the EQE roll-off is Auger
recombination.’® However, other convincing explanations to understand the PeLEDs’
degradation and EQE roll-off would exist.

Besides, as introduced in Chapter 1, ion migration is an important factor of many unusual
phenomena in perovskite solar cells, such as photocurrent hysteresis, photo-induced giant
dielectric constant, photo-induced phase separation, and a rapid decline of device
performances.'®>'* Therefore, exploring the influence of ion migration in quasi-2D PeLEDs
might provide important clues for the source of their short working lifetimes.

Here, | investigated the degradation and EQE roll-off of quasi-2D PeLEDs associated
with ion migration. | found that the organic cations passivating defect states at domain
boundaries drift under external bias, causing some domains losing passivation of defects. This
process, which was evidenced by the recovery behaviors and transient EL results of PeLEDs,
was found to contribute to the reversible EQE decay and severe roll-off under high current

densities. Furthermore, under long electrical operation, the mobile cations entered the electron
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transport layer (ETL), which damaged the electron transport property of the ETL and resulted
in an irreversible decay of device’s EQEs. The mechanisms I discovered in this chapter give a
good explanation to the EQE decay behaviors of PeLEDs and would provide a direction for

future research on optimizing the operational durability of quasi-2D PeLEDs.

3.2 Results and Discussion

The study was carried out on PeLEDs with the architecture shown in Figure 2-6a. The
perovskite emitting layer in the PeLEDs was fabricated using the LOD precursor composition
described in Chapter 2. As shown in Figure 2-6¢, the EQE roll-off behaviors depended upon
the nr values; PeLEDs with lower n, tended to have more severe EQE roll-off although all the
devices had very fast EQE roll-off, which is similar to the roll-off behavior in some other

previous reports,® and will be discussed in following contents.

3.2.1 Evolutions of LED Properties During Continuous Operation

Constant-current lifetime measurement was carried out on PeLEDs at 0.25 mA cm 2. At
this current density, the EQESs reached the values above 10%. The normalized driving voltage
and EQE curves versus the working time are shown in Figures 3-1a and 3-1b. It is clear that
EQEs of all the devices slowly degraded in the first stage. In the second stage, the EQE
degradation was obviously faster than in the first stage. Interestingly, the driving voltages
decreased slowly in the first stage, which should be attributed to the redistribution of build-in
fields, and will be discussed later. The driving voltages then increased significantly fast in the
second stage, which could be a result of degraded electronic properties of devices. The different
trends of the driving voltage in the different stages should be related to the mechanisms of the
EQE decay. The relationship between the EL peak wavelength and the working time was

exhibited in Figure 3-1c. The EL peak was blue-shifted as nr decreased, due to the widened
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bandgap from the quantum size effect of the quasi-2D perovskite. It is worth noticing that the
EL peaks of all the devices did not exhibit any trend of shifting during the whole process of
operation. The normalized EL spectra at the beginning and the end of the constant-current
measurement also exhibited no difference (Figure 3-1d). The spectroscopic properties
(including the peak positions and shapes) of the quasi-2D perovskite are known to be dominated
by the component and structural features of domains.®!>1® Therefore, the identical EL spectra
before and after the constant-current measurement could indicate no transformation inside the

domain during the decay of EQEs.
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Figure 3-1. Evolution of (a) voltages, (b) EQEs, and (c) EL peak wavelengths of PeLEDs under
constant-current operation at 0.25 mA cm2. (d) Normalized EL spectra of PeLEDs before and
after the constant-current measurement.

3.2.2 Influenced Domain Passivation by lon Migration

Interestingly, | found a recovery behavior of the device performances in the constant-

current lifetime measurement. As shown in Figure 3-2a, the constant-current measurement of
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an nr = 9 device was broken off at 214, 462, and 633 s. A rest time of 10 min was taken in each
break off. Compared with the data obtained from the devices under continuous driving, there
was a significant recovery of the voltage after each rest. Meanwhile, recoveries of EQE after
the rests at 214 and 462 s were also found. However, in the rest at 633 s, when the decay came
to the second stage, EQEs would no longer recover. Figure 3-2b shows the results of TRPL
obtained before the constant-current measurement, at the beginning of each abovementioned
rest, and just after the constant-current measurement. The data was fitted with tri-exponential
fitting. | found that the f1, which is the fraction of the defect-induced quenching, increased
during the constant-current test, which should be a result of increased defect-state density.'2
The similar recovery behavior and trend of TRPL were also found in the devices with other n,
(Figure A-9, Appendix).

The recovery processes of the voltages and EQEs during a rest in the first stage were
further confirmed in Figure 3-2c. During the rest, voltages and EQEs were collected, not
continuously, but time-by-time between long intervals, to avoid aging the device. Gradual
increases of the voltages and EQEs were found as expected. The performance recovery was
also reported by papers on perovskite solar cells,}”*8 and was attributed to the ion migration
processes in perovskite films, because the ions tend to drift back to the original positions during
the rest under the driving of build-in fields. Therefore, | suppose that the decay mechanisms of
PeLEDs are also closely related to the ion migration. Under a reverse bias, the PeLED EQE
recovery was found to be accelerated (shown in Figure A-10, Appendix), confirming the
recovery mechanism of ions drifting back under build-in fields. In Figure 3-2a, when the
operation restarted after the rests, the EQE and voltage values quickly approached the symbol
plot curves measured with the continuous operation. This might be ascribed to the fact that,
once the ions are migrated under bias, they are mobilized, and easier to migrate if they are

driven by voltage again. Together with the abovementioned results that there were no
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component and structural changes inside the domains and that the defect density was increased
during the constant-current measurement, | deduce that the EQE decay is partially induced by
the migration of FA™ and PEA" ligands attached on the domain boundaries, leading to a gradual
failure of defect passivation and thus the efficiency decrease. This inference is reasonable
because grain boundaries are a main channel for ion migration in perovskite films.131921 The
activation energy of FA* migration in perovskites was estimated by density functional theory
(DFT) calculation to be 0.5 eV.?? Besides, the dissociation energy of PEA* from the quasi-2D
perovskite structure was calculated by DFT to be 3.988 eV.2® However, the abovementioned
calculation results were both based on bulk perovskite models. For ion migration through
domain boundaries with defects, the activation energies should be much smaller (roughly
halved) compared with in bulk structures.!* Since FA* migration was experimentally confirmed
in perovskite solar cells under driving voltages less than 1 V,*%2* and the PeLED degradation
based on the PEA* dissociation was also reported,®324 it is rational to propose that FA* and
PEA" are the ions that migrate through the domain boundaries.

To further confirm that the degradation of the perovskite films is attributed to the reduced
domain-boundary passivation, the carrier-trap states were studied with a technique of thermally
stimulated current (TSC) measurement.?®> As shown in Figure 3-2d, the devices before and after
the EQE decayed to the second stage both exhibited a single TSC peak at around 100 K. Based

on a previous report,? the trap depth (E1) can be calculated using the following equation,

T
Er = kgT,yln (7) B3-1

where kg is the Boltzmann's constant (8.617 <10° eV K™), T is the temperature of the TSC
peak, and S is the heating rate (5 K min™!). As a calculation result, Er was 0.14 eV in both
pristine and degraded devices. Figure 3-2d also shows that the shape of the TSC curves stayed

unchanged, but the TSC intensities remarkably increased after the EQE decay. Since the defects
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in pristine perovskite films are mainly located on the grain boundaries,?®?’ | further proved that
the grain-boundary defect (which should be the vacancy of mobile ion) increases in density,
and the formation of other types of defects is not pronounced with the perovskite degradation
in PeLEDs. The trap density (Nt) can be calculated with the following equation.??

2Q
NT_M

(3-2)
where Q is the quantity of charges released during the heating process, which can be obtained
by integrating the TSC curve over the heating time, q is the elementary charge, A is the device
working area, and L is the perovskite film thickness. As a result, the Nt before and after the
EQE degradation are calculated to be 9.68 x10%* cm™ and 3.44 <10 cm™3,

The early theoretical calculation studies on the DFT models of bulk perovskites usually
took the vacancies of organic cations as benign defects, which do not trap carriers.?®2° However,
experimental results indicated that the migration of organic cation through perovskite domain
boundaries could induce increased quenching centers and severely deteriorated device
performances.?* More specifically, exposed, undercoordinated halogen anions (or organic
cation vacancies) on perovskite crystal boundaries were found to act as hole traps in solar
cells.®® This might be a result of the complex conditions of the dangling bonds and lattice
distortion on the domain boundaries. Since the domain boundary defects in our case are
supposed to the negatively charged organic cation vacancies, which are accepter traps, the trap
state energy level should be 0.144 eV above the top of the valance band of the perovskite.

However, the perovskite degradation should not be the only source for the EQE decay. |
measured the PL of the working area of an n, = 9 device at 0, 310 and 685 s of the constant-
current measurement. The PL peak areas were used as an indicator of the PLQYs. The
evolutions of PLQYs and EQEs are compared in Figure 3-2e. The relative PLQY's dropped to
almost the same percentage as EQE did from 0 to 310 s, indicating that the decay of perovskite

PLQYSs is the main factor for the EQE decay in the first stage. However, EQEs dropped to 17%
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of the original value at 685 s, while the PLQY still remained 48 % of the original value, meaning
that the degradation of other layers beside the perovskite layer also influences the EQE decay
in the second stage, which is possibly related to the irreversibility of EQE. The PL spectra
stayed invariable during the decay (Figure 3-2f) even when shown in logarithmic scale (Figure
A-11, Appendix), which supports that no degradation inside the domains occurred, as

mentioned earlier.
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Figure 3-2. (a) Voltage and EQE evolutions of n, = 9 PeLEDs under continuous constant-
current operation without and with rests in certain operation times. (b) TRPL results (dots)
along with fitting curves of an n = 9 PeLED measured in the rest times in Figure 3-2a. The
calculated f; are displayed in the figure. (c) Discretely collected voltages and EQE values during
a rest at 300 s of the constant-current operation. (d) TSC patterns of an n, = 9 PeLED before
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and after the constant-current measurement. () EQE and PLQY evolutions of an n, =9 PeLED.
(f) Normalized PL spectra corresponding to the PLQY measurement points in (e).

3.2.3 Efficiency Roll-off and Overshoot Influenced by lon Migration

The EL Kkinetics in PeLEDs was studied under pulse voltage driving. Square-wave
voltages of amplitudes ranging from 5.3 to 17.6 V with the duration from 300 to 5 ms were
applied on an nr = 9 device. The suitable pulse duration was chosen for each voltage value to
obtain the complete trends of current, EL intensity, and efficiency, but without aging the device.
The current responses of all the driving conditions are shown in Figure A-12 of the Appendix
part. As shown in Figure 3-3a, during the applying of a 6-V voltage for 300 ms, the current and
luminance kept rising, while the EQE firstly increased and then became constant at 14.5 %. The
currents under other voltages also had a trend of increasing during pulses of millisecond
timescale, with the EQE increased and stabilized (Figure A-13, Appendix). The increasing of
current during the pulse could correspond to the voltage drop during the first stage of the
constant-current lifetime measurement. With the EQE in the stable stage of each pulse voltage,
a curve of pulse-driving EQE versus current density can be derived. Since the aging of devices
can be ignored in the pulse duration with millisecond timescale, the pulse-driving EQE
excluded the influence from device degradation. As shown in Figure 3-3b, the pulse-driving
EQE had a milder roll-off compared with that of DC-driving EQE, for both n, =9 and n, = 6
devices. Besides, a higher maximum EQE can be obtained through pulse driving, with 15.1%
for nr = 9. This result reflects the roll-off behavior of DC-driving EQE is impacted by ion-
migration induced passivation deterioration. The difference between DC-driving and pulse-
driving EQEs is more significant in n, = 6 devices than in n, = 9 devices. This is possibly
because nr = 6 devices suffer more from the migration of ions at domain boundaries because a
perovskite with a higher concentration of PEA™ (lower ny in this case) tend to contain smaller

domains with larger boundary-surface areas.!? The severer ion migration from the larger
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boundary surface also causes the faster degradation of PeLEDs with lower ny, as shown in
Figure 3-1a and 3-1b. To exclude the factor of different electric field intensities on the
perovskite layer with different n, in the constant-current driving, | also compared the PeLED
performance evolutions under constant-voltage driving. As shown in Figure A-14a and A-14b
of the Appendix part, even working under the same driving voltage, the devices with lower n,
still suffered from obviously severer degradation, which emphasizes the important role of
domain boundary surface and ion migration in device degradation.

The current dynamics under pulse voltage of PeLEDs before and after the EQE decayed
to the second stage were found different. During the applying of a 7.5-V voltage for 30 ms, the
current of the degraded device increased slower than the pristine one (Figure 3-3c). Furthermore,
both of the pristine and degraded devices generated a small reverse current of over 10 ms after
cutting off the voltage (Figure 3-3c inset). According to a previous report,®® the parasitic
capacitance caused by ion migration could lead to charging or discharging over a timescale of
milliseconds. The reverse current mentioned above is clearly a behavior of discharging. Since
the pristine device released a discharging current higher than the degraded device did, there
should be a higher parasitic capacitance and thus stronger ion migration in the pristine device.
The difference in parasitic capacitance was also evidenced by the results of AC impedance
spectra (Figure A-15, Appendix), in which the capacitance value in the equivalent circuit of
PeLEDs can be calculated.

Another interesting phenomenon observed from the EL kinetics with the short pulse
excitation is the so-called overshoot effect. As shown in Figure 3-3d, after the termination of a
50 us-long voltage pulse, the EL intensity exhibited a sharp increase. The overshoot effect was
also reported in previous papers on PeLEDs,*3! and was finely explained. In this case, when
the applied voltage is 0 V (during the pulse interval), the alignment of the Fermi levels of all

device structures generate the intrinsic build-in field (Eni) though the device pointing from the
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cathode to the anode, tilting the energy bands, as shown in Figure A-16a of the Appendix part.
The mobile FA™ and PEA™ cations on the domain boundaries tend to accumulate on the HTL
(hole transport layer)/perovskite interface under the driving of Epi. This accumulation of cations
generates an extra electric field (Ec) inside the perovskite layer screening Epi, and induces band
bending at the interfaces of the perovskite layer (Figure A-16b, Appendix). When a voltage
pulse is applied on the device, because of the energy band tilting induced by all the electric
fields, together with the band bending at the interfaces, potential pockets near the interfaces are
formed, which are spatial regions with a locally extreme potential value that trap injected
carriers (Figure A-16c, Appendix). When the voltage is removed, the trapped holes and
electrons are released and recombine in the perovskite layer in a very short timescale, producing
the overshoot emission (shown in Figure 3-3e). However, if the applied voltage pulse has large
intensity or long duration, the mobile cations might noticeably migrate to the ETL. The
gradually released gathering of cations can relieve the band bending, and thus shallow the
potential pockets. Therefore, the overshoot effect would be weakened. When the migration of
cations to the ETL is intense enough, the aggregation of mobile cations happens on the
perovskite/ETL interface, creating strong potential drops at the interfaces, which further
reduces the possibility of overshoot (Figure A-16d, Appendix). The gradually weakened
overshoot with stronger or longer voltage pulse was observed, as shown in Figure 3-3d and
Figure A-17 of the Appendix part. Similarly, the overshoot effect was absent in Figure 3-3a

after the 300-ms pulse, which was also a result of limited resolution.
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Figure 3-3. (a) Current, luminance, and EQE kinetics of an n, = 9 PeLED during a voltage
pulse of 6 V and 0.3 s. (b) EQE versus current density data of nr = 6 and n, = 9 PeLEDs under
DC and pulse operations. (c) Current kinetics of an nr = 9 PeLED before and after the constant-
current measurement. The data was collected during a voltage pulse of 7.5 V and 0.03 s. Inset
shows the enlarged figure around 0 s. (d) Voltage pulse durations and the corresponding

luminance evolutions of an n, = 9 PeLED. (e) Potential energy diagrams illustrating the
charging and releasing processes in a PeLED.

3.2.4 Degradation of the Electron Transport Layer Induced by Mobile Cations

As mentioned in the analysis of Figure 3-2e, the EQE decay of PeLEDs during constant-
current driving involves the degradation of other layers besides the perovskite layer. To find if

any charge-transporting layer adjacent to the perovskite layer was influenced during operation,
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single-carrier devices were fabricated, with the architectures shown in Figure 3-4a and 3-4b.
For hole-only devices (HODs), the device architecture was glass substrate/ITO (50 nm)/PVK
(30 nm)/perovskite (60 nm)/a-NPD (10 nm)/MoOs3 (10 nm)/Al (100 nm), in which a-NPD
stands for N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1'-biphenyl)-4,4'-diamine, as shown in the
inset of Figure 3-4a. For electron-only devices (EOD), the device architecture was glass
substrate/ITO (50 nm)/SnO2 (30 nm)/perovskite (60 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm).
The low valence band edge of SnO> and the high-work function of MoOs efficiently blocked
the hole injection into EODs and the electron injection into HODs, which can be evidenced by
the absence of EL from these devices, indicating completely unipolar current flow through these
devices. Both EODs and HODs were driven at a current density of 0.25 mA c¢m™2, and their
J—V curves were collected before and after the constant-current driving. | found that the
voltages on HODs only exhibited a very limited decrease during the constant-current driving
of over 400 s (Figure A-18, Appendix). Also, J—V properties of HODs varied little after the
driving (Figure 3-4a). However, EODs experienced a larger increase in voltage after the
constant-current driving, which shares a similar trend with that of PeLEDs, in only 100 s.
Remarkable differences in J—J curves of EODs before and after the driving were also found;
the current densities in a high voltage region obviously decreased after the constant-current
driving (Figure 3-4b). A perovskite-only device with a simple architecture of glass
substrate/ITO (50 nm)/perovskite (60 nm)/Au (50 nm) was also fabricated. After driven under
a high current density of 2 mA cm2 for over 450 s, J—V properties displayed no change
compared with the pristine condition (Figure 3-4c). Those results reflect the fact that the
irreversible degradation of PeLEDs is closely related to the deterioration of the ETL, which is
TPBI in this case.

In the operations of PeLEDs, the mobile FA* and PEA* on the domain boundaries tend

to migrate to the ETL as mentioned above. Therefore, | infer that the deterioration of the ETL
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Is a result of the interaction between the mobile cations and TPBi. To evidence this, | studied
J—V properties of TPBi-only devices with an architecture of glass substrate/ITO (50 nm)/TPBI
(50 nm)/LiF (1 nm)/Al (100 nm). 5 mol% of PEABr or FABr was doped into the TPBI layer to
simulate the cations migrating into the TPBIi layer. As shown in Figure 3-4d, the current
densities of the PEABr or FABr doped devices were dramatically inferior to those of the pure
TPBI device. Therefore, | confirmed that the deteriorated electron transport property of TPBi
is from the interaction with FA™ or PEA™, which contributes to the irreversible EQE decay in

the second stage.
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Figure 3-4. J—V curves of (a) HODs, (b) EODs, and (c) perovskite-only devices before and
after the constant-current measurement. (d) J—¥ curves of TPBi-only devices without or with
PEABT or FABr doping. The inset of (a) shows the chemical structure of a-NPD.

To provide a direct, solid evidence for the migration of organic cations, profile X-ray
photoelectron spectroscopy (XPS) measurement was carried out on an n, = 9 PeLED degraded

to the second stage, comparing with a pristine control device. In this measurement, PeLEDs
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were sputtered with Ar ions for different cycles, during which certain thicknesses of the device
structure were etched off. After each sputtering cycle, XPS results were gathered. The XPS
peak intensities of different elements at various sputtering cycles provide the clues of
composition distribution along the device thicknesses. As shown in Figure 3-5a, different
device structures, which are labeled with different background colors, can be identified from
the distribution of elements. The curves of Br 3d and Pb 4f of pristine and degraded devices
overlapped well, indicating that there was no redistribution of Br and Pb during the device
operation, excluding the irreversible migration of them. The curves of N 1s were hard to
quantitatively compare due to their low signal-to-noise ratio. However, the C 1s curves of
pristine and degraded devices exhibited a recognizable difference, as shown in Figure 3-5b (the
enlarged figure of Figure 3-5a). Compared with the pristine device, the C 1s intensity of the
degraded device decreased in the perovskite layer and increased in the TPBi layer, while in the
PVK layer it remained unchanged. This result confirms the irreversible migration of organic
cations to the ETL. At the 36th sputtering cycle (in the perovskite layer), the largest reduction
of C 1s intensity of the degraded device compared with the pristine device was reached, which
is 8 %. As introduced in our previous report,3 the perovskite domain size in an nr = 9 film was
11 nm. In another paper on quasi-2D perovskite,*? for an 11-nm perovskite domain, about 25 %
of the allover organic cations were estimated passivating on the domain boundary. That means
at most 32 % of the passivating organic cations left the domain boundary in the degraded

PeLED.
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Figure 3-5. (a) Profile XPS peak intensity curves of nr = 9 PeLEDs before (solid lines) and
after (dash lines) degraded to the second stage. (b) Enlarged figure of (a) to show the clear
difference of the C 1s curves. The blue arrows point the change directions after the degradation.

The low activation energy of halide anion migration is known in perovskites, implying
that the Br~ in our perovskite system may also be mobile. However, this possibility is not
supported by the profile XPS results in Figure 3-5. The lack of the trace of irreversible Br~
migration might be attributed to that the Br~ did not interact with and was not trapped in the
PVK HTL. Besides, it was reported that the excess injection of a certain kind of carriers could
lead to the selection of mobile cations or anions.*® Specifically, there might have existed an
excess injection of holes over electrons in our PeLEDs that facilitated the cations to migrate
rather than anions. The excess hole injection can be evidenced by the higher hole current in

HODs than the electron current in EODs, as shown in Figure 3-4a and 3-4b.

3.2.5 Deduced Decay Mechanisms of Quasi-2D Perovskite LEDs

Based on the experimental results discussed before, the mechanisms of the two-stage
PeLED degradation under constant-current operation can be described by the energy level
diagrams shown in Figure 3-6a and 3-6b. In the first stage of degradation, the FA* and PEA"

cations on the domain boundaries migrate towards the ETL under the driving with an external
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bias and gradually accumulate on the perovskite/ETL interface. The accumulated cations and
the negative charge centers left behind the migrated cations generate extra build-in fields
(marked as Eeni) imposed on the carriers going to be injected through the two interfaces of the
perovskite film. As shown in Figure 3-6a and 3-6b, the direction of Eeni is favorable for the
injection of both holes and electrons, and that is the reason for the voltage decrease in Figure
3-1a. However, the migration of the ligand cations leads to the perovskite domains around the
recombination region losing passivation gradually, resulting in the EQE decay. If the driving
stops in the first stage, the mobile cations would drift back to their original positions under the
intrinsic build in field (Epi). Because Eni should be much smaller than the filed induced by the
external driving voltage, the cation aggregation after the rest would not be as intense as during
the driving, which means that the domain passivation around the recombination zone would
recover to some degree. Furthermore, since the mobile cations would be dispersed or even
aggregated on the HTL/perovskite interface under the driving of Ei, the Eeni would be reduced
for even inverted after the rest. As a result, the recovery of EQEs and voltages was observed
when the constant-current driving restarted.

In the second stage of the PeLED degradation, a large number of the mobile cations
penetrate into and are trapped in the TPBI layer. The reduction of the mobile cations that can
be driven by Epi is evidenced in Figure 3-3c. The interaction between these organic ammonium
cations and TPBi molecules damage the electron transport property of the TPBi layer, which
contributes to the voltage rising in Figure 3-1a and results in unbalanced carrier injection. In
this way, the recombination zone could gradually approach the ETL side, which makes the
injected holes easier to leak to the ETL and increases the opportunity for excitons being
guenched by interface traps. That explains why EQEs decayed more severely than PLQY's did
in the second stage of degradation, as shown in Figure 3-2e. When the driving stops, the mobile

cations drift backwards just as in the first stage. However, since the recombination zone is close
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to the ETL and the free mobile cations in the perovskite layer are few, the domain passivation
condition around the recombination zone is not improved after the rest, which makes the EQE

decay in the second stage irreversible.
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Figure 3-6. Diagrams illustrating the potential alignment, charge injection, positions and
motions of mobile cations, and Eeni of PeLEDs in the (a) first and (b) second stages of EQE
decay.

3.3 Conclusion

In conclusion, | discussed two stages of EQE decay in the operation of quasi-2D PeLEDs.
During the EQE decay process, the main change of the perovskite film was found to be the
gradual losing of domain-boundary passivation. Because of the recovery behavior of PeLEDs,
this degradation was proposed to be induced by the migration of PEA™ and FA" ligands through
the domain boundaries, which was confirmed by the EL kinetics under pulse voltages. The
efficiency roll-off behavior was also found to be related to this cation migration. Furthermore,

the mobile cations get trapped in the ETL, causing the damage to the electron transport property
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of TPBIi, which leads to the irreversible decay of EQE in the second decay stage. The
mechanisms depicted in this chapter contribute to the comparably short operation lifetimes of
quasi-2D PeLEDs, and provide instructive ideas to enhance the lifetimes, such as preventing
ion migration, isolating the ETL from interacting with mobile cations in the perovskite, and so

forth.

3.4 Experimental

Materials. PEABr, FABr, TPBi, and PbBr. were obtained as introduced in the
Experimental part in Chapter 2. PVK and 18-crown-6 were purchased from Sigma-Aldrich.
TPBi and a-NPD were purchased from Lumtec. A SnO: colloidal precursor solution (15 wt%
in water) was purchased from Alfa Aesar. TPBi was purified using a train sublimation method
prior to use, while other materials were used as purchased without purification.

Precursor solution preparation. Quasi-2D perovskite precursor solutions of various ny
were prepared using the LOD precursor composition described in the Experimental part in
Chapter 2 with the same experimental conditions.

Device preparation. PeLED devices were fabricated using the same experimental
conditions previously described in the Experimental part in Chapter 2

For the HOD fabrication, the fabrication process was the same as that of PeLEDs except
the layers vacuum-deposited on the perovskite layer, which were 10-nm-thick a-NPD, 10-nm-
thick MoOs, and 100-nm-thick Al layers.

For the EOD fabrication, a 30-nm thick SnO: layer was spin-coated on the clean ITO-
coated glass substrates from the precursor solution and annealed in air at 150 <C for 15 min.
After that, the samples were transferred into a nitrogen-filled glovebox. The fabrication
processes of the perovskite layer and the electrode were the same as in the preparation of

PeLEDs.
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For the fabrication of perovskite-only devices, the perovskite layer was deposited on a
clean ITO-coated glass substrate in a nitrogen-filled glovebox. A 50-nm-thick gold layer was
then vacuum-deposited on the perovskite layer. The perovskite preparation method and the
vacuum-deposition conditions were the same as those in the preparation of PeLEDs.

For the fabrication of TPBi-only devices, after the clean ITO-coated glass substrates were
transferred into a nitrogen-filled glovebox, a 50-nm-thick TPBi layer was deposited on this
substrate from a TPBi solution in methanol doped with PEABT, FABT, or nothing. Then, 1-nm-
thick LiF and 100-nm-thick Al layers were vacuum-deposited successively onto the TPBi layer
with the conditions same as those for the preparation of PeLEDs.

Device characterization: The J-V and EQE versus current density characteristics, and
EL spectra of the devices were measured with the same evaluation methods and equipment
previously described in the Experimental part in Chapter 2. The voltage versus working lifetime
and EQE versus working lifetime characteristics of devices under constant-current driving were
also measured using the same system.

PL spectroscopy measurement: PL spectra of PeLEDs were collected with the same
evaluation methods and equipment previously described in the Experimental part in Chapter 2.
Only the electric working area on a device was exposed to the excitation light, while other area
was cover by black tapes.

TRPL measurement: TRPL results were collected with the same evaluation methods
and equipment previously described in the Experimental part in Chapter 2. Only the electric
working area on a device was exposed to the excitation light, while other area was cover by
black tapes.

Thermally stimulated current measurement. The TSC versus temperature
characterizations were carried on PeLEDs using a Rigaku TSC-FETT EL2000 system. The

device heating rate during the TSC measurement was 5 K min1,
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Transient EL characteristics: The current density and EL intensity kinetics during a
certain voltage pulse were collected using a wave function generator (NF, WF1947), a high-
speed amplifier (NF, HSA4101), a fast response photo-multiplier tube (Hamamatsu, R925) with
a signal amplifier (Hamamatsu, C6438), and an oscilloscope (Agilent, DSO5034A). The
transient EQE was calculated using an nr = 9 device as a reference. The absolute DC-driving
EQE under 4.7 V of this reference device was collected using the integrating sphere system
mentioned above. The current density and EL intensity values of the reference device under
DC voltage of 4.7 V were also collected with the transient EL measurement system. With the
values measured from the reference device, the transient EQE of other samples under pulse
excitations can be calculated.

AC impedance measurement: The impedance spectra were collected with an
electrochemical comprehensive analysis system (Solartron, Modulab XM). The DC voltage
component applied on the PeLEDs was 3.4 V, and the AC voltage component was 30 mV, with
the AC frequency swept from 10,000 Hz to 0.1 Hz.

Profile XPS measurement. The profile XPS measurement was carried out on fresh and
degraded nr = 9 PeLEDs in an ultrahigh vacuum chamber with an X-ray photoelectron
spectrometer equipped with an Ar gas cluster ion beam gun (PHI 5000 VersaProbe II,

ULVACO®) (Mg Ka source, 1253.6 V).
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Quasi-2D PeLEDs have earned much attention from researchers because of their rapidly
improving EQEs. However, how the structural properties (multi-n configuration, domain
passivation effect, and etc.) of quasi-2D perovskite films affect the emission properties remains
controversial. Besides, quasi-2D PeLEDs reported by far still had short working lifetimes and
severe EQE roll-off, for which the mechanisms need investigation.

The work presented in this thesis reports on the essential factors impacting the emission
efficiencies and working lifetimes of quasi-2D PeLEDs and the mechanisms of how these

factors work.

4.1 Conclusion

In Chapter 2, | systematically investigated how the stoichiometric engineering impacts
the defect passivation and domain distribution of quasi-2D perovskites to understand the
influence to the emission efficiencies. By tuning the ratio of perovskite precursors, not only the
n of the emission domains was changed, but also the non-emission low-n domains were
controlled. These low-n domains were further proved unfavorable for obtaining efficient
emission of quasi-2D perovskites.

As a result, in perovskite films prepared from stoichiometric quasi-2D precursor
compositions, large organic ammonium cations function well as passivators. In comparison,
compositions of simply adding a large organic halide salt into the 3D perovskite precursor
ensure not only the defect passivation but also the effective formation of quasi-2D perovskite
domains, with avoiding unfavorable low-n domains appearing, ending up with remarkably high
exciton binding energies. Quasi-2D perovskite films fabricated with a well-designed precursor
composition achieved a high PLQY of 95.3% and an EQE of 14.7% in LEDs

In Chapter 3, | discussed the mechanism of the degradation and EQE roll-off on the basis

of ion migration. From the trends of EQE and voltage evolutions, two device decay stages with
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different mechanisms were found. The recovery behaviors of the quasi-2D PeLEDs indicate
that some ion migration dominates the EQE decay. The migrated ions were then discovered to
be ammonium cations attached on the domain boundaries, and their migration was also
responsible for the severe EQE roll-off.

As a result, I conclude that the migration of ligand cations through domain boundaries of
quasi-2D perovskite films induces the gradual losing of defect passivation at the boundaries,
which results in the reversible PeLED degradation and severe EQE roll-off. When the device
operation time is long, the mobile cations enter and interact with the electron transport layer,
leading to the stage of irreversible PeLED degradation. The device degradation mechanisms
we discovered here are constructive for developing quasi-2D PeLEDs with smaller efficiency

roll-off and better operational durability.

4.2 Perspective

With the results and conclusions reported in this thesis, future researches can be
conducted to achieve higher EQE of PeLEDs. In Chapter 2, | found the defect passivation on
grain boundaries is of great importance in enhancing the devices’ EQEs. Therefore, more
effective passivating molecules could be designed and synthesized as a dopant to perovskite
films to get more complete defect passivation. Moreover, the domain-controlling methods by
stoichiometric engineering as introduced in Chapter 2 might be useful to improve the overall
performances of blue PeLEDs.

For conventional 3D perovskites, blue emission can only be obtained in involving CI™
ions. However, the low solubility and structural instability of Cl-based perovskites impede the
developing of corresponding high-performance LEDs. Recent progresses on the research of
high-efficiency blue PeLEDs relied very much on quasi-2D configuration, in which sufficient

quantum size effect was achieved on a Br-based perovskite for realizing blue emission.*™
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However, the performances of these blue PeLEDs have still been much inferior to those of red
and green PeLEDs by far. Furthermore, most of the high-efficiency blue PeLEDs based on
quasi-2D perovskites have EL peaks centered around 480~490 nm, which corresponds to sky

blue color rather than blue,? as shown in Figure 4-1a and 4-1b.
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Figure 4-1. (a) Absorption and PL spectra of a typical quasi-2D perovskite film. The black, red,
and blue lines represent the absorption, PL spectrum, and the PL spectrum with the intensity
shown in logarithmic scale, respectively. (b) EQE versus voltage data of the corresponding
LED device. The inset of Figure 4-1b is the working picture of a sly-blue PeLED. This figure
is reproduced from ref. 2.

In my opinion, the moderate performances of blue quasi-2D PeLEDs are closely related
to the multi-n configuration introduced in Chapters 1 and 2. To obtain blue emission with the
wavelength centered near 460 nm, the quasi-2D perovskite of about n = 3 should be used.
However, in the film deposited from an n, = 3 precursor solution, domains of the n <3, n = 3,
and n > 3 coexist. Emission from the n > 3 domains with narrow bandgaps would predominate
(shown in Figure 4-2a), which is red-shifted compared with the emission from the n = 3 domains.
Besides, since the n = 1 and n = 2 domains are unfavorable for the emission efficiency as
mentioned in Chapter 2, high EQE of the LEDs is hard to reach.

Although pure-n quasi-2D perovskites are hard to achieve with solution processing, the
methods of concentrating the n distribution still exit. Using the LOD precursor compositions
(with less PbX> compared with ideal stoichiometry) introduced in Chapter 2, the formation of

unfavorable n = 1 and n = 2 domains could be suppressed. In the case of n, = 3, the average
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domain n should be near 3, which means reducing the low-n domain also limits the formation
of domains with n higher than 3, which is proved valid with the more blue-shifted PL peaks of
LOD films than those of ST films (Figure 2-3e). On the other hand, the low-n domains are
generated in the early stage of the film formation, which is always before the annealing process,
while the high-n domains are mostly formed during annealing.* Therefore, some techniques
that can promote the rapid and simultaneous formation of perovskite crystallization nuclei, such
as hot-casting,® can further concentrate the n distribution. In the best cases, the preparing of
nearly pure n = 3 perovskite films is supposed to result in much enhanced emission efficiencies

and further blue-shifted emission peaks, as shown in Figure 4-2b.
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Figure 4-2. (a) Scheme of the multi-n configuration of a quasi-2D perovskite film prepared
from an n, = 3 precursor solution. (b) Controlled n purity for efficient blue emission.

In Chapter 3, | found that the migration of cations on the domain boundaries and their
interaction with a TPBi layer induces PeLED degradation. This degradation mechanism of
quasi-2D PeLEDs might inspire ideas to enhance the working lifetimes and relief the efficiency
roll-off by preventing the ion migration. The potential strategies for suppressing the influence
of the ion migration include following methods:

1. Increasing domain size for smaller domain boundary area.

2. Fill the domain boundaries with other dopant molecules that can suppress the ion

migration.

3. Adding an ion blocking layer between the perovskite layer and the electron-

transporting layer.

72



Chapter 4. Conclusion and Perspective

4. Introducing large organic ammonium cations which have a stronger interaction with
the domain boundaries to increase the energy required for the detaching of the
cations.

Furthermore, using a further modified quasi-2D perovskite with high PLQY, high exciton
binding energy, high structural and optoelectronic durability, low-threshold lasing of various
color might be obtained based on the findings in this thesis. If the high charge-transporting
capability of perovskite materials can be retained at the same time, electrically pumped
perovskite lasing is possible to achieve, which would largely broaden the application of

perovskites and open up new research fields.
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5.1 Appendix Figures
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Figure A-1. lllustration showing the preparation of perovskite precursor solutions with ST and
LOD compositions. ST solutions were made by mixing the pure 2D PEA2PbBrs and 3D
FAPbBrsz perovskite solutions. LOD solutions were made by doping PEABr into the 3D
FAPDbBrz perovskite solutions. In the perovskite precursor solutions, all the dissolved

components exist as ions.
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Figure A-2. Plots of the maximum PLQY's obtained at the appropriate excitation fluences as a
function of n,for ST and LOD perovskites films. The maximum PLQY values were taken from

Figure 2-4a and 2-4b.
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Figure A-3. Temperature-dependent PL spectra of ST and LOD films with various n.
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Figure A-4. Plots of areas of PL spectra as a function of temperature for ST and LOD films.
The red solid lines represent the results of fitting with Arrhenius equation below. The calculated
Eg values can be found in each figure.

Arrhenius equation used above is given by:!

Io

I(T) = 1 + Ae(-Eg/kgT)

(A-1)

where I(T) is the area of the PL spectrum, lo is I(T) at a low temperature of 80 K, and kg is the

Boltzmann’s constant.
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Figure A-5. TRPL results of (a) ST and (b) LOD films.
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Figure A-6. (a) Absorbance and (b) PL spectra of ST films with an nr of 5, which were prepared
by spin-coating from DMF and DMSO solutions. The y-1 and y-2 axis scales are respectively
linear and logarithmic in (b). The Pb concentration was 0.35 M in a DMF solution and 0.6 M
in a DMSO solution. The green dash lines in (b) represent the positions for then=21andn =2
domains.
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Figure A-7. AFM images of ST and LOD films with nr = 3.5 and n = 8, respectively. Rq stands
for the root-mean-square roughness.
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Figure A-8. Evolution of emission intensities of ST and LOD samples with n, = 3.5and n,= 8,
respectively. The EL intensities of PeLEDs were recorded under the constant current operation
at 0.25 mA cm2. The PL intensities were recorded under continuous irradiation of excitation
light with a wavelength of 365 nm and an intensity of 4.3 mW cm ™.
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Figure A-9. (a) Voltage and EQE evolutions of an nr = 6 PeLED under constant-current
operation with rests in certain operation times. Each of the rests lasted 10 min. (b) TRPL data
(dots) along with fitting curves of an n; = 6 PeLED measured in the start, end, and rest times in
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Figure A-10. Discretely collected EQE values of nr = 9 PeLEDs during a rest at the 300 s of
the constant-current operation. During the rest, a voltage of 0 or —1 V were applied to the
devices.
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Figure A-11. Normalized PL spectra corresponding to the PLQY measurement points in Figure
2e, in logarithmic scale.
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Figure A-12. Current kinetics of an n, = 9 PeLED under the driving of the voltage pulses for
calculating transient EQE. A rising of current during the pulse is observed in all the cases as
the voltage increased from 5.3 to 17.6 V, which corresponds to the voltage dropping during the
first decay stage in Figure 3-1a. Although the trends of current during the pulses in (e) are hard
to recognize, they increase with slopes that are similar to that in (d).
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Figure A-13. Current, luminance, and EQE kinetics of an n = 9 PeLED during voltage pulses
of (a) 9.6 V and (b) 16.6 V.
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Figure A-14. Evolutions of (a) current density and (b) EQE of n, = 6 and n, = 9 PeLEDs under
the driving of a constant voltage of 4.5 V. The raising and dropping stages of current density
correspond to the dropping and raising stages of the voltage evolution under constant-current
driving (Figure 1c).
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Figure A-15. AC impedance spectra of an n, = 9 PeLED before and after the constant-current
measurement. The solid curves were the fitting results with the equivalent circuit as illustrated
in the inset. The calculated Rp values are displayed aside of the curves.
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Figure A-16. Energy level diagrams of the pristine PeLED without external voltage applied
when the ion migration under Ey; is (a) not considered or (b) considered. The diagrams of energy
levels and carrier injection during the device operated under (c) a short/weak voltage pulse or
(d) a long/intense voltage pulse.
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Figure A-17. Luminance evolutions of an n, = 9 PeLED under voltage pulse durations of (a)
50 ps, (b) 100 ps. (c) 200 us, and (d) 400 ps.
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Figure A-18. Voltage evolutions of EODs, HODs and perovskite-only devices.
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5.2 Appendix Tables

Table A-1. PL lifetime parameters obtained by fitting the TRPL results of ST films (Figure A-

5a) with a tri-exponential decay equation.

Nr

71

72

73

f1

fa

f3

3
3.5

o N o o1 b

7.56
14.2
12.5
6.34
6.02
5.53
4.65

50
105
93.2
43.6
39.5
335
254

303
661
590
274
229
183
142

0.832
0.809
0.808
0.84
0.849
0.853
0.858

0.155
0.175
0.175
0.148
0.141
0.137
0.132

0.014
0.0161
0.0163
0.0117
0.0102

0.00939
0.00987

Table A-2. PL lifetime parameters obtained by fitting the TRPL results of LOD films (Figure
A-5b) with a tri-exponential decay equation.

71

72

73

f1

f

f3

4.65
5.98
9.31
11
9.61
8.51
7.35
7.17

23.9
255
38.5
44.8
39.9
36.5
33.2
34.6

126
135
227
245
203
205
190
216

0.863
0.85
0.773
0.751
0.769
0.784
0.816
0.839

0.125
0.142
0.218
0.236
0.218
0.203
0.175
0.155

0.0112
0.00769
0.00908

0.0131

0.0128

0.0134
0.00934
0.00619
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Table A-3. ST precursor compositions used to prepare precursor solutions.

Nr PEABT concentration (M) FABTr concentration (M) PbBr2 concentration (M)
2 0.35 0.175 0.35
3 0.233 0.233 0.35

3.5 0.2 0.25 0.35
4 0.175 0.263 0.35
5 0.14 0.28 0.35
6 0.117 0.292 0.35
7 0.1 0.3 0.35
8 0.088 0.306 0.35
9 0.078 0.311 0.35

Table A-4. LOD precursor compositions used to prepare precursor solutions.

Nr

PEABT concentration (M) FABTr concentration (M) PbBr, concentration (M)

© 00 N o o A WD

[EN
o

0.7
0.35
0.233
0.175
0.14
0.117
0.1
0.088
0.078

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
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5.3 List of Abbreviations

Materials

Methylammonium (MA)
Formamidinium (FA)
Benzylammonium (BA)
Phenylethylammonium (PEA)
1-naphthylmethylamine (NMA)
Dimethyl sulfoxide (DMSO)
Indium tin oxide (ITO)

Poly(N-vinylcarbazole) (PVK)

1,3,5-tris(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene (TPBI)

N,N’-di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4’-diamine (a-NPD)

Tris(8-hydroxyquinolinato)aluminium (Alqgs)

Keywords

Electroluminescence (EL)
Light-emitting diode (LED)

Organic light-emitting diode (OLED)
Perovskite light emitting diode (PeLED)
External quantum efficiency (EQE)
Photoluminescence (PL)

Multi-quantum well (MQW)

X-ray diffraction (XRD)

Ruddlesden-Popper (RP)
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Dion-Jacobson (DJ)

Red, green, and blue (RGB)

Full width at half maximum (FWHM)
Thermally activated delayed fluorescence (TADF)
Quantum-dot light-emitting diode (QLED)
Near infrared (NIR)

Stoichiometric (ST)

Large organic cation-doped (LOD)
Time-resolved photoluminescence (TRPL)
Electron transport layer (ETL)

Thermally stimulated current (TSC)

Hole transport layer (HTL)

Hole-only devices (HOD)

Electron-only devices (EOD)

Symbols

Photoluminescence quantum yield (PLQY)
Exciton binding energy (Eg)

The lowest excited triplet state (T1)
Precursor recipe order (nr)

Current density versus voltage (J—V)

Trap energy level depth (ET)

Trap density (N1)

Intrinsic build-in field (Enbi)

Extra build-in field (Eebi)

88



Chapter 5. Appendix

Units

Acrbitrary unit (a. u.)
Degree Celsius (C)
Electronvolt (eV)
Hour (h)

Kelvin (K)
Milliliter (mL)
Micrometer (um)
Microsecond (ps)
Millimeter (mm)
Millisecond (ms)
Minute (min)
Molar (mol)

Molar per liter (M)
Nanometer (nm)
Nanosecond (ns)

Second (s)
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