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Abstract

Metal halide perovskites (MHPs), a subclass of perovskite materials, have
emerged as one of the most promising candidates for the next generation
optoelectronic technologies due to their exceptional electronic and optical
characteristics. The applications of MHPs have been broadened considerably
from their initial deployment in photovoltaic cells (PVs) to multiple
optoelectronic devices such as light emitting diodes (LEDs), photodetectors,
scintillators, and photolytic systems. Despite the wide range of applications,
there persists an urgent need for the development of highly stable and
efficient MHP-based optoelectronic devices, a prerequisite to meet the
rigorous standards of industry scale mass production. However, the exact
origins of the inefficiency and instability issues in perovskite materials
remain inadequately understood, thus impeding the comprehensive
solutions to enhance their efficiency and operational stability. This thesis,
therefore, begins with the objective to elucidate the fundamental
mechanisms underlying the inefficiency and instability issues in perovskite
materials and devices, and proposes efficacious solutions for the
development of highly stable and efficient optoelectronic devices, including

LEDs and PVs.



Perovskite light emitting diodes (PeLEDs) are fabricated via the quantum
confinement of conventional bulk MHPs, which improves the exciton binding
energy and facilitates the exciton recombination process. Three strategies
have been proposed to improve exciton binding and device efficiency: nano
three-dimensional (nano 3D) perovskite fabrication, perovskite nanocrystal
synthesis, and quasi-two-dimensional (quasi-2D) perovskite formation. Of all
three strategies, quasi-2D perovskite formation has demonstrated unique
advantages due to its well-confined excitons within multi-quantum-well
structures, simple fabrication processes, and broad functionalization
potentials. As a result, quasi-2D PeLEDs have achieved the highest reported
external quantum efficiency (EQE) among all PeLEDs to date. However,
intrinsic issues related to EQE, and stability remain to be addressed,
particularly with regards to the operational stability. Therefore, it is
necessary to conduct a comprehensive analysis of the causes of instability
and inefficiency in quasi-2D PeLEDs, while corresponding solutions should

be proposed to address these issues, as listed below.

1. Phase dimensions. Quasi-2D perovskites exhibit unique multi-quantum-
well structure with mixed phase dimensions, where the thickness of a
single quantum well can be described with the n value (n represents the

number of the lead-centred octahedra along the thickness direction in a
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single quantum well). In quasi-2D perovskites, excitons can transfer from
large band gap low n components to small band gap larger n phases.
Therefore, the control of phase dimensions has become eminently critical
for efficient inter-phase energy transfer and consequent high
luminescent efficiency. To resolve the phase dimensions, in-depth
characterizations have figured out that the low n phases were the origin of
perovskite instability and deficiency, and a simple and novel mixed
solvent post-treatment, “solvent sieve” method, was developed to
selectively remove the low n phases and facilitate the energy transfer
process. As a result, highly stable and efficient PeLEDs were fabricated
with the solvent sieve method, demonstrating not only high EQE and half-
lifetime 750f 29.5% and 18.67 h at 12,000 cd/m? (equivalent over 50,317 h
or 5.7 years at 100 cd/m?), respectively, but also extraordinary resistance
to air and moisture, maintaining over 75% of film photoluminescence
quantum yield and 80% of device EQE after stored in the ambient for 100
days. The simple solvent sieve method confirmed the feasibility of MHPs
for luminescence applications and unleashes the efficiency and stability

potentials of PeLEDs for future commercial applications.

. Defects. Defects inside MHPs trigger non-radiative exciton

recombination and lead to higher reactivity and severe ion transportation,

\'%



which deteriorate the efficiency and stability of PeLEDs. Therefore,
effective control of defects should be conducted toimprove the efficiency
and stability of PeLEDs. In this study, a sweet coordination strategy was
proposed to optimize the perovskite growth process and significantly
suppress the defect formation. Therefore, highly efficient, and stable
PeLEDs were fabricated with a maximum EQE of 31.3% and an operating
half-life over 76.9 hours at an initial luminance of 10,000 cd/m?
(equivalent over 211,800 hours or 24.2 years at 100 cd/m?). This work
paves the road towards future applications of PeLEDs in display and

lighting industries.

. lon migration. lon migration effect originating from the soft deformable
lattice of MHPs has been considered as one of the main causes for the
limited lifetime of PeLEDs. However, due to the complexity of the
perovskite components, simple methods to spontaneously suppress the
migration of all perovskite ions are still challenging. Therefore, a highly
fluorinated molecule, 1H,1H-perfluorohexylamine (PFHA), was selected
to spontaneously form strong coordination with all perovskite ions and
significantly suppress the ion migration process. As a result, ultra-stable
and efficient green PeLEDs was fabricated with a champion EQE of 27.1%

and a 75 lifetime of 103.17 hours at 10,000 cd/m? (equivalent to over
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326,252 hours or 37.2 years at 100 cd/m?), setting a record for PeLEDs
operational stability. This work confirms the stability potential of PeLEDs
and sheds light on the possibility that PeLEDs can be commercialized in

the future display and lighting industries.

Quasi-2D perovskites are also used as perovskite photovoltaic cells (PePVs),
where the ligands inside the quasi-2D perovskites can stabilise the perovskite
structures and improve the stability of the PePVs. However, problems still
hinder the progress of quasi-2D PePVs, including severe interfacial problems
between the perovskite and the charge transporting layers. Therefore,
modification of the interface should be conducted to improve the

performance of quasi-2D PePVs.

4. Interface. The interfaces between the perovskite and the charge
transporting layers determine the exciton transportation process within
PePVs. The buried interface between the perovskite and the bottom
electron transporting layer in conventional PePVs is also critical for
perovskite growth and film quality. Therefore, a multifunctional
passivator ammonium thiocyanate (NH.SCN) was used to treat the
SnO,/perovskite interface of quasi-2D perovskite solar cells. This

interfacial modification method effectively passivated the interfacial
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defects and regulated the energy levels, with significant improvement in
the wettability of perovskite precursors on tin oxide films and the quality
of the perovskite films. This strategy of NH,SCN interfacial modification
achieved high efficiency and stable quasi-2D PePVs with a maximum
power conversion efficiency (PCE) of 21.96% and an impressive stability of
maintaining 90% of the initial PCE after 3,000 h in the ambient

atmosphere.

In summary, this thesis has introduced four critical issues for both PeLEDs
and PePVs and four corresponding solutions to resolve the issues. As a result,
highly stable and efficient PeLEDs and PePVs have been developed. All these
solutions have demonstrated a bright future for the industrialisation of

perovskite optoelectronic devices.
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Chapter1. Introduction



1.1 Background

Optoelectronic materials and devices have garnered significant attention
from both academia and industry due to their importance in various
applications, including power generation, lighting, display, and sensing [1-3].
The development of stable and efficient optoelectronic materials and
devices has been a lifelong pursuit to achieve reliable and efficient
optoelectronic applications [4, 5]. For example, as for the display technology,
the performance of display devices has significantly improved as the
technology has evolved from liquid crystal display (LCD) to organic light
emitting diode (OLED) and micro light emitting diode (micro-LED), and even
quantum dot emitting diode (QLED), as shown in Figure 1.1[6]. The evolution
of display technologies has boosted almost all the display properties,
including colour gamut, colour purity, viewing angle, resolution, refresh rate,
luminescent efficiency, and operational stability of display screens [7].
Nevertheless, the search for new capabilities in next generation display
materials and devices are still urgently demanded to further enhance display
performance and meet the requirements of emerging display applications

such as virtual reality (VR) and augmented reality (AR) [8].
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Meanwhile, the advancesin optoelectronic devices are closely determined by
the development of emerging optoelectronic materials [9]. Therefore, to
date, perovskite has emerged as a promising optoelectronic material, leading
to significantly increased investigation of perovskite-based devices such as
perovskite light-emitting diodes (PeLEDs) and photovoltaic cells (PePVs) [10,

11].

The typical structure of conventional perovskite optoelectronic devices,
including PeLEDs and PePVs, is based on the structure of diodes, as presented
in Figure 1.2a, where the core effective layers made of semiconducting
materials MHPs, are sandwiched between charge transporting layers (CTLs)

and electrodes (anodes and cathodes). Meanwhile, some structures based on



other categories of semiconductor devices are also employed, such as
resistor and transistor, as shown in Figure 1.2b [12]. However, due to the
convenience of fabrication and simple integration with semiconductor
industry, the diode-like structure is still mostly applied according to the

literature [12].

(a)

—

CTL

(b)

hv hv hv

Semiconductor D S

Semiconductor

Electrodes

Resistor Diode Transistor
Figure 1.2 | (a) The typical structures of conventional perovskite
optoelectronic devices (diode). (b) The typical structures of other perovskite

optoelectronic devices [12].



Specifically, in PeLEDs, both positive and negative charge carriers (holes and
electrons) are injected from the electrodes through the charge transport
layers, including electron transporting layers (ETLs) and hole transporting
layers (HTLs), into the MHP active layers, form excitons and emit light by the
radiative exciton recombination process [7, 11, 13], converting electricity to
light. In PePVs, however, the entire process is reversed, where excitons are
formed upon light irradiation, then dissociate under the impact of built-in
potentials and generate electricity, enabling energy conversion from light to
electricity [14]. The typical energy levels and directions of carriers” motion
are shown as Figure 1.3. Therefore, the critical requirements for highly stable
and efficient PeLEDs and PePVs can be intrinsically different due to the

discrepancy in operational mechanism and device structures.
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Figure 1.3 | (a) The typical energy levels and directions of carriers’ motion in
PeLEDs. (b) The typical energy levels and directions of carriers” motion in

PePVs.



To quantify the advantages of MHP-based optoelectronic devices, key
parameters to describe the device performance are introduced. One of the
most important parameters to evaluate device performance is the device
efficiency, which is defined as the conversion efficiency between light and
electricity for optoelectronic devices. Specifically, for PeLEDs, the external
quantum efficiency (EQE) is the relative ratio of emitted photons to injected
electrons [7]. For PePVs, the power conversion efficiency (PCE) is the relative
ratio of generated electricity to the total energy of incident light [15].
Therefore, comparisons of both EQEs for PeLEDs and PCEs for PePVs have
become one of the most direct milestones for MHPs based optoelectronic

devices.

Another critical parameter for MHP-based optoelectronic devices is the
operational lifetime, which describes the robustness and operational
stability of devices under certain working conditions. Usually, 7xis employed
to mark the device’s operational lifetime, where xis the percentage of initial
value. For instance, Tsyrefers to the half-life, which is the time it takes for the
value to decrease to 50% of its initial value. Meanwhile, by alternating the
value of x, other critical lifetime parameters are also employed to evaluate
the stability of MHP-based optoelectronic devices for different applications,

such as 7gs5, 7o, Or Tsofor highly stable PeLEDs [16] or PePVs [17,18].



Overall, the rapid advances in device performance of MHP-based
optoelectronic devices have demonstrated the potential of MHPs as the next
generation of optoelectronic materials. The advances on efficiency and
operational lifetime for both PeLEDs and PePVs are summarized in Figure 1.4.
As presented in Figure 1.4a [11], since the first report of room-temperature
PeLEDs with EQE no more than 0.4% in 2014 [19], the efficiencies of PeLEDs
have been improved dramatically in the past decade, reaching 30% in 2023
with the assistance of optimized optical outcoupling design [20]. Therefore,
such progresses in device EQE have proven the potentials of MHPs as
electroluminescent materials. However, the advances of the other critical
parameter, the operational lifetime, have fallen behind. According to Figure
1.4b, at an initial luminance of 100 cd/m?, which represents the standard
display brightness for contemporary electronic devices, the reported
operational lifetimes of the most advanced PeLEDs have hardly even
surpassed a 20-hour lifetime threshold. This significantly constrained
operational durability not only imposes limitations on the current practical
applications of PeLED technology, but also undermines their potential

prospects for commercialization in the future.



=

Peak EQE (%)

=

Lifetime T, (min @100 cd/m?)

AN

30
—>— NIR
25 —A— Red
—o— Green
20_ T o Blue
151 -
-
10 /! =
o /A/ f
5 4
/<>
0{ 7 o . . .
2014 2016 2018 2020 2022
Year of publication
50000 4 This work @
40000 -
30000 -
Nature 611, 688-694 (2022) ¢
20000 -
10000 -
3000 > Nature 599, 594-598 (2021) ° j
20 _\'at’('ommuu 12,1246 (2021)
10 + ACS Energy I‘;"' ABTAI4 Q02D 4y Mater. 33, 2103268 (2021)
0 fNat Commyn 12, 2207 (203N at. Photonics 15, 148-155 2021) ® ®
" Adv. Mater. 2007169 (2021) i "Adv. Mater. 35, 2302283 (2023)
20 23 54 26 o8 30

EQE, .., (%)

Figure1.4|(a) Advances ondevice EQEs of PeLEDs [11]. (b) Advances on device

EQEs and operational lifetimes of green PeLEDs (data listed in Table Al-1).



Simultaneously, the underlying rationale and potential mechanism for the
limited operational stability of PeLEDs remain intricate and controversial. A
variety of contributory factors have been proposed as representative causes
for this limited stability, including but not limited to ion migration effects [21,
22], chemical instability [23, 24], lattice distortion [25]. However, a
comprehensive understanding of the intrinsic causes is yet to be established.
More critically, despite the substantial efforts invested in enhancing the
operational lifetime of PeLEDs, efficacious solutions that could yield
significant improvements to the final device performance are still awaiting,
with limited advances on the device operational lifetime capable of meeting

current commercialization standards [26].

As for PePVs, significant strides have also been accomplished over the past
decade, particularly in terms of PCEs. As depicted in Figure 1.5 [27], the
highest PCE achieved by single-junction PePVs has surpassed the 26% mark,
placing them among the most efficient photovoltaic materials across all
categories. Concurrently, substantial advancements have been made in
enhancing the operational stability of these devices, culminating in an
extended operational lifetime, as measured by 7, reaching thousands of
hours [28, 29]. Meanwhile, studies on industrial-scale fabrication processes
of PePVs have also drawn great attention, with considerable research efforts

directed towards exploring and optimizing manufacturing methodologies
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such as blade coating [30, 31], ink-jet printing [32-34], roll to roll fabrication
[35, 36], etc. However, apart from the rapid development of representative
three-dimensional PePVs, the advances of other types of PePVs, such as quasi-
two-dimensional PePVs, have fallen behind [37] and more issues at device

level remain relatively underexplored.

In conclusion, the advancements in optoelectronic devices are
fundamentally contingent upon the discovery and development of novel
optoelectronic materials. The advent of MHPs has opened new avenues for
the next generation optoelectronic devices, including PeLEDs and PePVs.
Both efficiency and operational lifetime serve as pivotal metrics to assess the
device performance. To date, PeLEDs have demonstrated remarkable strides
in efficiency. However, pressing demands are needed to address critical
improvements in their operational lifetimes. As for PePVs, substantial
enhancements have been achieved in both PCEs and operational stability, yet
certain subclasses of PePVs remain underexplored, meriting further

exploration and investigation.
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1.2 Aims and Objectives

In light of the multifaceted issues and challenges encountered in MHP-based
optoelectronic devices, this thesis endeavours to explore the potential for
further enhancing efficiency and operational stability. The principal
objective is to solve the underlying issues of MHP-based optoelectronic

devices and develop stable and efficient PeLEDs and PePVs.

To achieve this challenging goal, the following specific objectives have been

set:

e Comprehensive literature review: a meticulous literature review is
undertaken to consolidate the critical aspects regarding both device
efficiency and operational stability.

e In-depth property and mechanism analysis: extensive studies of the
intrinsic properties and behaviour of perovskites are performed to gain
profound understandings of the fundamental mechanisms underlying
the deficiency and instability issues in current PeLEDs and quasi-two-
dimensional PePVs.

e Mechanism-based strategy development: efficacious strategies are
employed to address these issues grounded on the mechanism analysis,
thereby leading to significant advancements in the operational lifetime

and efficiency metrics of the devices.
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e Devicefabricationand applications: highly stable and efficient perovskite
optoelectronic devices, including PeLEDs and PePVs, have been
developed, underscoring the promising future for the industry scale
application and commercialization of perovskite optoelectronic

technology.

By meeting these objectives, this thesis seeks to contribute valuable insights

into the improvement of MHP-based optoelectronic devices, paving the way

for their broader applications in optoelectronics.
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1.3 Thesis structure

In this thesis, Chapter 1 delivers a systematic introduction of MHP materials
as well as MHP-based optoelectronic devices, particularly PeLEDs and PePVs.
Pivotal performance parameters quantifying the performance of PeLEDs and
PePVs are also introduced, and critical issues especially the operational
lifetime that bottlenecked the commercial applications of PeLEDs and PePVs

are also summarized.

Chapter 2 provides a meticulous literature review on perovskite materials
and essential perovskite structures, succeeded by anin-depth examination of
critical challenges for both PeLEDs and PePVs, where the principal challenges
for PeLEDs are summarized as phase dimensions control, defects
management, and ion migration suppression, whereas the interface
engineering plays a crucial role inimproving the performance of PePVs. Also,
summary of basic film fabrication techniques, such as solution process and

thermal evaporation, are reviewed in this chapter.

Chapter 3 introduces the primary methodologies and techniques employed
throughout the research, including general material synthesis process and
characterization means, as well as first-principles simulation and optical
simulation methods. All the primary materials fabrication, characterization,

and theoretical simulation methodologies and techniques have led to

14



comprehensive understandings of underlying mechanisms and reproducible

fabrication of perovskite materials and optoelectronic devices.

Subsequently, Chapters 4 to 7 present the main results in this thesis. Chapter
4 describes the development of a solvent sieve method to tackle the issue of
phase dimensions, thereby realizing efficient and stable quasi-2D PeLEDs.
Chapter 5 introduces a sweet coordination strategy aimed at comprehensive
defect passivation, with further improvements on device performance.
Chapter 6 elucidates the employment of an ion pinning strategy that
effectively hinders ion migration within the perovskite structure,
significantly enhancing the operational lifetime of PeLEDs, thus paving the
way for highly stable and efficient devices suitable for industrialization. For
PePVs, Chapter 7 implements a novel interfacial modification technique to

facilitate defect passivation and enhance film quality.

Finally, Chapter 8 consolidates the conclusions in this thesis and Chapter 9

outlines the prospective directions for further research.
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Chapter 2. Literature Review
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2.1Perovskite

The term, “perovskite,” originally described a specific type of mineral with
the chemical formula of CaTiO;. However, since Miyasaka et al.s pioneering
report in 2009 [38] on lead halide perovskite photovoltaic cells (PePVs),
MHPs have garnered significant attention as prospective next-generation
optoelectronic materials due to their exceptional optoelectronic attributes
and economically favourable fabrication costs [19, 39-42], as summarized in
Figure 2.1 [43-45]. Specifically, MHPs now represent a category of
nanostructured compounds with the general formula ABX;, where A denotes
organic cations (e.g., methylammonium ion (MA*) or formamidinium ion
(FA")) or large inorganic cations (such as caesium ions Cs*), B signifies
divalent metal cations commonly Pb?*" or Sn%*, and X symbolizes a halide

anionincluding CI', Br, or I, etc., as presented in Figure 2.2.
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Figure 2.1 | Representative advantages [44, 46] and critical applications [45]

for MHP based optoelectronic devices.
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Figure 2.2 | The scheme of representative perovskite lattice structure.
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The crystal structure of MHPs is formed by a lattice built up with corner-
sharing BX¢ octahedra, with A-site cations occupying the cubic octahedral
interstitial sites. Notably, within the perovskite lattice ABX3, various ions can
spontaneously inhabit the same site, leading to doping through ion
substitution. Yet, when the cation substitution ratio between A and A’ (or B
and B’) approximates 0.5, it results in the formation of double perovskite
compounds with the formula AA'B,X¢ (or A;BB’Xe) [47, 48], as presented in
Figure 2.3 [47]. This phenomenon significantly broadens the compositional
scope of the perovskite family, thereby giving rise to unique structural

configurations and properties [49, 50].
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Figure 2.3 | The structure of double perovskite [47].
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The exceptional optoelectronic properties of MHPs directly come from their
distinctive perovskite structures. The three-dimensional network of corner-
sharing BXs octahedra allows for the rotation or tilting of the octahedra,
resulting in strong electron-phonon interactions [51-53]. As a result, MHPs
have demonstrated their potential as high-performance optoelectronic
materials. MHPs exhibit easily tuneable direct band gaps that can cover the
entire visible light spectrum by adjusting the ratio of different halide anions
(CI', Br, and I') [54-56]. This property makes MHPs suitable for a wide range
of optoelectronic devices that operate in the visible light and near-infrared
(NIR) range. Secondly, MHPs exhibit distinct defect tolerance. The most
easily formed point defects result in shallow defects near the band edges,
which only slightly alter the emitting photon energy. This leads to minimal
trap-assisted exciton recombination and narrow bandwidth light emission
[57, 58]. For instance, when compared to the typical full width at half
maximum (FWHM) of approximately 70 nm in conventional OLEDs [59],
PeLEDs exhibit an FWHM of less than 20 nm. This results in a high level of
colour purity that is suitable for display screen applications [60-62]. Thirdly,
MHPs are typically fabricated using low-temperature solution processes,
such as spin-coating [63], blade-coating [31, 64], large-scale inkjet printing
[32, 34], and roll-to-roll processing techniques [35, 36]. These methods
significantly reduce fabrication costs and enable the mass production and

industrialization of perovskite optoelectronic devices. To date, MHPs have
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been applied to almost all types of optoelectronic devices, as shown in Figure

2.4[12], including PeLEDs and PePVs.

X-rays photons

Figure 2.4 | Typical applications of MHP optoelectronic devices [12].

2.2 Perovskite light emitting diodes (PeLEDs).

Perovskite light emitting diodes are a class of optoelectronic devices that
convert electricity into light. Excitons recombine inside PeLEDs effectively,
generating light. However, conventional bulk MHPs are not preferred for
luminescence applications due to their relatively low exciton binding energy
[65, 66]. Therefore, quantum confinement of conventional bulk MHPs is
usually employed to improve the exciton binding energy and facilitate the

exciton recombination process. To date, at least three efficient strategies,
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namely nano 3D perovskites, nanocrystals and quasi-2D perovskites, have
been proposed to achieve substantial quantum confinement, resulting in

high efficiency for PeLEDs, as summarized in Figure 2.5.

Nano 3D perovskite

TATA B AR

Perovskite nanocrystals Quasi-2D perovskite

Figure 2.5 | The scheme of three strategies for quantum confined MHPs for

PeLEDs application.

The strategies that facilitate the exciton recombination are usually achieved

with modification on the nanostructures of MHPs, and the representative

milestone-level works are summarized as Figure 2.6 [19, 42, 67-69].
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Nature Nanotechnol. Nature Nanotechnol. Nature Nat. Commun. Nature
9, 687-692 (2014). 11, 872-877 (2016). 562, 249-253 (2018). 12,2207 (2021). 611, 688-694 (2022).

Figure 2.6 | The revolution and representative works of PeLEDs [19, 42, 67-69].
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Firstly, decreasing the grain size in conventional bulk perovskite can confine
excitons within the grains and facilitate the exciton recombination and light
generation. This hasled to the proposal of dedicated nano 3D PeLEDs [39, 67].
Secondly, colloidal perovskite quantum dots have been synthesized using
methods as conventional lI-IV group quantum dots and have been applied as
perovskite quantum dot LEDs (PeQLEDs) [70, 71]. Thirdly, two-dimensional
(2D) or quasi-two-dimensional (quasi-2D) perovskites have become a unique
strategy in perovskite material systems due to their multi-quantum-well
structures, energy funnelling processes, and well-confined excitons. The
designs for quantum-confined MHPs not only improved device performance
but also allowed for wide performance tunability in the design and
fabrication of PeLEDs [72, 73], such as the functionalisation of low-

dimensional PeLEDs and consequent novel chiral PeLEDs [74-76].

Among all the strategies mentioned above, quasi-2D perovskites have
demonstrated unique superiority due to their well-confined excitons within
multi-quantum-well structures, broad functionalization potentials, and a
simple fabrication process. Quasi-2D perovskite materials exhibit unique
properties arising from their structural characteristics, which are
significantly different from those of conventional 3D bulk and common 2D
perovskite materials. To simplify, quasi-2D perovskites are mixed phase

dimension material systems containing a series of 2D and 3D bulk phases. The
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formation of these quantum wells is achieved with the employment of bulky
organic cations to partially substitute traditional small A-site cations, which
disrupts the inherent continuous 3D lattice structure and generates stable
quasi-2D configurations [77], as presented in Figure 2.7 [78]. Quasi-2D
perovskites adopt a chemical formula of A’Aq-1BnX3n:1 (Where 1<n<e), with A’
as a bulky organic cation like monoammonium (R-NH?**) or diammonium
cations (*H3;N-R-NH;*), where R represents an alkyl chain or an aromatic ligand.
These materials are constituted by a sequence of alternating inorganic and
organic derivations [79]. The introduced large organic amine molecules
won’t penetrate into the perovskite lattice due to large steric hindrance but
occupy the A-site position, thereby hindering the expansion of the lead
centred octahedra network along out-of-plane orientations and forming

stable multiple quantum well structures [80].

(a) f\/_\ s

CH,(CH,),NH,Br
CH,NH,Br
PbBr,

increasing octylammonium (OA) content

DME toluene perovskite
suspension n=1

Figure 2.7 | Schematic of the synthesis process of the perovskite quantum

wells [78].
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The quantum confinement of quasi-2D perovskites is achieved by the
intrinsic structure. In quasi-2D perovskite, the inorganic lead centred
octahedraare encapsulated between two layers of bulky organic spacers with
comparably lower dielectric constants, as shown in Figure 2.8 [55]. Herein,
the inorganic lead centred octahedra layers behave like "quantum wells",
while the organic capping layers serve as the "barriers”, resulting in a natural
formation of quantum-well architecturesin quasi-2D perovskites with asharp
atomicboundary between "barriers" and "wells". Such quantum confinement
and dielectric confinement effects elevate the exciton binding energy of
quasi-2D perovskites above their 3D counterparts [81]. Meanwhile, the carrier
wave functions are spatially confined in the finite width quantum wells, thus
restricting carrier mobility, and enhancing exciton binding energy and the
phase bandgap. As a result, both electrons and holes are confined within the
quantum well, fostering the creation of stable room-temperature excitons
and improving radiative recombination efficiency [68]. Therefore, the
quantum confinement of quasi-2D perovskites is significantly enhanced,
which further ensures the broad applications of quasi-2D perovskites in light
emission applications that require high exciton binding energy for efficient

exciton recombination.
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Figure 2.8 | The structure and consequent quantum confinement of quasi-2D

perovskites [55].

Those 2D phases are described by the thickness with the “n value”, the
number of lead-centred octahedra in a single well for reduced-dimensional
perovskites (RDPs), as shown in Figure 2.9 [82-84]. To form quasi-2D
perovskites, bulky cations (ligands, as usually named in chemical synthesis)
such as phenethyl ammonium ion (PEA*) and 1-naphthylmethylammonium
ion (NMA*) are introduced into perovskite precursor solutions [44]. And
during the film formation process, these bulky cations usually coordinate at
A-site, terminate the growth of 3D bulk perovskite phases, and form mixed 2D

phases.
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Figure 2.9 | Representative structure of quasi-2D perovskites and

consequently scheme of energy funnelling [84].

The development of quasi-2D MHPs has been propelled by several
advantageous attributes. Firstly, the mixed 2D phases inside quasi-2D
perovskites engenders natural quantum well structures, thereby eliciting
both dielectric and quantum confinement effects [85-87]. These strong
confinements of excitons lead to a significant enhancement of exciton
binding energies. Secondly, the inherent compositional complexity of quasi-
2D perovskites contributes to their high tuneability. For instance, quasi-2D
perovskites exhibit a remarkable degree of spectral tunability that can be
readily manipulated through composition adjustments and phase

dimensional engineering. In conventional 3D perovskites, the shift of the
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emission spectrum via alternation of halide content often risks phase
segregation, halide redistribution and stability issues [88]. While for quasi-2D
perovskites, the tuning of emission spectra can be achieved by simply
changing the n value without phase segregation issues, as shown in Figure
2.10 [89, 90]. Consequently, quasi-2D perovskite material systems have
facilitated a seamless tunability of photoluminescence wavelengths
spanning the entire visible spectrum from violet to the NIR region [38, 61, 91,
92]. Additionally, the presence of exchangeable ligands (L-site ions) endows

quasi-2D perovskites with facile functionalization possibilities [44].
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Figure 2.10 | Strategies to tune the emission peaks of MHPs. (a) Changing
conventional 3D perovskites emission spectrum with mixed halide [89]. (b)

Tuning the emission spectra of quasi-2D perovskites with modification of n

value [90].
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Finally, unlike perovskite nanocrystals that necessitate additional
complicated synthesis stages [70], quasi-2D perovskites can generally be
deposited in a single step film formation process, contributing to lower
production costs. Thus, quasi-2D PeLEDs have become the most commonly
reported high efficiency devices (with EQE > 20%) among all PeLED
categories, and also achieved the highest reported EQE to date [20, 72, 73], as

presented in Figure 2.11.
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Despite the significant progresses achieved in quasi-2D PeLEDs technology,
there remains a pressing need to address the inherent challenges pertaining
to both device EQE and stability, particularly limited operational lifetimes.
More importantly, the causes of limited operational stability remain
complicated [22], restricting the PeLED performance. Hence, it is imperative
to conduct a thorough examination of the factors responsible for instability
and inefficiency in quasi-2D PeLEDs, followed by the identification and
implementation of targeted solutions to mitigate these issues, as outlined

subsequently.

2.2.1Phase dimensions

Among all categories of perovskite materials, quasi-2D perovskites exhibit a
strikingly unique intrinsic characteristic: they embody a distinctive multi-
quantum-well (MQW) architecture with a blend of diverse dimensional
phases. This MQW structure serves as a pivotal factor that fundamentally
governs their intrinsic properties, and thereby provides a strategic routine to

tailor and optimize the performance of quasi-2D PeLEDs.

The phase dimensions of quasi-2D perovskites predominantly govern the
inter-phase energy funnelling process, which plays a crucial role in the
luminescence process of quasi-2D perovskites. The energy funnelling

process originates from the graded band structure of the mixed n value
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phases inside quasi-2D perovskite [81], where excitons can transfer from
large band gap low n components to small band gap larger n phases [68]. This
unique structure and process effectively functions as a carrier concentrating
mechanism, improving the carrier density at the recombination centres.
Conversely, in conventional 3D perovskites, excitons formed and undergo
recombination at the same position, owing to an absence of additional
influences on charge carrier transportation. However, in quasi-2D
perovskites, the excitons initialized within the low-n domains do not
recombine locally. Instead, they migrate to the small band gap larger n phases
and recombine due to the energy levels of different quantum wells. Such a
process increases the carrier density at the luminescent larger n phases and
is named as carrier concentrating mechanism. As a result, it partially hinders
the impact of shallow trap states via photo-passivating, significantly
hindering trap assisted nonradiative recombination processes by
supplementing extra excitons to fill in the traps in luminescent larger n
phases [93]. This facilitated energy funnelling or transfer process
subsequently boosts radiative recombination, enabling quasi-2D perovskite
films to display high photoluminescence quantum yield (PLQY) even at
minimal carrier densities. Thus, gaining profound insights into the energy
transfer kinetics and effectively manipulating these processes with advanced
phase dimension controls are critical for fabricating efficient quasi-2D

PeLEDs.
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To date, the probing of the carrier recombination kinetics inside quasi-2D
perovskite is generally performed with some ultrafast spectroscopy methods.
Remarkably, transient absorption (TA) spectra can clearly distinguish
different bleaching peaks of different quantum well phases and attribute
them to different n values. Figure 2.12 illustrates a representative transient
absorption spectrum of quasi-2D perovskite. The contribution of divergent
phases in quasi-2D perovskite films can be estimated directly from transient
absorption spectroscopy. Meanwhile, since the optical intensity (OD) of
absorption spectrum marks the intensity of absorption and corresponding
exciton density, the evolution of relative peak intensities for different n value
phases can exhibit the carriers' migration process from phases with smaller n
values to those with larger n values, as shown in Figure 2.12 [94]. Also, the
transfer rate can be calculated from the growth period of ground state bleach
for different components, wherein the OD of low n phases usually reaches the
maximum first and begin to decay rapidly comparing to the higher n phases,
showing an exciton funnelling process from low n phases to higher n phases.
As Figure 2.13 shows [94], the transfer periods of smaller n value phases to
higher n value ones are usually at the order of picosecond, signifying an

ultrafast energy transfer process.
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Thus, regulating phase dimensions is important for efficient inter-phase
energy transfer and high luminescent efficiency [72], as illustrated in Figure
2.14 [95]. Despite its importance, the exact mechanisms governing the
manipulation of phase dimensions remain largely elusive. The most
conventional method for phase control in quasi-2D perovskite is tuning the
average n value or the stoichiometry of the perovskite film precursor, as
reported by extensive studies [13, 96-98]. For instance, diminishing the
average n value of the perovskite film precursor usually leads to intense
quantum confinement effect and broad bandgap and spectral blueshift, as
Figure 2.15 shows [96]. As a consequence, the selection of a proper large
organic cation ratio inside the perovskite precursor is critical for both

effective quantum confinement and emission spectrum of PeLEDs [96].

Figure 2.14 | Principle for designing phase dimensions with different n values

inside quasi-2D perovskites [95].
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Figure 2.15 | Absorption and PL spectra of perovskites with different n values

[96].

However, such a method of altering the average n value or the stoichiometry
of the perovskite film precursor, especially the large organic cation ratio, can
only change the relative ratio of different n value phases on some occasions,
which is not enough for full scale manipulation of phase dimensions.
Meanwhile, even though improving the proportion of large organic cations

can progressively reduce the nvalue in principle, this does not automatically
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guarantee that quasi-2D perovskite films with lower n values will generate
effective light emission. Excessive generation of low n-value phases resulting
fromincreased large organic cation content can compromise energy transfer
efficiency and degrade optical performance [99]. Furthermore, excess
insulating organic cations can undermine charge transporting properties,
while pronounced electron-phonon coupling and exciton-exciton
annihilation at small n values introduce nonradiative recombination
channels, further deteriorating the optical characteristics [51]. However,
reducing the proportion of large organic cations (improving the average n
value of perovskite precursor) does not guarantee effective light emission as
well, leading to lower exciton confinement and resulting lower PLQYs, as
presented in Figure 2.16 [100]. Thus, the limitation of alternating the average
n value or the stoichiometry of the perovskite film precursor has hindered
the progress of efficacious phase dimensions manipulation and

improvements of quasi-2D PeLEDs.
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Figure 2.16 | Photos and corresponding PLQYs of perovskite films with

different n values [100].

Despite the relatively constrained existing methodologies for effective
control over the phase dimensions in quasi-2D perovskites, to date, the
relationship between phase dimensions and perovskite stability is not even
well understood with contradicted reports. For instance, the stability of low
n phasesis controversial, with proposal that quasi-2D perovskite degradation
originated from the edge of low n value phases (Figure 2.17a [101]), but
theoretical calculation results showing low n phases exhibit higher formation
energy and stability comparing to higher n ones, as shown in Figure 2.17b
[102]. Such contradictions have hindered the solutions of phase dimension
issues. Additionally, current strategies for effectively controlling phase

dimensions with post-treatment methods are limited. Due to the ultra-small
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dimensions of quantum wells at the nanometre level, conventional methods
such as mechanical separation are hardly effective in controlling quasi-2D
phase dimensions. Therefore, developing an effective strategy to resolve the
phase dimension issues of quasi-2D perovskites is urgently required to

achieve stable and efficient PeLEDs.
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Figure 2.17 | (a) Scheme of the quasi-2D perovskite degradation process that
originated from the edge of low n value phases [101]. (b) Simulation results
showing low n phases possess higher formation energy and consequent

higher stability [102].
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2.2.2 Defects

Defects constitute a critical factor for the physicochemical properties of
semiconductor materials. Through the regulation of type, distribution, and
quantity of defects, it is possible to refine materials and significantly improve
the performance of semiconductor devices. Therefore, throughout the
development of perovskite technology, the studies of defect behaviour have
been widely reported with remarkable advancements on MHP based

optoelectronic device applications.

The types of defects inside perovskites can be categorized by their
dimensions from zero-dimensional (OD) defects (Figure 2.18c, Figure 2.18d
and Figure 2.18f [103]) to high dimensional defects including one-
dimensional (1D), two dimensional (2D) and three dimensional (3D) ones

(Figure 2.18d and Figure 2.18g [103]).
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Figure 2.18 | Some representative defect types inside perovskite films, from
0D defects to 3D ones [103]. (a) Ideal perovskite structure. (b) Real perovskite
structure. (¢) (d) Point defects. (e) 1D to 3D defects. (f) Observed point
defects in perovskite lattice with microscopy. (g) Observed 1D to 3D defects

in perovskite film with microscopy.

0D defects usually involve common point defects and defect pairs. Based on
thermodynamics, OD defects can emerge naturally or through the
incorporation of foreign atoms [104-106]. For MHPs with the ABX; structure,

point defects encompass vacancies (Va, Vs, Vx), interstitials (A;, B, Xi), and
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anti-site defects (AB, AX, BA, BX, XA, XB) [107], as illustrated in Figure 2.19a
[108]. These defects can introduce electronic energy levels within the
semiconductor band gaps. If these defect levels lie above the conduction
band edge or below the valence band edge, they are not harmful to carrier
transport and recombination processes, classified as shallow defects.
However, if these trap states are situated in the middle of the bandgap, they
are designated as deep defects that deteriorate the carrier transportation
and recombination process, as illustrated in Figure 2.19b [107]. It is
commonly agreed that many point defects possess low formation energies
and generate shallow defects, enabling MHPs with defect tolerance [109,110],
while some intrinsic point defects can also exhibit both deep defect energy

levels and high formation energies [111].
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Figure 2.19 | (a) Defects in the perovskite lattice, including (OD) point defects,
defect pairs, (1D) dislocation, (2D) grain boundary and (3D) precipitate [108].

(b) Typical point defects, formation energy and trap depth [107].

Apart from individual point defects, defect pairs are also prevalent in MHPs.
The most common defect pairs in MHPs are Frenkel defects and Schottky

defects, where Frenkel defects consist of a pair of vacancies and interstitials
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of the same ion and Schottky defects involve two vacancies with different
charges [112]. The formation and elimination processes of defect pairs are
complicated. It has been reported that defect pairs can form during the
crystallization process of MHPs and migrate under applied electric and light
fields, highly correlated with halide segregation phenomena [113], as
presented in Figure 2.20 [114]. Also, light illumination can facilitate the
annihilation of Frenkel defect pairs, thereby eliminating carrier trapping
states [115]. The generation of defect pairs can also deteriorate the
optoelectronic performance of MHPs. For example, the formation of
interstitial sites of Frenkel defects introduces deep trap states into the
bandgap of MHPs and results in non-radiative recombination and reduction

of PLQYs [114], with further accelerated device degradation [116].
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Figure 2.20 | Direct observation of halide segregation phenomena inside

MHP film [114].
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Higher dimensional defects can be generated from the proliferation of OD
point defects and defect pairs, such as 1D dislocations, 2D grain boundaries,
and 3D defects including precipitates or voids inside perovskite films [103].
Typically, 1D linear defects occur in the crystal when the halide perovskite
lattice mismatches the substrate (in Figure 2.21 [117]), as the same
phenomena during the epitaxial growth of conventional semiconductor
films. As for 2D defects, the grain boundary defects originate from the
polycrystalline nature of MHP materials generally used in PeLEDs. The
impacts of grain boundaries inside MHPs have been reported as grain
boundaries can induce very shallow tap levels near the VB edge, impeding
carrier diffusion [118], and promoting nonradiative recombination [119].
Beyond grain boundaries and interfaces, 3D precipitates and voids can also
lead to trap assisted nonradiative recombination processes, deteriorating

optoelectronic properties and facilitating film decomposition [120].

Mismatch \ Surface state

Layered perovskite n=1
Figure 2.21| Lattice mismatches and 1D defects in MHPs [117].
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The formation of defects inside MHP films is also extremely complicated. Ina
perfect crystal, each atom occupies a definitive site within the ordered lattice
structure. However, defects typically manifest when the periodicity of the
lattice is disrupted, especially for MHPs with inherently soft structural
features [121]. In general, the defects originate from either intrinsic or
extrinsic factors. Intrinsic factors typically revolve during the formation
processes of MHPs, such as nucleation, crystal growth, and annealing, which
significantly determines the overall quality of the MHP film [122]. For
example, a rapid crystal growth or improper annealing process can usually
lead to uncontrollable defects formation, wherein ions can hardly fit in ideal
lattice sites due to limited ion diffusion conditions. While the extrinsic
factors also play a crucial role in the creation of defects. Research has
demonstrated that certain levels of moisture or oxygen exposure can
potentially enhance perovskite performance, although these environmental
elements can also undermine the long-term stability of perovskite-based
devices [123]. Since MHP based optoelectronic devices often operate under
persistent external factors, such as light irradiation, electric field, and heat,
the complex interactions between these external factors and the defects

within the materials are important for further in-depth investigation.

The impacts of defects to MHPs can be summarized as two aspects. In MHPs,

defects can cause trap-assisted non-radiative exciton recombination (as
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Figure 2.22 shows [111]), as well as higher reactivity and severe ion
transportation, which reduce the efficiency and stability of PeLEDs [82, 85,
91]. Therefore, effective suppression and passivation of defects are necessary
to improve the efficiency and stability of PeLEDs. Unfortunately, MHPs are
frequently fabricated with multiple defects as a result of the rapid and less
controllable crystal formation process at room temperature. Therefore, it is
crucial to suppress defects via optimizing the MHPs formation techniques.
However, the mixed ion nature of MHPs significantly increases the difficulty
of suppressing defects comprehensively [46, 124], and spontaneous
coordination with both cations and anions is required to effectively optimize

ion behaviour and avoid defect formation.
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2.2.3 lon migration.

The ion migration effect is particularly significant in MHPs compared to
other conventional semiconductors. The process and consequence of ion
migration in MHP films is summarized as Figure 2.23 [125], including lon

migration, electrode corrosion, electrochemical reactions, and interfacial

reactions.
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Figure 2.23 | Scheme of the process and consequence of ion migrationin MHP
films [125]. (a) lon migration. (b) lon migration leads to electrode corrosion.

(c) Electrochemical reactions. (d) Interfacial reactions.

The ion migration effect can be attributed to the intrinsic structure of MHPs

[126], which is unique due to their soft ionic structure unlike conventional
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semiconductors like silicon or GaAs [127, 128]. This structure allows for high
mobility and flexibility of ions within the perovskite material. Furthermore,
MHPs also present a mixed electronic and ionic conductivity with ion
migration routine across the MHP lattice, as presented in Figure 2.24 [129].
The migration abilities of different ions in perovskites vary due to their
different sites within the perovskite structure. Theoretical studies have
shown that halide anions (I) have a relatively high migration trend, with an
activation energy calculated as low as 0.1 eV [129-131], while A-site cations
such as MA* have a higher activation energy of about 0.5 eV [105, 132, 133].
Also, itisusually believed that the migration of B-siteions, such as Pb?", shows

atoo high migration activation energy to be mobile [129].
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a Pb—I plane

Figure 2.24 | lon migration routine in typical MHP structure [129].

In MHP films and devices, the low activation energy of ion migration has been
figured as inherent causes of limited device performance and stability. It has
been widely reported that ion migration effect can cause diverse microscale
effects, such as defect formation and migration [134-137], creation and
annihilation of Frenkel defects for halide ions [138-142], distortion of MHPs
lattice [136,142,143], changes of charge injection at interfaces [144-148], and

severe electrode corrosion [149-154]. Meanwhile, some interesting
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macroscale phenomena are also extensively reported to be the direct
consequence of ion migration, such as: (1) The hysteresis effectin MHP-based
optoelectronic devices including PeLEDs and PePVs, as Figure 2.25 presents,
respectively [155, 156], leading to inconsistent power output and reduced
overall efficiency. (2) The giant switchable photovoltaic effect [157] with
potential applications as electrically and optically readable memristors and
circuits. (3) Fluorescence intermittency or “blinking” behaviour [158] (Figure
2.26b[159]), undesirable properties for lighting and display applications due
to random fluctuations of ions. (4) Photo or electrically induced
enhancements in PLQYs via halide redistribution [138]. (5) Phase segregation
[159], often caused by long range accumulative ion migration and
compositional changes within MHP films, as listed in Figure 2.26a [159].
These diverse effects have all highlighted the necessity of efficacious control
over the ion migration effect for the advancement of optoelectronic

applications.
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Figure 2.26 | (a) Phase segregation phenomena lead to changes in the PL

spectrum. (b) Fluorescence intermittency or “blinking” behaviour [159].

The most critical consequence of the ion migration effect has been reported
as the main cause of PeLEDs instability [22]. All consequences of ion
migration have led to a severe deterioration in the stability of PeLEDs, as well
as a decrease in long-term efficiency throughout the lifespan of PeLED
devices. Therefore, it is crucial to effectively inhibit the ion migration effect
to achieve highly stable PeLEDs, especially for halide anions and A-site
cations. To date, a large variety of methodologies have been developed to

suppress the ion migration effect in quasi-2D MHPs [160]. Compositional
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engineering like ions doping into MHP lattice can improve the migration
barrier of ions. For instance, yttrium (IlI) chloride (YCI;) dopants into the
precursor solution of blue quasi-2D PeLEDs can improve the migration
activation energy of halide ions, achieving significant suppression effect of
ion migration and corresponding enhanced spectral stability and
operational stability [161]. Meanwhile, some small organic molecules can
function as effective inhibitors to ion migration due to strong interaction
with B-site lead and X-site halide ions, leading to bright, narrowband, and

spectrally stable blue quasi-2D PeLEDs, as shown in Figure 2.27 [162].
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Figure 2.27 | lon migration suppression with small organic molecules

diphenyl phosphine chloride (DPPOCI) [162] led toimproved spectra stability.

Also, additional surface passivation methods can hinder the surface assisted

and inter-layer ion migration Figure 2.28a [163], improving the operational
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lifetime of PeLEDs, as Figure 2.28b illustrates [163]. However, the existing
research remains inadequate due to the overall limited operational lifetime
of PeLEDs [73], with most state-of-art studies reporting operational lifetime
no more than 20 hours at the conventional luminance of 100 cd/m?, far
behind the basic requirements for industrialization. Thereby, further
exploration and improvements on PeLEDs operational lifetime have been

urgently demanded.
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Figure 2.28 | (a) Scheme of surface passivation method. (b) Improved
operational lifetime of PeLEDs based on the surface passivation method (PEI:

branched polyethylenimine, EDA: ethylenediamine) [163].
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Asintroduced above, the efficacious ion migration suppressionis still lacking
to meet the industrialization requirements of PeLEDs, necessitating an
operational lifetime of at least several years for display screens. One of the
main obstaclesis rendered from the complexionic components inside MHPs.
Current approaches of ion coordination mainly concentrate on the
formation of strong interactions with B-site lead and X-site halide ions. But
maintaining strong coordination to all kinds of ions spontaneously remains a
critical challenge. Meanwhile, the electrochemical stability issue generated
along with the ion migration is also critical during the long-term operation of

PeLEDs, still demanding further investigation.

In summary, PeLEDs are optoelectronic devices that convert electricity into
light through efficient exciton recombination induced by quantum
confinement. Till now, nano-3D PeLEDs, PeQLEDs, and quasi-2D PeLEDs have
been developed to achieve effective quantum confinement. Among PeLED
devices, quasi-2D PeLEDs have been considered particularly successful,
setting the performance record of EQE and lifetime across all categories of
PeLEDs. However, the limited operational stability of PeLEDs has raised
critical challenges, such as phase dimensions, defects, and ion migration
issues, and addressing these issues is urgently required to achieve highly
stable and efficient PeLEDs for potential industrialisation. Therefore, in this

thesis, three corresponding strategies, solvent sieve method, sweet
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coordination strategy, and ion pinning strategy, have been proposed and
successfully employed to tackle these major challenges, as introduced in

Chapter 4 to 6 below.

2.3 Perovskite photovoltaic cells (PePVs).

The initial room temperature optoelectronic application of MHPs was
reported in 2009 as photovoltaic cells as Figure 2.29 [38], with an initial
design as dye sensitized solar cells [38]. In just 15 years, the record power
conversion efficiency (PCE) of PePVs hasincreased from about 3% to over 26%,
as reported by the National Renewable Energy Laboratory (NREL)
certification (Figure 1.5 [27]), approaching the theoretical limit of PCEs of
about 30% for PePVs [164]. Meanwhile, PePVs have achieved impressive
stability, sustaining over 90% of their initial PCEs for several thousand hours

under complicated conditions [165-170].
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Figure 2.29 | First reported PePVsin 2009 [38].

58



The strategies for improving the performance of PePVs diverge from those
employed in from those employed for PeLEDs due to the reverse operational
condition, despite some unique but less efficient light-emitting solar cells, as
shown in Figure 2.30 [171]. While PeLEDs necessitate quantum confinement
effects to govern the exciton recombination processes, PePVs operate via the
photo-induced dissociation of excitons into free charge carriers and
resulting electrical power generation [172]. Therefore, the nanostructures
optimized for exciton confinement and recombination in PeLEDs are not
directly applicable to PePV technology. Meanwhile, critical challenges for
PePVs arise not only from the MHP materials themselves but also from the

delicate device structure [173].

Solar Cell

Figure 2.30 | Different operation processes of PeLEDs and PePVs in a light-

emitting solar cell [171].

The development of PePVs has spun from fundamental material synthesis to

the encapsulation of complete photovoltaic modules. Despite the
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comprehensive nature of these developments, this thesis focuses on a
specific and crucial aspect, the interfacial issue inside two-step quasi-2D
PePVs. Compared with conventional 3D perovskites, quasi-2D perovskites
have enlarged band gaps, which hinders the interfacial energy level matching
[63, 174, 175]. Meanwhile, the two-step method represents a unique
fabrication process involving the immersion or spin-coating of a Pbl, film
with organic salts solution such as methylammonium iodide (MAI) [176],
whereupon crystallization ensues following the interaction between the
organic and inorganic components, as Figure 2.31 presents [174]. Unlike
conventional one-step method which often encounters surface coverage and
uniformity issues due to less controllable film crystallization process [177],
two-step method has boasted benefits of facile fabrication and reliable
reproducibility due to the easily controlled reaction mechanism of Figure
2.32 [174]. Also, the PCE of the two-step method has caught up with the one-
step method with over 25% at lower temperature [178]. The two-step method
fabrication of other optoelectronic devices like perovskite photodetectors
has alsobeenreported[179], indicating the great potential in the preparation

of highly efficient and stable PePVs and other optoelectronic devices.
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Figure 2.31 | Schematic illustration of perovskite fabrication process of one-

step method and two-step method [174].
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Figure 2.32 | Scheme of the reaction mechanism of the two-step method [174].

Despite the superiority of fabrication reproducibility compared to one-step
method, the two-step method does not automatically solve the interfacial
issues in PePVs. Till now, the interfacial issues have imposed a significant
problem for PePV device structure, particularly for quasi-2D PePVs with
enlarged band gaps [180-183]. Considering the complexity of carrier
dynamics inside PePVs (Figure 2.33 [184]), interfacial energy level

mismatching between the MHPs and the charge transporting layers can
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hinder charge extraction and cause severe interfacial recombination,
resulting in deduction of PCEs of PePVs. Additionally, the quality of the
interface, such as the interfacial defect density, is critical for the PCEs and
long-term operational lifetime of PeLEDs [185, 186].
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Figure 2.33 | Carrier dynamics processes and corresponding timescale inside

PePVs [184].

Therefore, to improve the performance of quasi-2D PePVs, modification of
theinterfaceis necessary. The most convenient method for interfacial energy
level matching is to optimize the interface materials themselves, with a large
selection of both electron transporting materials (ETMs) and hole
transporting materials (HTMs) listed in Figure 2.34 [187]. Additionally, the

buried interface between the perovskite and the charge transporting layers
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on the bottom side strongly determines the nucleation and growth process
of MHPs, becoming eminently critical for optimal perovskite growth and
high film quality [18, 188-190]. Through a simple lift-off process, researchers
can directly observe the film quality difference of the surface and the buried

interface (Figure 2.35[191]).
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Figure 2.35 | (a) The lift-off process for direct characterization of the buried
interface for PePVs. (b) Difference in film quality of top surface and buried

interface [191].

Therefore, improving interfaces can significantly enhance the performance
of PePVs and contribute to the industrialization of perovskite photovoltaic
panels, and an ammonium thiocyanate based interfacial modification
method have been introduced to spontaneously passivate interfacial defects

and improve perovskite film quality, and introduced detailed in Chapter 7.
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2.4 Basic fabrication techniques of PeLEDs and PePVs

For MHP based optoelectronic devices including PeLEDs and PePVs, the
fabrication process generally includes solution process, where solution form
precursors are made into thin film with spin-coating, and thermal

evaporation.

The spin-coating process is illustrated as Figure 2.36a. Spin-coating, a thin
film formation technique that has been widely utilized for decades,
represents depositing a small volume of the coating material precursor onto
the central region of a substrate, followed by spinning it with a precisely
controlled high-speed rotation. During this procedure, the substrate
revolves about an axis perpendicular to the plane of the coating zone. The
coating materials are radially dispersed and eventually overflows the edge of
the substrate, resulting in the formation of a uniform thin film coating on the

substrate surface, as Figure 2.36b shows [192].
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Figure 2.36 | (a) Fabrication process of MHPs via spin-coating process. (b)

Four stages of the spin-coating process [192].

The film deposited by spin-coating method can be simply tuned via
parameters control. Generally, the final thickness and other attributes of
spin-coated film are determined by complex interactions between the
physicochemical properties of the coating material precursor itself,
including viscosity, drying kinetics, solid content ratio, surface tension, and
other factors, as well as the operational parameters during the spin coating
process, particularly the rotation velocity and acceleration rate. The fine
tuning of these parameters allows for precise control over the film’s

characteristics and performance.
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As mentioned, numerous factors have significant influence on the spin
coating deposition process. Some parameters such as spin velocity,
acceleration rate, dwell time, or vacuum-assisted solvent removal process
have played critical roles on the final film quality. However, due to the broad
variability of precursor materials and the heterogeneous nature of substrates,
no universally standardized protocols have been established for the spin
coating procedure beyond some fundamental guidelines [193]. However,
some basic defects formed during the spin-coating process should be
prohibited via systematic control and regulation of precursor optimization

and spin-coating parameters, as listed in Figure 2.37 [193].

Figure 2.37 | The defects formed during the spin coating process: (a) Air
bubble. (b) Comets. (c) Swirl pattern. (d) Coffee ring. () Non-deposited area.

(f) Pin holes [193].
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Meanwhile, some other solution fabrication processes are also applied for
MHP based optoelectronic devices including PeLEDs and PePVs: blade-
coating, slot-die coating, and spray coating of MHP materials, as presented in
Figure 2.38 [192]. All the fabrication methodologies are usually employed to
fabricate large area MHP films with high uniformity and have opened a gate
for the mass production and industrialization of MHP based optoelectronic

devices.
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Figure 2.38 | Solution fabrication processes of MHPs: (a) Blade-coating and (b)

Slot-die coating process. (c) Spray coating [192].
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Thermal evaporation (TE), an early established and extensively employed
thin film deposition technology, is a physicochemical process wherein
source materials are heated, vaporized, and subsequently condensed onto
substrates within a high vacuum environment, as Figure 2.39 presents [194].
This method has gained profound applications across the semiconductor
industry, successfully employed in commercial products, such as OLEDs and
thin-film photovoltaic devices [195]. Therefore, thermal evaporation has
become a compelling option for large scale and high-throughput industrial

manufacturing due to its maturity [196].
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Figure 2.39 | Scheme of a representative thermal evaporation method

process [194].
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In this thesis, thermal evaporation has been applied for the deposition
process of conventional organic carrier transporting layers and metal
electrodes. Meanwhile, thermal evaporation fabrication process has been
widely employed for MHP materials to date [197], with multiple strategies
from multi-step deposition to one-step single source evaporation, as

illustrated in Figure 2.40 [198].

Perovskite Deposition by Thermal Evaporation
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- /7 -
—

Evaporation of perovskite Co-evaperation of all precursors {Annealing)
powder or precursors

Figure 2.40 | Thermal evaporation of MHP materials [198].
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2.5 Summary

In this chapter, a thorough literature review on fundamental properties of
perovskite materials and their key structure have been performed.
Subsequently, an in-depth summary of principal challenges for both PeLEDs
and PePVs has been introduced. For PeLEDs, phase dimensions control,
defects management, and ion migration suppression have become eminent
issues, whereas the interface engineering plays a crucial roleinimproving the
performance of PePVs. To overcome these challenges, extensive
investigations into the underlying mechanisms and effective solutions
accordingly should be undertaken, as presented in the following Chapter 4 to
7. Furthermore, basic fabrication techniques of PeLEDs and PePVs such as

solution process and thermal evaporation are also introduced.
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Chapter 3. Methodology
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3.1 Materials
In this thesis, perovskite materials are synthesized via the solution state
reactions in polar solvent such as dimethyl sulfoxide (DMSO) or N-methyl
pyrrolidone (NMP), and the major reaction during the Pb-based perovskite
formationis:

AX + PbX, - APbX, 3.1

Wherein A represents A-site cations, and X represents halides.

Specifically, for PeLEDs, lead bromide (PbBr;, 99.999%), caesium bromide
(CsBr, 99.999%), caesium iodide (Csl, 99.99%), polyvinyl pyrrolidone (PVP,
average molecular weight 40,000), N, N-dimethylformamide (DMF, 99.8%)
and ethanolamine (99.5%) are purchased from Sigma. Formamidine
hydrobromide (FABr, 99%), phenethyl ammonium bromide (PEABr, 99%),
methylammonium chloride (MACI, 99%), 2’,2’-(1,3,5-benzinetriyl)-trwas(1-
phenyl-1-H-benzimidazole) (TPBi, 99%), lithium fluoride (LiF, 99.9%),
PEDOT:PSS (Clevious PVP Al 4083), [6,6]-phenyl-Cé61-butyric acid methyl
ester (PCBM), and phenyl butylammonium iodide (PBAI, 99%) are purchased
from Xian Polymer Light. Lead iodide (Pbl,, > 99.999%), 1-
naphthylmethylammonium iodide (NMAI), chlorobenzene (CB, 99.8%),
hypophosphorous acid (HsPO,, 50% in H,O), formamidine hydrochloride
(FACI, 96%), D-glucose (D-Glc, 99%), and potassium

trifluoromethanesulfonate (CF;SO;K, 98%) are purchased from Macklin.
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Nickel acetate tetrahydrate (99.9%) is purchased from Acros. Hexylamine (HA,
99%) is purchased from TCI. Saccharin (Sacc, 98%), cyclamate sodium (Cyc Na,
99%), NMP (99.9%), phenethylamine (98%), nitrobenzene (NB, 99.5%),
hydrobromic acid (HBr, 48 weight% in H,O, 99.99% metals basis) and lead
oxide (PbO, Aladdin, 99%) are purchased from Aladdin. Ethanol (99.5%) is
purchased from Meryer. PTAA is purchased from Hangzhou LinkZill
Technology Co., Ltd. 2,4,6-Tris(3'-(pyridin-3-yl)biphenyl-3-yl)-1,3,5-triazine
(TmPPPyTz) and 2-(4-(9,10-di(naphthalen-2-yl) anthracen-2-yl)phenyl)-1-
phenyl-1H-benzo[d]imidazole (ADN-PBIP or ZADN) are purchased from

Lumtec. All chemicals are used as received without purification.

For PePVs, SnO; colloid (tin oxide (IV), 15% in H,O colloidal dispersion) is
purchased from Alfa Aesar. FK209 Co(III) TFSI salt and spiro-OMeTAD are
sourced from Xi'an Polymer Light Technology Corp.
Bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI), 4-tert-butylpyridine

(tBP), isopropanol (IPA) and acetonitrile are obtained from Sigma-Aldrich.

3.2 Preparation of perovskite precursor

For PelLEDs, the organometal green perovskite precursor solution is
prepared by dissolving PEABr, FABr, and PbBr, (0.5 mmol/mL) and MACI, with
a molar ratio of 2:3:4:0.1 in NMP. 3 mg/ml CF5SOsK is added as solid in the

solution. For saccharin perovskites, 10 mg/ml Sacc is added as solid together
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with other solids. Then, the solution is stirred overnight and filtered with a
0.22 um PTFE filter before use. The inorganic green perovskite precursor
solution is prepared by dissolving CsBr, PbBr, (0.3 mmol/mL), PEABr, and
MACI, with a molar ratio of 1.2:1:0.4:0.05 in DMSO. 2 mg/ml PVP is added in
the solution. For saccharin perovskites, 5 mg/ml Sacc is added as solid
together with other contents. Then, the solutionis stirred at 60 °C for 2 hours
to ensure that all the contents are fully dissolved and filtered with a 0.22 pm
PTFE filter before use. The inorganic pure red perovskite precursor solution
is prepared by dissolving Csl, PBAI, NMAI, and Pbl, with the molar ratios of
1.2:1:1:2 in DMF with Pb?* molar concentration of 0.1 M, respectively. For
saccharin-added solution, 10 mg/mL saccharin is added with the same
contents in the precursor solution. The solutions are stirred at room

temperature before use.

3.3 Device fabrication

For organometal green PeLEDs (Chapter 4, Chapter 5, and Chapter 6), pre-
patterned fluorine doped tin oxide (FTO) glass substrates (HT14, 14 Q/sq.,
Liaoning Advanced Election Technology Co., Ltd) are cleaned using
ultrasonication in deionized water, acetone, and isopropanol for 15 min,
respectively. The substrates are dried with nitrogen flow, followed by
ultraviolet ozone treatment for 15 minutes. Nickel oxide (NiOx) is fabricated

by spin-coating precursor (made by dissolving nickel acetate tetrahydrate
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(24.886 mg/mL), ethanolamine (6.108 pL/mL) in ethanol and stirred at 65 °C
for2 h) onto the FTO-coated glass substrates at 6,000 revolutions per minute
(rpm) and annealing at 500 °C for one hour. PVP is then spin-coated from
solution (2 mg/mL in DMF) at 8,000 rpm and is annealed at 120 °C for 10 min.
Subsequently, the substrates are transferred to a nitrogen-filled glovebox,
and the perovskite film is spin-coated from the precursor at 4,000 rpm for
180 s at a controlled temperature of 16+1°C and annealed at 90 °C for 10 min.
During the spin-coating of perovskite film, 200 pL of CB is gently dropped as
anti-solvent in 1s after 45 s of spinning with 200 pL pipette. Then, 100 pL of
HA dissolved in CB (2% by volume) is dripped onto the perovskite film for 2 s,
spin-coated at 10,000 rpm for 60 s to remove extra solvent sieve, and then
annealed at 90 °C for 10 min to remove all the residual solvent. Finally, the
substrates are transferred into a vacuum chamber and TmPPPyTz (0.1A/s, 5
nm), ADN-PBIP (0.3 A/s, 40 nm), LiF (0.05A/s, 1nm), Al (1A/s, 80 nm) and Ag
(0.2 A/s, 20 nm) are sequentially evaporated through a shadow mask. The
effective area is 0.04 cm?, defined by the overlapping area of FTO and metal

electrodes.

Forinorganic green PeLEDs (Chapter 5), NiOx and PVP layer are fabricated on
pre-cleaned patterned FTO glass substrates (HT14, 14 Q/sq., Liaoning
Advanced Election Technology Co., Ltd). Nickel oxide (NiO,) is fabricated by

spin-coating precursor (made by dissolving nickel acetate tetrahydrate
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(24.886 mg/mL), ethanolamine (6.108 pL/mL) in ethanol and stirred at 65 °C
for 2 h) onto the FTO-coated glass substrates at 6,000 rpm and annealing at
500 °C for one hour. PVP is then spin-coated from solution (2 mg/mL in DMF)
at 8,000 rpm and is annealed at 120 °C for 10 min. Subsequently, the
substrates are transferred to a nitrogen-filled glovebox, and the perovskite
film is spin-coated from the precursor at 3500 rpm for 90 s at a controlled
temperature of 20+1°Cand annealed at 90 °C for 10 min. Then, the substrates
are transferred into a vacuum chamber and TPBi (0.3 A/s, 40 nm), LiF (0.05
A/s, 1 nm), Al (1 A/s, 80 nm) and Ag (0.2 A/s, 20 nm) are sequentially
evaporated through a shadow mask. The effective area is 0.04 cm?, defined

by the overlapping area of FTO and metal electrodes.

Forinorganic pure red PeLED (Chapter 5), indium tin oxide (ITO) coated glass
substrates (15 Q/sq., Liaoning Advanced Election Technology Co., Ltd) are
cleaned by deionized water, acetone, and alcohol under the ultrasonic bath
in sequence. After they are dried, ITO substrates are treated with O, plasma
for 15 min before spin-coating HILs. PEDOT: PSS is spin-coated on ITO
substrates at 4,000 rpm for 40 s and then baked at 150 °C for 15 min. Then
PTAA (5 mg/mL) is spin-coated at 10,000 rpm for 30 s and annealing at 125 °C
for 15 min. After this, perovskite films are prepared by spin-coating the
precursor solution onto the HTLs at 4,000 rpm for 60 s in the N, glovebox,

followed by annealing at 80 °C for 15 min. Finally, the substrates are
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transferred into a nitrogen glovebox, TPBi (40 nm), LiF (1 nm), and Al
electrode (100 nm) is deposited in a thermal evaporation system. The

effective areais 0.04 cm?.

For PePVs (Chapter 7), the ITO glass substrates are sonicated in ITO cleaner,
with deionized water, acetone, and IPA for 15 minutes each to ensure
thorough cleaning. Prior to usage, the ITO glass substrate undergoes a 15-
minute treatment with a UV ozone device. The SnO; solution (2.67%, diluted
with deionized water) is spin-coated onto the ITO glass substrate at 4,000
rpm for 30 seconds, followed by annealing at 150 °C for 30 minutes in
ambient air. Afterwards, the substrate undergoes a 10-minute UV ozone
cleaning process to enhance surface wettability with UV-ozone cleaner
BZS250GF-TC. For comparison, NHsSCN solution (0.05-0.2 mg in 1 ml H,0) is
spin-coated onto SnO; at 5,000 rpm for 30 seconds and subsequently
thermally annealed at 100 °C for 10 minutes under ambient air conditions.
Afterwards, a 1.3 M Pbl2 solution in DMF: DMSO (9:1) solvent is spin-coated
onto Sn0; at 1,000 rpm. for 30 seconds, then annealed at 70 °C for 1 minute
and cooled to room temperature. For perovskite film deposition, FAl: MAI:
MACI: PEAI (78 mg:5.54 mg:7.8 mg:2 mg in 1 ml IPA) solution is spin-coated
onto Pbl; at a spin rate of 1500 rpm for 30 s and then thermally annealed at
150 °C for 15 min under ambient air conditions (30-40% humidity). For

comparison, 3mg/ml NH,SCN is added into perovskite precursor as additive
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[199]. Following perovskite formation, the samples are transferred to a glove
box filled with nitrogen for subsequent processing. A solution of spiro-
OMeTAD is deposited onto the perovskite layer with a spin rate of 3,000 rpm
for 30 seconds. The solution consists of 72.3 mg spiro-OMeTAD, 35 pL lithium
LiTFSI stock solution (260 mg LiTFSI inlml acetonitrile), 10pl FK209 (tris(2-
(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(lII)
tris(bis(trifluoromethylsulfonyl) solution (300 mg FK209 in1ml acetonitrile),
30 pL 4-tert-butylpyridine, and 1 ml chlorobenzene. An 80 nm-thick Au film
is thermally evaporated, employing a shadow mask to serve as the counter

electrode.

In summary, the fabricated PeLEDs and PePVs are devices with multi-layer
thin films. The representative PeLEDs and PePVs structures are shown as
Figure 3.1aand Figure 3.1b, respectively. Both devices exhibit similar thin film
stacking structure, with main differences of materials selection for charge
transporting layers and notable MHP layer thickness. PeLEDs usually have a
MHP thickness of no more than 100 nm for efficient light outcoupling [7],
while the MHP thickness for PePVs typically exceeds several hundred

nanometres to ensure light absorption and utilization.
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a. b.

Metal electrode (Au)

Metal electrode (Al/Ag) HTL (Spiro-OMeTAD)
MHPs
ETL (SnO,)

ETL (TPBi)
MHPs
HTL (NiOx/PVP,

Glass substrate Glass substrate

Figure 3.1 | Representative device structures of (a) PeLEDs and (b) PePVs.

3.4 Monocrystal synthesis

The monocrystals are synthesized following the previous reported method
[200]. PbO (2 mol/l), FACl and phenethylamine is mixed in the stoichiometry
0f1:0:2 (n=1) or 2:1:2 (n=2) in a mixture of hydrobromic acid (HBr, 48 weight%
in H,0) and hypophosphorous acid (H;PO,, 50% in H>O). The solution is
heated to a temperature of 220 C under continuous stirring until all the
precursors are dissolved, and the solution starts to boil. Then, the solution is
left cooling down to room temperature and the monocrystals start to
crystallize. The monocrystal powders are then collected and washed with CB.
The quality and phase purity of the synthesized powders are verified by x-ray
diffraction at the wavelength of A=1.54189 A, step size of 0.1 degree, and 2-

theta range from 5to 30 degree.

3.5 Characterization

For PeLEDs, the sheet resistivity is measured with 4D Model 280 DI four-point
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probe. The absorption spectra are measured with the PerkinElmer LAMBDA
1050+ UV/Vis/NIR Spectrophotometer. Grazing incidence wide angle X-ray
scattering (GIWAXS) experiments are performed using a Xenocs Xeuss 3.0
laboratory beamline at the Vacuum Interconnected Nanotech Workstation
(Nano-X) of Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese
Academy of Sciences. An X-ray wavelength of A=1.54189 A and a beam size of
(0.9x0.9) mm? is employed for the measurements. The scattered intensities
are collected using a Dectris EIGER2 R 1M detector at a sample to detector
distance of 100 mm, with an incident angle of 0.2 degree. PL and PLQY is
measured by Hamamatsu C9920-2 absolute PL quantum yield spectrometer.
Transient PLis measured by Hitachi F-4600 fluorescence spectrophotometer
with a total activation energy of 1 pJ. X-ray photoelectron spectroscopy (XPS)
spectra are acquired with Kratos AXIS ULTRA X-ray photoelectron
spectrometer. Transient absorption spectroscopy (TAS) results are acquired
on a Helios setup, where a nondegenerate pump-probe configuration is
applied to probe the transient dynamics (50 fs to 7 ns). Additionally, the
pump and probe laser pulses are generated by frequency doubling the
fundamental output (Coherent Vitesse, 80 MHz, Ti-sapphire laser) and white
light is generated with a sapphire plate, respectively. The pump wavelength
is 360 nm. Fourier transform infrared spectra (FTIR) is performed with
Thermal Fisher IS50 Fourier transform infrared spectrometer. In-situ UV-Vis

absorptionis conducted with Ocean Optics QE Pro spectrometer, deuterium
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tungsten halogen light source and optical fibres during spin-coating. The
integration time of the spectrometer is 0.2 s. Solubility is measured by a
dynamic method, where powders are added into continuous stirred solvents
under water bath of 16 °C. The refractive index of our perovskite is obtained
from the ellipsometry measurement with M-2000DI ellipsometer, J. A.

WoollamInc.

The electroluminescence performance of devices is measured with a
photodiode-based setup [201]. Electroluminescence spectra are obtained
using an Ocean Optics USB 2000+ spectrometer with the devices driven at a
constant current with a Keithley 2400 source meter. The /-V-L characteristics
of the devices are taken under ambient conditions with a Keithley 2400
source meter measuring the sweeping voltages and currents and a Keithley
6485 Picoammeter together with a calibrated silicon detector (Edmund)
measuring light intensities. Luminance is calibrated using a photometer
(Spectra Scan PR655) with the assumption of Lambertian emission pattern of
all devices. The EQEs are cross-checked with an integrating sphere (IS, XP-
EQE-Adv, Guangzhou Xipu Optoelectronics), which calibrated with a
standard light source HL-3P-INT-CAL, Ocean Insight Inc. (serial number:
7003P2143). Angular dependent electroluminescence (EL) intensity is
measured with our EQE setup and a swivel bracket on the optical platform,

and the deviceis operated under a fixed bias of 3.6 V. The operational lifetime
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test is conducted under ambient conditions at room temperature (20+2 °C)
using a commercialized lifetime test system (Guangzhou Jinghe Equipment
Co., Ltd). The devices are encapsulated with Nagase UV epoxy resin

XNR5516Z(C)-SAl and capping glasses.

For PePVs, the SEM images are acquired using a field-emission SEM Verios G4
UC with an accelerating voltage of 3 kV. AFM images are obtained using a
Dimension ICON 8 in tapping mode. The XRD patterns are characterizedona
German Brooke polycrystalline X-ray diffractometer using a Cu Kq. The time-
of-flight secondary ion mass spectrometry (TOF-SIMS) is performed by
TOF.SIMS5-100 at the Vacuum Interconnected Nanotech Workstation (Nano-
X) of Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of
Sciences. Steady-state photoluminescence (PL) measurements are
conducted using an integrated confocal microscopy system (FL3-111) with
laser excitation at a wavelength of 450 nm and a fluence of approximately 0.1
p/cm2. The /-Vcurves are characterized under simulated air mass (AM) 1.5G
illumination using a solar simulator (Enlitech SS-F5-3A, 100 mW/cm?) and a
Keithley 2400 source meter. The solar cells are measured under reverse scan
(+1.5Vto-0.1V) and forward scan (-0.1V to +1.5 V) with a step size of 0.02 V
and a delay time of 100 ms. The EQE is measured using an integrated system
from Enlitech (QE-R3011). The capacitance of devices is measured under dark

conditions. The maximum power point (MPP) tracking tests of different
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devices are performed on the setup of CRYSCO P3000 in the ambient
atmosphere at 25°C and 65°C, where devices are encapsulated with YKO03

UV seal glue and capping glass.

3.6 Simulation

To evaluate the interactions between different molecules and perovskite
materials, Abinitiosimulationis performed with Cambridge Sequential Total
Energy Package (CASTEP, version 20.1.1) [202]. All the geometry optimization
processes are conducted with generalized gradient approximation (GGA)
type Perdew Burke Ernzerhof (PBE) exchange-correlation functional [203]
with Koelling-Harmon relativistic treatment, and on the fly generated (OTFG)
ultrasoft pseudopotential is applied for better accuracy and consistency.
Also, the plane wave basis cut-off energy is set at 680 eV, and the self-
consistent convergence total energy is chosen to be as 5x107 eV/atom
where maximum force, maximum displacement and maximum stress are set
to be as 0.01 eV/A, 5x10* A and 0.02 GPa respectively unless specified.
5x5x5 Monkhorst-Pack k-point grids are applied for perovskite lattice and
molecules geometry optimization, while 2x2x4 superlattice surface models
with 30 A vacuum slab are further geometrically optimized by 3x3x1 k-point

sampling. The formation energy is defined be the formula of

EFormation - |EPer0vskites with molecule ~— (EMolecule + EPerovskite)l 3.2
All the atomic structures are visualized with Visualization for Electronic and
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Structural Analysis software (VESTA, version 3.5.8) [204].

For optical simulation, the outcoupling efficiency are obtained from the
calculated Poynting vectors at each interface of our PeLED structure of glass
(n=1.45, incoherent)/FTO (n=1.96, 360 nm)/NiOx (n=1.89, 20 nm)/PVP (n=1.53,
3 nm)/perovskite/TmPPPyTz (n=1.9, 5 nm)/AND-PBIP (n=1.9, 40 nm)/LiF
(n=1.39, 1 nm)/Al (n from literature [205], 120 nm), using a recently proposed
method [206, 207]. This method has considered the photon recycling effect
of perovskite film, wherein the photons absorbed by perovskite film can be
re-emitted due to the high PLQY of MHP materials. Therefore, the maximum
outcoupling efficiency with photon recycling effect are obtained at each
perovskite thickness by integrating the results for dipoles with different
wavelengths, orientations (vertical and horizontal), polarisations (s and p)

and positions (10 positions uniformly distributed over the perovskite layer).
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Chapter 4. Resolving Phase Dimensions
with Solvent Sieve Method
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4.1Introduction
In this chapter, a formamidinium-based organometal quasi-2D perovskite
material system and corresponding PeLED devices are investigated. The
quasi-2D perovskites are then fabricated by spin-coating the precursors with
a composition of phenethylammonium bromide (PEABr), formamidinium
bromide (FABr) and lead bromide (PbBr,) in a molar ratio of 2:3:4 [208], with
a typical chemical formula of PEA,FA..Pb.X3,1. Similar as Equation 3.1, the
main chemical reaction happened during the film fabrication process is:
2PEAX + (n — 1)FAX + nPbX, — PEA,FA,_1Pb, X211 41
Wherein X represents halide and n represents the n value. As illustrated in
Chapter 2, the n values of different quantum wells are critical for perovskite
properties. Therefore, the stability difference between different n valued

phasesis firstly investigated.

4.2 Instability of low-n phases inside quasi-2D perovskites

The stability of different n valued phases is firstly compared via the ambient
stability test. For quantum wells with smaller n values, the band gaps of
quantum wells are enlarged due to their stronger quantum confinement.
Therefore, the low n phases have larger band gaps and corresponding blue
shifted absorption peaks compared to higher n phases, enabling convenient
identification through absorption spectroscopy. Figure 4.1 showed that the

absorption peaks of low n phases (such as 400 nm for n=1) disappeared firstly,
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indicating that the degradation of quasi-2D perovskites starts from the
decomposition of low-n phases. Therefore, the instability of low-n phases
inside quasi-2D perovskites is confirmed, which originates from the different
crystallization processes and corresponding different structures of low-n

phases inside quasi-2D perovskites from the ideal cases.

— 0 min

— 10 min
n= — 30 min

Intensity (a.u.)

4CIJO 5(I)0 600
Wavelength (nm)

Figure 4.1| Ambient stability of low n phases inside quasi-2D perovskites.

However, the finding of low n phase instability above doesn’t solve the
“contradiction” raised in Chapter 2.2.1”, wherein our experimental
observations seemingly diverge from some theoretical results. Meanwhile,

the critical concern of the foundational mechanism dictating the stability
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difference between the different n valued phases are still not unveiled.
Therefore, more analysis about the phase stability inside and outside the

quasi-2D perovskites shall be performed.

First, the differences between low n phases inside quasi-2D perovskites and
pure 2D perovskites (n=1 monocrystals with ideal 2D structure [200]) are
checked. The key difference between quasi-2D perovskites and n=1
monocrystals is the crystallization processes. With in-situ absorption
measurement, the formation process of low n phases in quasi-2D perovskites
are tracked. Herein, t=0 s represents the dripping of anti-solvent. As shownin
Figure 4.2, low n phases in quasi-2D perovskites formed immediately after
anti-solvent dripping (-3 s), and the intensity reached the maximum within
20 s, indicating that most of low n phases formed rapidly and are likely to be
low-quality and defective due to limited period for ion diffusion. While for
n=1 monocrystals, overnight cooling (cooling rate set to ~0.5 °C/min, >400
min) is required to ensure a much slower crystallization rate and substantial
time for ion diffusion to get high-quality 2D n=1 monocrystals. Therefore, the
significant difference in the crystallization process between low n phases
inside quasi-2D perovskites and 2D perovskites led to a significant difference
in the crystal quality, especially in the defect density, where low n phases
inside quasi-2D perovskites are much more defective than ideal 2D

perovskites due to the rapid crystallization process.
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Figure 4.2 | (a) In-situ absorption measurement of quasi-2D perovskite
formation during spin-coating. (b) Intensity changes at different

wavelengths for divergent phases.

The rapid crystallization process leads to inferior crystal quality with more
defects for low n phases inside quasi-2D perovskites, compared with 2D n=1
monocrystals. From the XRD patterns (Figure 4.3), the n=1 monocrystals
show very narrow and mono-distributed diffraction patterns, consistent with
the ideal crystal structure of n=1 monocrystals. However, for quasi-2D
perovskite film, the diffraction peaks for low n phases are highly diffused with
irregular side peaks, in good accordance with their inferior crystallinity,

significant lattice distortion and high defect density.
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Figure 4.3 | (a) Photograph and (b) X-ray diffraction patterns of synthesized

n=1 monocrystals and quasi-2D perovskite films.

Furthermore, a spectroscopic analysing method like transient absorption
spectroscopy (TAS) is also employed to compare the defect densities. The

kinetics are fitted by a triple-exponential function:

_t=to _t=tq _t=tg
AA(t) =Ae ™1 +A,e T2 +Aze T3

4.2

where A;, Az and Asare amplitudes, fis initial time constant, 7;, 7zand 7zare
decay time constants. Only the decay processes are fitted, and all the
intensities are normalized for direct comparison. Herein, the first order
constants A; and 7; mainly describe the process of trap assisted
recombination[209] and are listed in the inset to compare the defect density.
Based on the fitting, the A;of n=1 phases inside quasi-2D perovskite is much
higher than that of 2D n=1 monocrystal, meaning that the exciton decay

process in n=1 phases of quasi-2D perovskite is dominated by trap assisted
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recombination, Therefore, the low n phases of quasi-2D perovskite are much

more defective than 2D n=1 monocrystals.

= n=1quasi-2D
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Figure 4.4 | TAS photobleaching features for quasi-2D perovskites and 2D n=1
monocrystals (402 nm) and fitted first-order decay time constants (7;) and

corresponding amplitudes (A;) of fitting curves (inset).

The highly defectiveness of low n phases inside quasi-2D perovskites leads to
poor stability. The ambient stability of 2D n=1 monocrystals is tracked by
measuring the UV-Vis absorption spectra changes during storing both films
in the atmosphere (50+10% humidity, 22+2 °C), as shown in Figure 4.5. The 2D

n=1 monocrystals are extremely stable during storage period with almost no
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changes in absorption spectra during the 240 minutes, presenting much
better stability than low n phases in quasi-2D perovskites (Figure 4.1). This
indicate that low n phases inside quasi-2D perovskites degrade firstly in the
ambient and trigger the full degradation of quasi-2D perovskites, in good
accordance with the theory in the literature that the degradation of quasi-2D

perovskites starts from the edge of the low n phases [101].
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Figure 4.5 | Ambient stability of 2D n=1 monocrystals.

In summary, the observed “contradiction” regarding low n phase stability
between the experiment and theoretical results stems from differences in

their structural characteristics of low n phases. Theoretical simulations
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utilize idealized structures of low n phases, leading to computation results
that suggest low n phases possess higher binding energies and consequent
stability compared to those higher n counterparts. Conversely, in real quasi-
2D perovskite systems, the rapid crystallization process during spin-coating
results in highly defective and distorted low n phases, which diverge
significantly from the ideal cases. Thereby, the low n phases inside quasi-2D
perovskites become the origin of instability and shall be removed thoroughly

to improve the perovskite stability.

4.3 High-quantum-yield perovskites by solvent sieve method

To selectively remove those undesirable low-n phases, a novel “solvent sieve”
methodis developed. The solvent sieve is composed of mixing a polar solvent
and nonpolar anti-solvent together, and the treatment is performed by

pouring mixed solvent directly onto perovskite films, as shown in Figure 4.6.
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Figure 4.6 | Scheme of solvent sieve method.

Herein the polar solvent serves as the mesh of the solvent sieve, interacting
with perovskites, whereas the nonpolar solvent serves as the framework part,
without the sieving effect on perovskites. Due to their ionic crystal property,
perovskites can be dissolved in some polar solvents but resist nonpolar anti-
solvents. A vast range of polar and nonpolar solvent combinations can serve
as solvent sieves (some typical combinations and corresponding device EQEs
listed in Table 4.1). One of the most efficient solvent sieve systems employed
in this study (consists of hexylamine (HA) and chlorobenzene (CB), as Figure

4.7 shows).
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Table 4.1| Some solvent sieves assessed in this study.

Polar content (2% Nonpolar EQEm.x of fabricated PeLEDs
vol) content (%)
12.5
Butylamine Chlorobenzene 6.1
Amylamine Chlorobenzene 17.8
Hexylamine Chlorobenzene 29.5
Heptamine Chlorobenzene 17.2
Octylamine Chlorobenzene 9.7
Hydroxy hexylamine | Chlorobenzene 0.3
Hexylamine Toluene 24.3
Hexylamine Ethyl acetate 16.9
Hexanoic acid Chlorobenzene 0.0
Dimethyl sulfoxide Chlorobenzene 0.0

Hexylamine

Chlorobenzene

17.7 (nanocrystal pinning)
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Hexylamine (HA) Chlorobenzene (CB)

Figure 4.7 | Chemical structure of HA and CB. Atoms: H (white), C (black), N

(blue), Cl (green).

When the concentration of polar HA content in the solvent sieve increases
from O to 5%, the thickness of treated film decreases from over 70 nm to
approximately 40 nm correspondingly, implying that the solvent sieve has
significant dissolving effect on the perovskite film, and part of the perovskite

films have been effectively removed, as shown in Figure 4.8.
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Figure 4.8 | Perovskite film thickness box plots after being sieved with solvent
sieve (HA/CB) of different polar solvent concentrations. In the box plots, the
black dots represent the data points, and the curves show the distribution
trends; the middle bar represents the median, and the box represents the

interquartile range; bars extend to 1.5x the interquartile range.

The selectivity of solvent sieves on perovskite phase dimensions is
determined by the polar content concentration. The phase selectivity is
demonstrated via optical and structural analysis. Figure 4.9 shows the
absorption spectra of perovskites sieved with different polar solvent
concentrations. Even when sieved at a relatively low polar solvent ratio (0.5%
vol, for example), the low-n (n=1, 2) absorption peaks of the quasi-2D

perovskites diminish selectively. As the concentration of polar content
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increases, most of the n =1phase is removed after 0.5% HA/CB solvent sieving,
and all of the n=1 and most of the n=2 phases are removed after 2% HA/CB
solvent sieving, which indicates the removal of target phases with proper

polar content concentration within this range.
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Figure 4.9 | Absorption spectrum of perovskite films solvent-sieved at

different polar solvent concentrations.

Herein the polarity and donor ability of the solvent sieve played an important
role in phase selectivity [200] and film quality. For the low-quality low-n
phases in quasi-2D perovskites, rapid dissolution happens within just a few

seconds (Figure 4.10). Therefore, effective removal of low-n phases from
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quasi-2D perovskites could be achieved during the spin-coating process. The
short-period processing of solvent sieve method is promising for large scale

fabricationin the industry.

Intensity (a.u.)

4c')o ' 560 | 600
Wavelength (nm)

Figure 4.10 | In-situ UV-Vis absorptionresults during the solvent sieve process.

More detailed structure information is given by the grazing- incidence wide-
angle X-ray scattering (GIWAXS) characterization (Figure 4.11). In pristine
quasi-2D perovskites, strong low-n value peaks are observed, and highly
corrugated orientation structures are also observed from the points-like
GIWAXS pattern. After being sieved (2% by volume), perovskites show almost
no low-n peaks. Allthe n =1phases, and most of the n = 2 phases, are removed.

Moreover, the expanding arc form of the GIWAXS pattern indicates that the
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orientation of 2D phases distributes more evenly, beneficial for the overall

charge transfer in PeLEDs.
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Figure 4.11 | GIWAXS pattern of (a) Pristine and (b) Solvent-sieved perovskite

films.

The surface roughness of the perovskite films is also greatly reduced after
solvent sieving (Figure 4.12). It is observed that the peaks and ridges of the
pristine samples are removed after the solvent sieving treatment. More
details of thin film surface morphology are further unveiled with SEM, as
Figure 4.13 presents. It can be discovered that the pristine film contains some
high-contrast bars and particles, which are usually considered as lead
bromide crystals. While for solvent sieved samples, the surface is highly
uniform and smooth, indicating an excellent film quality as well. The smooth

surface of the solvent-sieved sample contributes to better contacts with the
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top layers, enabling low interfacial energy losses and high efficiency for

PeLED devices.

da. Pristine b. Solvent sieved

Height 2.0 um Height 2.0um
RMS = 5.63 nm d RMS = 1.91 nm

Height 590.0 nm Height 590.0 nm
Figure 4.12 | surface morphology of (a) (c) Pristine and (b) (d) Solvent sieved
perovskite film by atomic force microscope. The much smoother surface of

solvent sieved perovskite contributes to better contact and film stability.
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Figure 4.13 | Surface SEM images of (a) (c) Pristine and (b) (d) Solvent sieved

perovskite films.

The optical properties of perovskites can be improved by the solvent sieve
method. The typical photoluminescent spectra of pristine and solvent-sieved
perovskite films are shown in Figure 4.14. Both films show the emission peaks
of around 528 nm, while solvent sieved film have a smaller FWHM compared
to the pristine one, indicating a better radiative phase purity. As shown in
Figure 4.15, solvent-sieved perovskites have higher PLQYs than pristine
perovskites within a broad range of 0.5% to 3% polar content. The improved

PLQYs from O to 2% indicate decreased non-radiative rates and
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corresponding decreased trap densities inside solvent-sieved perovskites.

When the polar solvent ratio was too large (like 3%), the perovskite was

dissolved and the PLQY began to drop.
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Figure 4.14 | Photoluminescent spectrum of pristine and solvent sieved

perovskites.
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Figure 4.15| PLQY box plots for pristine and solvent-sieved perovskites. In the
box plots, the black dots represent the data points, and the curves show the
distribution trends; the middle bar represents the median, and the box

represents theinterquartile range; bars extend to 1.5x the interquartile range.

Transient photoluminescence measurements are also conducted to
characterize the exciton decay lifetime of perovskites. In a typical
measurement (Figure 4.16), a sieved perovskite has much longer decay
lifetime than a pristine one. Since the trap density is inversely correlated with
the transient photoluminescence decay lifetime [210], the longer
photoactivated carrier decay lifetime reveals lower trap density of solvent-
sieved perovskites. Together with the structure characterizations, the
solvent sieve method demonstrates its efficient removal of defects with high

energy in perovskites.
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Figure 4.16 | Representative transient photoluminescence results of pristine

and solvent-sieved perovskites. a.u., arbitrary units.

4 4 Intrinsic stable perovskites and excellent energy funnelling

The phases of quasi-2D perovskites are greatly purified by selectively
screening out undesirable defect-rich low-n phases viasolvent sieve methods,
thus unleashing the stability potential of quasi-2D perovskites. The solvent-
sieved perovskites show strong chemically stability while exposed to humid
air, as confirmed by X-ray photoelectron spectroscopy (XPS) results. Figure
4.17 compares the XPS spectra of pristine and solvent-sieved perovskites. It is
believed that the decomposition of nitrogen-containing organics is a main

cause of perovskites degradation [211]. For nitrogen element, hardly any
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changes can be seen after 28 days of continuous exposure to ambient air
(50+10% humidity) for the solvent-sieved sample, whereas dramatic change
is observed in the pristine sample. No CHs-group signal at 0.9 ppm chemical
shift is observed in 1H nuclear magnetic resonance (NMR) results in both
pristine and solvent-sieved samples (Figure 4.18), meaning that no

measurable HA molecules are attached to the perovskite films.
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Figure 4.17 | XPS spectra of Pb and N in (a, b) pristine and (c, d) solvent-sieved

perovskite films.
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Figure 4.18 | 'H NMR results of spectra of hexylamine, pristine and solvent
sieved perovskite films. The materials are dissolved in de-DMSO. The
concentration of hexylamine is 20% vol, and for perovskites, 3x3 cm?

perovskite films are fully dissolved in 0.5 ml de-DMSO.

In quasi-2D perovskites, the multi-quantum-well nature leads to an energy
transfer from large-bandgap, low-n phases to small-bandgap, higher-n
phases [68]. Herein, transient absorption spectroscopy measurements are
conducted to gain a deeper insight into the energy transfer process inside
quasi-2D perovskites. The decay kinetics of domains with different n values
of both samples are given in Figure 4.19. It is shown that in the solvent-sieved
perovskites, the intensity changes for n >4 phases (at around 518 nm) reach
their maximum in1 ps, much faster than pristine ones (over 3 ps), indicating

a much faster energy funnelling process from low-n phases to higher-n
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phases in solvent-sieved perovskites, as shown in Figure 4.20. Furthermore,

in pristine perovskites, strong n=1and 2 peaks (around 402 and 435 nm) are

observed, indicating a long and complicated energy transfer path; however,

in solvent-sieved samples, almost all the low-dimensional peaks disappear,

indicating that the exciton decay routine is greatly shortened.
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Figure 4.19 | Transient absorption spectroscopy results of (a) Pristine and (b)

Solvent-sieved samples.
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Figure 4.20 | TAS photobleaching features for (a) Pristine and (b) Solvent

sieved samples.
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Further exciton dynamics analysis is conducted through fitting the decay
process of TAS with a triple-exponential model (Equation 4.2), as shown in
Figure 4.21. It can be found that the A;of low-n phases (n=1and n=2) is much
higher than that of n>4 phases in both pristine and solvent-sieved
perovskites, showing that the exciton decay process in low-n phases is
dominated by trap-assisted recombination, which indicates that the low-n
phases are even more defective than higher-n phases, proving the

effectiveness of solvent sieve method in reducing the perovskite film defect

density.
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Figure 4.21 | Fitting curves of TAS photobleaching kinetics for different

phases (402 nm for n=1, 435 nm for n=2 and 518 nm for n>4 phases).
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Table 4.2 | TAS photobleaching kinetics for pristine and solvent sieved

perovskite films.

Perovskite film A; 7:(ps)

n=1 0.393 0.202

Pristine n=2 0.317 0.346
n>4 0.194 7.904

n=1 0.389 0.212

Solvent sieved n=2 0.335 0.380
n>4 0.173 8.051

4.5 Performance of PeLED device

With the removal of defects and significantly enhanced energy funnelling,
high-performance PeLED devices are fabricated. The PeLED device structure
in this study is FTO /NiO«/PVP / perovskites / TmPPPyTz / LiF/ Al, as shownin

Figure 4.22.
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Figure 4.22 | Device structure of PeLED device.

The electroluminescence intensity follows a Lambertian distribution (the
standard diffuse reflection model, Figure 4.24), indicating that the PeLEDs
are normal LED devices without extra optical outcoupling. The
electroluminescence spectra, current density-voltage-luminance (/-V-L1)
and the EQE characteristics are plotted in Figure 4.23. The pristine and
solvent-sieved PeLEDs show emission peaks at 530 nm and 531 nm, a FWHM
of24.0 and 22.1 nm, and CIE coordination at (0.193, 0.760) and (0.192, 0.764),
respectively. The /-V-L curve of solvent sieved PeLED exhibits much higher
current density and luminance than the pristine one, in good accordance
with the improved energy funnelling and luminescent properties of solvent

sieved perovskites (Figure 4.23b).
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Figure 4.23 | PeLEDs performance. (a) Representative electroluminescence
spectra of PeLED devices. The grey dashed line marks the FWHM. (b) /-V-L
data of champion PeLED devices. (c) The EQE of champion devices based on
pristine and solvent-sieved perovskite films, respectively (statistical data of

over 30 devices available in Figure 4.26).
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Figure 4.24 | Angular dependent electroluminescence (EL) intensity of

solvent sieved PeLED.

As aresult, the solvent-sieved PeLEDs possess a highest EQE of 29.5% (Figure
4.23c) and corresponding current efficiency (CE) 0f124.0 cd A (Figure 4.25),
with an average EQE of 26.5+1.4% over 30 devices (Figure 4.26)—over an
order of magnitude higher than the pristine EQEn.x of 12.5%. Meanwhile, the
maximum luminance of the solvent-sieved device reaches a record
brightness 0f 147,872.8 cd m=2for highly efficient quasi-2D PeLEDs. The high
luminance of solvent sieved PeLEDs shows enormous potential in the

applications of display and lighting.
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Figure 4.25 | Current efficiency versus current density for best-performance

PeLED devices.

10

Count
()]

20 22 24 26 28 30 32
Device EQE (%)
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The PeLED device performance is further confirmed with both our EQE
measurement set-up and integrating sphere (Figure 4.27) [212]. The
consistent crosscheck results with different setups have ensured the

reliability of our EQE measurements.
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Figure 4.27 | EQE for the same device measured by our setup and an
integration sphere (XP-EQE-Adv). The EQEn.x of this device is measured to be

28.30% (setup) and 28.39% (integrating sphere).

Then, the optical simulation results, with the measured refractive index of
perovskite film, are also appended (Figure 4.28) using the transfer matrix
method code, oledpy. Over 30% theoretical outcoupling efficiency can be

theoretically achieved with active layer thickness from 20 to 80 nmaccording
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to the simulation. The theoretical outcoupling efficiency is 33.9% at a

perovskite thickness of 60 nm.
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Figure 4.28 | (a) Refractive index n and extinction coefficient k of the
perovskite emissive layer. (b) Outcoupling probability distribution as the

function of perovskite layer thickness.
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The operational lifetime of PeLED devices is presented in Figure 4.29. The
initial luminanceis tuned to 12,000 cd m2and all the devices are measured at
constant current density mode. The champion 75 (the time at which the
luminance drops to the 50% of initial value) of solvent-sieved PeLED devices
reaches18.67 h (whichisequivalenttoover 50,317 hor5.7yearsat100 cdm;
see Figure 4.30 and Table Al-1)—nearly two orders of magnitudes higher than
the pristine devices (only 0.67 h). Meanwhile, the spectrum stability of PeLED
devices is essential for industrialized application of display screens to
maintain stable colour presentation. No notable change to the
electroluminescence spectra is observed before and after the lifetime test
(Figure 4.31), which also confirms the extraordinary device stability of
solvent sieved PeLEDs.
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Figure 4.29 | Champion operational lifetime of PeLEDs. The black dashed line

marks the position of 7.
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A low trap density in the emitting layer is crucial to LED operation lifetime
[212]. The reduction of trap density can not only reduce joule heating but also
suppress the ion migration effect, which contributes to a higher device
operational stability [125, 213]. Lower trap density in solvent-sieved
perovskites is further confirmed by space-charge-limited current (SCLC)
measurement, and herein the hole-only devices are fabricated with a
structure of FTO / NiOx / PVP / perovskite / molybdenum oxide (MoOy) / Au
[72, 214]. According to the SCLC model [215], the defect density is
proportional to the trap-filling-limited voltage (Vi=), representing the
voltage that all the electric traps inside materials are filled with charges, and
can be given by the slope change points of the curves in Figure 4.32. The trap
density inthe solvent-sieved sample is much lower than untreated one, which
contributes to an improvement in the operational lifetime. The SCLC results
also show that the solvent-sieved perovskites have better conductivity, in

agreement with the /~Vcurve in Figure 4.23b.
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Figure 4.32 | Current density versus voltage curve for hole-only devices. The

solvent sieved perovskites have much lower V7 and higher conductivity.

4.6 Long-term stable solvent-sieved perovskites and PeLEDs

Due to the removal of defective phases and improved radiative phase purity
[216], the solvent-sieved perovskite films exhibit impressive stability under
ambient conditions. As PLQY is extremely sensitive to crystal distortion or
defects of perovskites, the maintenance of optical properties under high
humidity and air is particularly important. The optical change with time for
pristine and solvent-sieved perovskite films is studied in ambient air, with a
relatively high humidity of 50 +10%, and without any encapsulation. Figure

4.33a presents the photos of pristine and solvent-sieved perovskite films
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exposed to humid air after 100 days. The PLQY changes over 100 days are
showninFigure 4.33b. The solvent-sieved perovskite film can maintain 75% of
itsinitial PLQY for over 100 days on average (Table A1-2), whereas the pristine
perovskites lose most of their PLQY after exposure to humid air for 1 h.
GIWAXS results indicated that the pristine samples fully decomposed,
whereas the solvent-sieved samples maintain clear scattering patterns after
28 days storage in the ambient air, as shown in Figure 4.34. It can be found
that pristine samples are fully decomposed, while the solvent sieved samples

are stable.
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Figure 4.33 | Stability of PeLEDs. (a) Photos of pristine and solvent-sieved
perovskite films exposed to humid air after 100 days. (b) Representative
PLQY changes with time for pristine and solvent-sieved perovskite films in

ambient air.
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Figure 4.34 | GIWAXS pattern of (a) pristine and (b) solvent-sieved perovskite
films after 28 days storage in the ambient condition (controlled humidity of

50+10%).

The ambient air stability of sieved quasi-2D perovskites is also confirmed by
fabricating previous humid air exposed perovskite films into PeLED devices.
Figure 4.35 shows that solvent-sieved perovskites maintain as high as 80% of
device EQE after being stored in ambient air at moderate humidity for 100
days. The excellent resistance of solvent-sieved perovskites to ambient air is
not only beneficial to cost-effective encapsulants, but also shows immense
potential as a platform material for broad luminescence applications such as
down-conversion optical films, where high-energy photons are converted
into lower-energy photons through film absorption and re-emission that

requires remarkable material stability.
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Figure 4.35 | Maximum EQE of PeLEDs made with perovskite films stored at
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4.7 Discussion

In this chapter, the instability of perovskite low-n phases inside quasi-2D
perovskitesisfirstly investigated, and aninnovative solvent sieve method has
been proposed to achieve high-quantum-yield and intrinsic stable perovskite
films with enhanced energy funnelling, followed by the fabrication of stable
and efficient PeLEDs. This project has established a comprehensive
framework from the analysis of mechanism, the optimization of materials to

the fabrication of devices.
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The first critical issue this study has solved is the fundamental mechanisms
underlying the limited stability of perovskite materials and PeLEDs. Our work
for the first time directly evidences that the low n phases are the critical
source of perovskite instability (Figure 4.1), providing deeper insights of the
correlations between perovskite nanostructures and stability.
Straightforwardly, it moves beyond the conventional, less discerning
approaches that attribute instability broadly to defects without clear
differentiation of the fine structures [137, 217, 218]. By identifying the
instability of these low n phases, our discovery paves the way for targeted
strategies to enhance the stability of both perovskite materials and PeLEDs,
as well as other MHP-based optoelectronic devices like PePVs, which will be

discussed as Table 7.1.

Furthermore, this research has successfully resolved the enduring
“contradiction” surrounding the supposed low n phase stability issues
(Figure 2.17). Through meticulous examination of crystallization
mechanisms in both quasi-2D perovskites and monocrystals (Figure 4.2),
alongside the resultant perovskite crystallinity (Figure 4.3), our work has
affirmed the evident differences in material structures. Specifically, low n
phases inside quasi-2D perovskites exhibit diminished crystallinity and as
well as severe lattice distortion, therefore exhibiting inferior material

stability (Figure 4.1). Conversely, perovskite monocrystals display an ideal
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lattice structure as well as remarkable stability, as illustrated in Figure 4.5.
This resolving of the “contradiction” underscores the significance of
considering real-world structural complexities in understanding and
predicting material properties, especially when theoretical models based on
idealized structures may not fully encapsulate the intricacies of experimental

realities.

The mechanism of the solvent sieve method is based on the solubility
difference of divergent phases in polar solvent, wherein the low n phases
possess higher surface-to-volume ratio and more defects, and they are easily
dissolved in polar solvent compared to the higher n counterparts. So far, the
most successful polar/nonpolar solvent combination is HA/CB (Figure 4.7) in
this work. However, the combination of polar and nonpolar solvents offers a
myriad of possible combinations. While several solvent sieve formulations
have been developed and examined, as illustrated in Table 4.1, a lot of
unexplored combinations await further investigation, holding the prospect
of discovering even more efficacious sieving systems with enhanced
performance. Presently, the choice of polar solvents is largely confined to a
narrow range of amines, with attempts using alternatives such as DMSO
yielding diminished perovskite performance instead of improvement.
Concerning nonpolar solvents, while their influence may be less pronounced,

variations in outcomes have been observed between chlorobenzene, toluene,
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and ethyl acetate. Therefore, more research endeavours shall be directed
towards identifying more efficacious solvent sieves, facilitated by
experimental screening or employing advanced artificial intelligence
algorithms[11] to efficiently navigate throughout the vast combination space.
Meanwhile, a systematic summary of how the different chemical functional
groups of solvents relate to their sieving ability is crucial. Unravelling the
underlying mechanisms governing this relationship is instrumental in
guiding the rational design of remarkable solvent sieves, thereby
accelerating the applications of this technology for advanced MHP-based

optoelectronics.

The post-synthesis refinement of perovskites, targeting the selectively
removal of low-quality components or phases, holds broad value for refining
MHP-based optoelectronic devices across various applications. As an
example, our solvent sieve method stands out as a highly selective technique
with great phase dimensions sensitivity, independent of the perovskite
composition. In another word, unlike approaches confined by specific
material constituents, our method has transcended the perovskite contents
limitations. Therefore, expanding our prior achievements in green light
emitting bromide-based PeLEDs, this universal strategy has been employed
to fabricate exceptionally stable infrared-emitting iodide-based PeLEDs with

large organic cation engineering to hinder the ion migration issues, with
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significant improvements on device operational lifetime of almost two

orders of magnitude, as shown in Figure 4.36a[16].
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Figure 4.36 | (a) highly stable infrared PeLEDs based on solvent sieve method

[16]. (b) High efficiency organometal blue PeLEDs [219] based on solvent

sieve method.
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Furthermore, high-efficiency, chloride- and bromide-containing
organometallic blue PeLEDs are also fabricated with unique 2D tungsten
disulfide (WS,) energy level matching layers, with remarkable HTL energy
level matching to perovskites and enhanced hole injection, achieving an
improvement on EQE of one order of magnitude, as depicted in Figure 4.36b
[219]. This generalizability underscores the broad applicability and potential
of the solvent sieve method across diverse halide perovskite systems as a
general and powerful toolkit, pushing the boundaries of perovskite based

optoelectronic device development.

Finally, the discovery of the rapid crystallization process of low n phases
inside quasi-2D perovskite (Figure 4.2) has also inspired alternative
methodologies aimed at decelerating this crystal formation process.
Currently, 2D perovskite monocrystals find notable applications such as
detectors [220] and transistors [221] due to their relatively ideal structure
and low defect densities. However, this is not to suggest that pure 2D
perovskites are unsuitable for PeLEDs, but the complicated and protracted
synthesis processes for obtaining pure 2D perovskite single crystals pose a
hindrance to their implementation in PeLED technology. Therefore, two
avenues warrant exploration: firstly, the development of facile and practical
synthesis methods for pure 2D perovskite single crystals designed for PeLEDs

holds promise for achieving perovskite films of high quality with an ideal
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structure. Secondly, the development of any strategy capable of decelerating
the crystallization kinetics of quasi-2D perovskites has become imperative.
To this end, some studies have employed high boiling point solvents, such as
NMP [222] or dimethylpropyleneurea (DMPU) [223], to decelerate solvent
evaporation, with limited success in achieving crystal qualities comparable
to those of single crystals. Phenomenological control strategies, including
cold antisolvent bathing [224], have also been attempted, falling short of
meeting the critical standards for industrial scalability. Consequently, more
investigation shall be performed to refine the crystallization processes for
perovskites, pushing towards optimization that fulfils industrial demands,
and an example of the sweet coordination strategy on crystallization

optimization and defect suppression will be introduced in Chapter 5.

4.8 Summary

Overall, this chapter introduces aninnovative and efficacious post-treatment
solvent sieve method, which not only dramatically enhances the luminescent
performance and stability of PeLEDs, but also constitutes afoundational step
towards the ongoing industrialization of perovskites with distinctive
nanostructures and excellent luminescence performance. Specifically,
Perovskite multi-quantum-well structures are greatly improved by
selectively screening out undesirable defect-rich low-n phases; thus, a high-

performance green quasi-2D PeLED device with a highest EQE 0f 29.5% and 75
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lifetime of 18.67 hat12,000 cd m2(equivalent over 50,317 hor 5.7 years at 100
cd m?2) is achieved, with a maximum luminance of 147,872.8 cd m™= The
solvent-sieved perovskites present extraordinary resistance to air and
moisture due to the efficient removal of unstable phases, maintaining over 75%
of film PLQY and 80% of device EQE after being stored at ambience for 100
days. This work opens a gate for spontaneously improving the efficiency and
stability of PeLEDs at high brightness, which could benefit future mass
production and commercialization of PeLEDs and other luminescence

applications.

More importantly, the solvent sieve method operates independently of the
material composition, relying solely on the perovskite phase dimensions.
Thus, our developed solvent sieve method has emerged as a universal toolset
enabling precise control over the phase dimensions of quasi-2D perovskites,
thereby resulting in remarkable improvements in PeLED performance
metrics. Moreover, this methodology can be further employed to address
similar phase dimension challenges in other MHP based optoelectronic
devices, including PePVs and MHP-based photodetectors. Consequently, it
opens a new avenue and broadens the prospects for the continuous

development and industrialization of MHP materials and devices.
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Chapter 5. Suppressing Defects with Sweet
Coordination Strategy
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5.1Introduction

In this chapter, a similar formamidinium-based organometal quasi-2D
perovskite material system and corresponding PeLED devices are
investigated, as studied in Chapter 4. The quasi-2D perovskites are also
fabricated by spin-coating the precursors with a composition of
phenethylammonium bromide (PEABr), formamidinium bromide (FABr) and
lead bromide (PbBr,) in a molar ratio of 2:3:4 [208], with a typical chemical
formula of PEA;FA..PbnX3n:1., with the same main chemical reaction as

Equation 4.1.

The only critical difference between PeLED devices in Chapter 4 and this
chapter is the device structure, wherein the bilayer ETL structure
(TmPPPyTz/ AND-PBIP) was employed in this chapter instead of single layer
one (TmPPPyTz), as Figure 5.1 shows. The bilayer ETL structure was reported

in the literature to further improve the PeLED stability [67, 71]
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Figure 5.1| Device structure of PeLEDs in this chapter.

Then, a novel and simple coordination strategy will be presented to tailor
these non-radiative phases and suppress the defects formation. In contrast to
post-treatment methods, itis more important to coordinate lead ions in their
precursor with stronger coordinating molecules than solvent to inhibit the
formation of unwanted defective non-radiative phases without degrading
the radiative phases. Therefore, to illustrate the effect of coordination
tailoring, a simple commercial molecule, saccharin (Sacc), was chosen to
form stronger coordination to lead ions compared to solvent molecules to
tune the phase dimensions of RDPs. The formation of non-radiative low
dimensional phases was inhibited due to the system energy of coordinated

Pb?"is lower than these low dimensional phases and RDPs with high radiative
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phase purity and low defect density are fabricated consequently, as

presented in Figure 5.2.
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Figure 5.2 | Scheme of tailored phase dimensions. Without tailoring
coordination, formation of phases from n=1 to n=~ occurred spontaneously.
With proper coordination, Pb?* system energy is reduced, low dimensional

non-radiative phases are no longer stable in the system.
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5.2 Coordination between molecules and perovskites

The binding energies of different molecules to perovskites is firstly
quantified with ab initio simulations. The saccharin molecules can form
direct coordination to lead ions due to the strong electron donor affinity of
S=0 group. Based on the density functional theory [225], the binding energy
of saccharin molecules to formamidinium lead bromide (FAPbBr;) perovskite
(001) surface is calculated to be 1.82 eV, while the binding energy of NMP is
1.01 eV (Figure 5.3), indicating that stronger coordination of saccharin

molecules.
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Figure 5.3 | Structures of (a) NMP and (b) saccharin adsorption on FAPbBr;

perovskite (001) surface, respectively.

Fourier transform infrared spectrometer (FTIR) tests are then performed to
confirm the stronger coordination between saccharin and lead ions. Herein,
saccharinmolecules together withlead bromide are dissolved in NMP solvent.

Figure 5.4 compares the FTIR results of referred systems. It can be found that

138



in NMP solvent, the S=0 peak of saccharin molecules downshifts from 1,329
cm? to 1,321 cm? after mixed with lead ions, suggesting that considerable
coordination could form between saccharin and lead ions at the competition

of NMP solvent molecules.
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Figure 5.4 | FTIR results of saccharin and mixed systems.

X-ray photoelectron spectroscopy (XPS) tests of RDP films are then
performed to unveil if such coordination can be maintained in solids. As
shown in Figure 5.5, compared with the pristine RDPs, the binding energy of
Pb 4f peaks downshifts with the coordination of saccharin, which
demonstrates that lone electron pairs are denoted to the empty 6p orbitals
ofleadions, forming coordination bonds. Inaddition, the Sto Pb atomicratio

from the XPS results showed a significant increase from 4.1% (Pristine) t0 16.8%
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(Sacc), indicating that strong coordination of saccharin is retained in the

perovskite films.
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Figure 5.5 | XPS spectra for Pb 4f orbitals of pristine and saccharin

incorporated RDPs.

To examine that the saccharin coordination has a system energy between low
dimension and high dimension phases, monocrystals of low n phase (n=1
(PEA),PbBr, as the representative) and three-dimension phase (3D FAPbBr3)
are synthesized to check their stability and solubility with saccharin
molecules [200, 226]. The phase purity of synthesized powder is further
confirmed by X-ray diffraction, as shown in Figure 5.6. The monodispersed
diffraction patterns of n=1and 3D phases confirm the high quality and phase

purity of synthesized monocrystal powders.
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Figure 5.6 | X-ray diffraction pattern of synthesized monocrystal powders.

First, the effect of saccharin molecules on monocrystal powders are
evaluated in nitrobenzene (NB) solvent. It can be found that both n=1 phase
and 3D phase monocrystals are hardly soluble in pure NB. However, at the
presence of saccharin, n=1 phases diminished rapidly while the 3D phase
remains (Figure 5.7), showing that low dimensional phases are no longer
stable at the presence of saccharin molecules. The added powders and
saccharin are both 10 mg/ml. It can also be observed that both 3D and n=1
powders are hardly dissolved in pure NB solvents. However, in the presence
of saccharin molecules, low dimensional phases (n=1) are dissolved rapidly,
while no significant changes have occurred for 3D phases, indicating that
saccharinmolecules canselectively inhibit the deposition of low dimensional

phases.
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Figure 5.7 | (a) Photographs of 3D and n=1 phase powders and (b)

Corresponding solutions in NB solvent.

The solubilities of n=1 phase and 3D phase in NMP are further measured by
the dynamic dissolving method. The solubility of the n=1 phase improved
significantly with saccharin, as shown in Figure 5.8, while the solubility of 3D
phases is only slightly changed. Both results indicate that from the scope of
system energy, saccharin coordinated lead ions are more stable than low
dimensional phases under the precursor conditions. In pristine precursor
system, lead ions can form low dimensional non-radiative phases
spontaneously, while for saccharin coordinated lead ions, they can only

spontaneously form large dimensional radiative phases rather than low
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dimensional non-radiative ones, and thus low n phase dimensions are

tailored.
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Figure 5.8 | Solubility of n=1 and 3D phase in NMP solvent (16 °C).

5.3 Optimized perovskite formation process with saccharin

Based on the results of the monocrystal solution tests, in-situ UV-Vis
absorption measurements are performed to characterise the phase
formation processes during spin-coating with saccharin coordination, as
shown in Figure 5.9a and Figure 5.9b, respectively. It can be clearly seen that
in the pristine sample, solid phase formation occurs immediately after anti-
solvent dripping with a significant and rapid increase in absorption intensity,
while such formation process is much slower and gentle in saccharin RDPs.

Furthermore, the massive solid phase formation process in pristine
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perovskites occurs within 1.5 s, which takes about 3 s after saccharin
coordination. Thus, the relatively slow nucleation and growth rates in
saccharin RDPs allow sufficient particle diffusion and consequently higher
film quality. More importantly, the formation processes of divergent phases
can be distinguished by intensity changes at different characteristic
wavelengths. In the spin deposition process of pristine RDPs, low n phases
formed rapidly after anti-solvent dripping, where distinct and discrete low n
phase absorption peaks can be clearly observed at about 400 nm for n=1, 430
nm for n=2 and 465 nm for n=3 phases, followed by larger dimensional phases.
However, for saccharin RDPs, no significant low n phase formation peaks are
observed, instead a smooth and homogeneous film growth process is
observed. Therefore, the saccharin coordination strategy not only allows
better film growth and higher film quality, but also prevents the formation of

non-radiative low n phases.
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Figure 5.9 | In-situ UV-Vis absorption results in (a) Pristine and (b) Saccharin
RDPs formation during spin-coating process (t=0 s represents the dripping

of anti-solvent).

Then, more detailed structure information of RDP film is confirmed with
grazing incidence wide-angle X-ray scattering (GIWAXS) measurements.
Compared with pristine RDPs with considerable n=2 scattering patterns
(Figure 5.10a), no low n phases scattering peaks are observed in saccharin
RDPs (Figure 5.10b). Meanwhile, saccharin RDPs show much more uniform
and narrower scattering patterns, indicating a better crystal growth process
and high film quality, which is also consistent with the surface morphology
results by SEM (Figure 5.11). It can be observed that the surface of saccharin
perovskite film is more homogenous with fewer pinholes, in good
accordance with the improved film quality and lower defect density of

saccharin perovskite films.
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Figure 5.10 | GIWAXS results of (a) pristine and (b) saccharin RDPs,

respectively.
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Figure 5.11 | Surface SEM images of pristine (a) and saccharin (b) perovskite

films.
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5.4 Improved luminescent properties of perovskites

Due to effective removal of non-radiative low n phases, the tailored-phase-
dimension RDPs raise excellent optical properties. As shown in Figure 5.12,
the photoluminescent quantum efficiency of coordinated RDPs are much
higher compared with the pristine samples, indicating an efficient
suppression of non-radiative recombination and corresponding decreased

trap densities inside perovskite films.
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Figure 5.12 | Photoluminescent quantum efficiency statistical data of pristine

and saccharin RDPs.

Meanwhile, transient photoluminescence (PL) measurements are conducted

to reveal the exciton dynamics inside RDPs. In a typical measurement (Figure
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5.13), the PL decay lifetime of saccharin RDPs is nearly one-fold longer than

the pristine one, as the result of improved film quality and decreased trap

density.
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Figure 5.13 | Representative transient PL curves of RDPs.

Space charge limited current (SCLC) test is also used to quantify defect
densities within the perovskite films. The structure of hole-only devices is
FTO/NiOx/PVP/Perovskite/MoOx (12 nm)/Au (100 nm). The trap densities are
calculated with the trap filled limited voltage (V=) based on the method
reported in literature [209]. Based on the results of the hole-only devices
(Figure 5.14), saccharin coordination reduced the trap density by more than

half, indicating a significant improvement in film quality.
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Figure 5.14 | SCLC results of pristine and saccharin perovskites.

Then, time-resolved absorption spectroscopy (TAS) measurements are
employed to analyse the energy funnelling process, as shown in Figure 5.15. It
can be observed that the pristine RDPs show evident bleaching peaks at the
short wavelengths of 435 nm (n=2) and 470 nm (n=3), indicating that
considerable low n phases existed in the pristine films. However, the intensity
changes of saccharin RDPs for low n phases are negligible compared with the

pristine ones, suggesting that saccharin coordination successfully hindered

the formation of non-radiative low n phases.
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Figure 5.15 | Representative TAS results of (a) pristine and (b) saccharin RDPs,

respectively.

Moreover, as for the radiative phases, the absorption intensity change

reached maximum in no more than 0.6 ps at the wavelength of 515 nm for
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saccharin RDP, while it took almost 3 psin pristine one to reach the maximum,
as shown in Figure 5.16, indicating a much faster and more efficient energy
funnelling to radiative bulk phases with saccharin coordination. The
improved energy funnelling to luminescent phase will significantly reduce
energy losses and improve the luminescent properties of saccharin

perovskites, showing enormous potential for high performance PeLED

applications.
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Figure 5.16 | Time-resolved intensity change figures of TAS results for

different phases in (a) pristine and (b) Sacc perovskite films.

5.5 High efficiency PeLED devices

With the tailored phase dimensions and improved optical properties of
saccharin RDPs, high-performance PeLED devices are then fabricated. The
PeLEDs device structure applied in this study is FTO / NiOx / PVP / RDPs /

TmPPPyTz / ADN-PBIP / LiF / Al / Ag, and the corresponding energy level
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diagrams are shown in Figure 5.17, indicating a proper carrier injection with

matched energy levels.
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Figure 5.17 | Structure and corresponding energy band diagram of PeLED

device.

The FTO substrates chosen here showed substantial high-temperature
stability and compatibility with NiOx processing, with negligible sheet
resistance changes even after long period high temperature annealing, as
shownin Table 5.1. All substrates are annealed at 550 °C for 1 h in the ambient.
6 substrates per group are measured. The optimization results of saccharin
concentration are listed as Table 5.2, and the optimized saccharin

concentration is determined as 10 mg/mL with the highest device EQEs.
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Table 5.1| Sheet resistivity of substrates under high-temperature annealing.

Average sheet resistivity (Q/sq.) FTO ITO
Before annealing 13.8 15.2
Annealed 14.7 (+6.5%) 101.8 (+569.7%)

Table 5.2 | Maximum EQE of PeLEDs with different saccharin concentrations.

Saccharin concentration (mg/mL) | EQEmax (%)
0 27.5
2 28.9
5 30.7
10 31.3
15 259
20 5.2

The electroluminescence (EL) spectra, current density-voltage-luminance
(/-V-L) and the EQE curves are plotted as Figure 5.18, respectively. The EL peak
of saccharin PeLEDs is 529 nm with a FWHM of 20.6 nm (CIE coordination
(0.178, 0.774)), different from those of pristine PeLEDs of 525 nm and 22.8 nm
(CIE coordination (0.162, 0.776)). The reduction in FWHM indicates an
improvement on radiative phase purity and reduced defect density.

Meanwhile, The /-V-L curve of saccharin PeLED shows enhanced current
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density and luminance than the pristine one (Figure 5.18b), in good
accordance with the improved energy funnelling and optical properties. The
saccharin PeLEDs possess a highest EQE of 31.3% (Table A2-1), with an average
EQE of 28.4+1.1% over 40 devices (Figure 5.19), much higher than the pristine
EQEmax of 27.5%. The maximum current efficiency (CE) of saccharin PeLEDs
alsoreachesimpressive132.1cd/A (Figure 5.20), and the highest luminance of
saccharin PeLEDs reaches about 277,000 cd/m?, indicating a bright potential

on outdoor display and lighting applications.
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devices, respectively.
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Then, optical simulation with reported device structures is performed to
confirm the EQE measurements. The maximum EQE of saccharin PeLEDs is
close to the theoretical outcoupling efficiency of 35.7% considering the
photon recycling effect [206, 207], as shown in Figure 5.21, indicating state-

of-art device fabrication and material optimization techniques.
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Figure 5.21 | Optical simulations of PeLEDs. (a) Refractive index (n, k) and
photoluminescent spectrum of perovskite film employed in the simulation.
(b) Calculated outcoupling efficiency considering the effect of photon
recycling as a function of perovskite thickness in our device. Background
coloursrepresent the fractions of air (AIR), waveguide (WG), substrate (SUB),

and surface plasmon polariton (SPP) modes.

Also, the angular intensity distribution of our LEDs followed the Lambertian
distribution (Figure 5.22), indicating that the normal structure of our LED

devices without extra optical outcoupling strategy. Our device EQEs as well
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as the EQE measurement are then cross-checked to ensure the
reproducibility of our results, as shown in Figure 5.23. Both crosscheck
results have underscored the reliability of our setups and the results with

great consistency.

------ Lambertian
Real device

Figure 5.22 | The angular intensity distribution of Sacc PeLED.
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Figure 5.23 | Cross-check results of device EQEs as well as the EQE
measurement. (a) Cross-check results of OLED (commercial device from
Brilliant Optoelectronics, Zhejiang) measured in our lab at Ningbo Institute
of Materials Technology and Engineering, Chinese Academy of Sciences
(NIMTE) and at Dr Zhanhua Wei’s group, Huaqgiao University (HQU). (b) Cross-
check results of our PeLEDs measured at our setup (photodiode) and the

integrating sphere (IS, XP-EQE-Adv, Guangzhou Xipu Optoelectronics).

The tailored-phase dimensions of RDPs also contribute to extraordinary
device operational stability owing to the removal of unstable phases. The
operational lifetime of PeLEDs is presented in Figure 5.24. The initial
luminance is tuned at 10,000 cd/m? and all the devices are measured at the
constant current density mode. The champion 75 lifetime (time when the
luminance drops to the 50% of initial value) of saccharin PeLEDs reached over
76.9 hours (equivalent over 211,800 hours at the initial luminance of 100

cd/m?, Figure 5.25), while the highest 75 of pristine devices is only 6.5 h.
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Herein, Equivalent operational lifetime T is calculated with the relationship
of

T/Ty = (L/Ly)" 5.2.
Wherein 7, and L, are the referenced lifetime and luminance, respectively.
The calculated 75 lifetime at 100 cd/m? is about 211,846.1 hours with the
slope n of -1.72. The impressive stability of saccharin PeLEDs is, to our

knowledge, the highest 7s,estimated so far in PeLEDs.
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Figure 5.24 | Operational lifetime of PeLEDs.
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Figure 5.25 | Representative 75 lifetime of PeLEDs at different initial

luminance.

Moreover, it is noteworthy that additional sweeteners or sweet molecules,
such as D-Glu and Cyc Na (Figure 5.26), have also been demonstrated as
performance-enhancing additives in PeLEDs. A comprehensive summary of
the maximum EQEs achieved with various sweet molecule additives is
presented in Table 5.3. Remarkably, every molecule listed contributes to a
notable improvement in device efficiency, confirming the generality and

robustness of our coordination-based approach.
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Figure 5.26 | Molecular structure of D-Glu and Cyc Na.

Table 5.3 | Maximum EQE of PeLEDs with different additives.

Additive EQEmax (%)
No additive 27.5
Sacc 31.3
D-Glu 29.5
CycNa 30.8

Finally, since the coordination between saccharin molecules and leadions are

independent of the halide types and other ion components within

perovskites, underscoring the generality of our coordination strategy with

broad applications transcending the perovskite category limitations.

Therefore, the universality of this approach is further highlighted by

successful extension to other promising PeLED systems, and consistently

improvements on device performance are also achieved.
162



First, anti-solvent-free inorganic PeLEDs are fabricated to confirm the
universality. In a typical inorganic RDP (caesium lead bromide, CsPbBr;)
green LEDs, even the A-site ions are substituted with Cs*, a narrow emission
spectrum with FWHM only 18.4 nm and maximum EQE of over 23% is still
achieved with saccharin coordination, around four-fold higher than the
pristine ones, as shown in Figure 5.27, indicating an significant enhancement
of device performance with our saccharin coordination strategy

independent of A-site ions.
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Figure 5.27 | Inorganic Green PeLEDs performance. (a) EL Spectra. (b) EQE of

the pristine and saccharin devices, respectively.

163



Furthermore, the application of this same strategy has been pivotal in
achieving pure red PeLEDs based on caesium lead iodide (CsPbls), yielding
EQE surpassing 16% with emission peaks centred around 630 nm (Figure 5.28),
highlights one of the highest efficiencies recorded for pure red PeLEDs within
the wavelength range of 625 to 635 nm (Table A2-2). Importantly, the results
extend to perovskite systems with varied A-site cations and halide
compositions, demonstrating its remarkable universality across different
material formulations. These results may also shed light on the possibility of

future commercial anti-solvent-free PeLEDs.
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Figure 5.28 | Inorganic Pure Red PeLEDs performance. (a) EL Spectra. (b) EQE

of pristine and saccharin devices, respectively.
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5.6 Discussion

In this chapter, anovel sweet coordination strategy is introduced to optimize
the crystallization process of perovskites and suppress the defects, thereby
fabricating high-quality perovskite film and efficient and stable PeLEDs. The
idea originated from the sweetness of lead acetate salts, but the
comprehensive investigation on the mechanism has brought insights into
the formation process of perovskite, supplementing our ideas in Chapter 4

about decelerating the crystallization of perovskites.

The underlying mechanism of the strong coordination of sweet molecules
originates from the distinctive sweet functional group, which facilitates
binding through coordination bonds and to hydrogen-bond-like interactions
with both cationic (Pb?*) and anionic (Br~) species, as depicted in Figure 5.4
and Figure 5.5. The interactions between sweet molecules and ions markedly
decelerate the formation process of perovskites, necessitating the
disruption of these molecular-ioninteractions prior to perovskite formation,
thereby enabling a gradual and uniform perovskite crystallization process
compared to the pristine samples, as Figure 5.9 shows. Consequently, the
resultant perovskite crystallinity was apparently improved compared to
pristine sample, as evidenced by the GIWAXS results (Figure 5.10), with
greatly improved luminescent efficiency (Figure 5.12). Furthermore, the

optimized crystallization process has suppressed the defect formation and
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markedly diminishes the defect density in the corresponding perovskite
films, as characterized in Figure 5.13 and Figure 5.14, thereby resulting in the

enhanced device EQE as well as operational stability.

Moreover, other sweet molecules enhancing the performance of PeLEDs, as
listed in Table 5.3, together with the successful applications of sweet
molecules to other categories of perovskites (Figure 5.27 and Figure 5.28),
has confirmed the generality and robustness of our coordination-based
approach. These results have also inspired the additive selection for PeLEDs
based on the strong coordination principles between sweet functional
groups and lead ions. Further investigation about more sweet molecules
screening can be performed to consolidate the scientific foundation of our

strategy.

The successful employments of sweet small molecules are impressive, while
alternative sweet “molecules” shall not be overlooked. Sweet proteins [227],
with much larger molecular weight, are also important sweeteners in food
science. Despite the challenges that the enormous size of proteins may
hinder the charge transfer inside LEDs, and the threats of thermal instability
aswellas the degradation triggered by heavy metalions, those sweet proteins
can also offer a compelling comparator to enrich our understanding of the

mechanisms of sweet functional groups.
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Finally, the sweet coordination strategy proposed in this chapter has brought
up the concern about the additive availability for high-performance PeLEDs.
To date, in the pursuit of improving PeLEDs performance, employment of
additives has become one of the most common strategies, with a key
distinction being between ready-made commercial molecules and those
specifically synthesized. For example, as a successful sweetener molecule,
our saccharin additive has exhibited a good availability throughout the
market, with low cost due to the industrialized manufacturing (no more than
0.1 Chinese yuan per gram based on chemical platforms like Merck or
CASMart, in stock). Meanwhile, the quick access of commercial molecules
supports rapid experimentation without any warehouse management for
laboratory research, with usually well refined eco-friendly synthesis and high
yield. However, for most specifically synthesized molecules at an early stage,
the availability and cost often hinder further investigation. For example, one
of the successful custom-designed additive molecules, tris(4-
fluorophenyl)phosphine oxide [72] (Figure 5.29), not only shows low yield
during the laboratory level synthesis, but also have relatively inferior
availability and higher cost (over 300 Chinese yuan per gram based on

CASMart, three weeks delivery period; unavailable on Merck).
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Therefore, although synthesizing new additive molecules remain critical and
innovative for high-performance PeLEDs, and the availability as well as the
costs can be gradually improved from time to time, employment of current
commercial molecules also provides an accessible path. Their wide
availability, lower costs, and straightforward procurement can facilitate the
scaling up of PeLED technology towards real-world applications. To date, a
large variety of commercial molecules remains hardly investigated as
perovskite additive, with a significant opportunity for further development.
With commercially available molecules, scientists can speed up the
improvements on PeLEDs and MHP-based optoelectronic devices with better
availability, striking a balance between performance, cost, and

environmental sustainability.
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5.7 Summary

In this chapter, the phase dimensions of RDPs could be tailored, and the
defects can be suppressed by a simple sweet coordination strategy. By
maintaining proper coordination with lead ions using commercial molecule
saccharin during film deposition stages, the radiative phases are purified,
and the film quality of RDPs are significantly improved. High-performance
green PeLED device with highest EQE of 31.3% (28.4+1.1% in average) and
champion 75 lifetime of 76.9 hours at 10,000 cd/m? is fabricated, with the

highest luminance of 277,000 cd/m?.

Moreover, utilizing commercially available sweet molecules, highly efficient
green and record efficiency pure-red inorganic PeLEDs are also fabricated
following the same strategy without anti-solvent, confirming the universality
of our coordination mechanism and strategy. By transcending the specificity
of perovskite compositions, our strategy paves the way for a new framework
for optimizing PeLED systems. This generalizability of our strategy has
signified a critical step forward in the strategy design of PeLEDs, not only
fortifying the conceptual understandings of MHP material formation during
solution process, but also advancing the frontiers of MHP-based lighting and

display technologies.
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6.1Introduction
In this chapter, a formamidinium-based organometal quasi-2D perovskite
material system and corresponding PeLED devices are investigated. Different
from previous two chapters, the quasi-2D perovskites here are fabricated by
spin-coating the precursors with 4-fluoro-phenethylammonium bromide
(FPEABTr) ligands, and the main chemical reaction is:

2FPEABr + (n — 1)FABT 4+ nPbBry, » FPEA,FA,_1Pb,Brsn.1 6.1
Wherein n represents the n value. The application of FPEABr here is reported
to improve the operational stability of PeLEDs based on the literature [209],
in good accordance with the main topic of PeLEDs ion migration and related

stability issues.

To solve the PeLEDs stability issues, in this chapter, a simple and effective ion
pinning strategy is demonstrated to pin all perovskite ions spontaneously,
suppress theion migration process and significantly improve the operational
lifetime of PeLEDs. A highly fluorinated molecule, 1H,1H-
perfluorohexylamine (PFHA), could form strong coordination with all
perovskite ions spontaneously and significantly suppressed the ion
migration process, as Figure 6.1 shows. Therefore, by inducing PFHA into
perovskites, ultra-stable and efficient green PelLEDs are fabricated,
confirming the stability and future industrialization potential of for display

and lighting industries [228].
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Figure 6.1| Scheme of ion pinning effect.

6.2 Strong pinning effect of PFHA molecules to perovskites

As shown in Figure 6.2, the degradation of perovskite phase is typically
mediated through the phase transition, characterized by the conversion of
luminescent perovskite phases into non-luminescent PbX, counterparts.
These A-site ions, particularly MA* and FA*, tend to decompose upon
exposure to external stimuli such as moisture and oxygen, which inevitably

trigger the degradation of MHP film [229].
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Figure 6.2 | Typical degradation process of organometal halide perovskite

and scheme of ion pinning effect.

This transformation is clearly evidenced by X-ray diffraction (XRD) analysis
in Figure 6.3. The scattering patterns of as-prepared pristine perovskite film
manifested definitive peaks corresponding to the perovskite phase initially,
yet upon 28 days of ambient storage (at 20 °C and 50% relative humidity), the
XRD spectra indicated a comprehensive shift to the PbBr; phase, indicating

the intrinsic susceptibility of perovskite phase transition.
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Figure 6.3 | XRD patterns of pristine perovskite film before after ambient

storage for 28 days (*: low dimensional phases).

Such process can be further fortified with X-ray photoelectron spectroscopy
(XPS) atomic ratio results, as revealed in Figure 6.4. Herein, an absence of
nitrogen element of the pristine perovskite film, while a reduction in the Br-
to-Pb atomic ratio from approximately 3.09:1 to 2.06:1 upon 28 days of
storage, was noted, corroborating the phase transition from a luminescent
perovskite to non-luminescent PbBr.. The loss of nitrogen, a key indicator of
A-site ions inside organometal halide perovskites, has presented the critical

routine to the understanding of perovskite degradation process.
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Figure 6.4 | XPS atomic ratio changes for pristine and PFHA perovskite film

before after ambient storage for 28 days.

Collectively, these findings have highlighted the centrality of phase
stabilization in the pursuit of long-term stable perovskite-based
photoelectronic devices. Evidently, maintaining the luminescent phase
stability is paramount to the fabrication of ultra-stable PeLEDs, necessitating
the development of efficacious methodologies for phase stabilization. The
phase transition of perovskite is predominantly rooted in the profound ion
mobilities and subsequent severe ion migration [22]. To address this
challenge, an effective ion pinning strategy to spontaneously immobilize all

perovskite ions have been developed, particularly A-site ions, achieving
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significant phase stabilization effect. While critical phase stabilization was
achieved with our ion pinning strategy. As evidenced by the XRD
measurement, the PFHA pinned perovskite retained their phase structure,
exhibiting unaltered XRD patterns even following a 28-day exposure to

ambient conditions, as shown in Figure 6.5.
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Figure 6.5 | XRD patterns of PFHA pinned perovskite film before after storage

in the ambient for 28 days.

Notably, the disappearance of the low dimensional phases is attributed to a
process known as "solvent sieve”, wherein polar solvents selectively dissolve

and remove low dimensional phases, thereby leaving perovskites with higher
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dimensional perovskite structures [73]. Such effect can be also confirmed
with the UV-Vis spectroscopy, where the peaks for low dimensional phases

totally disappeared after PFHA treatment, as presented in Figure 6.6.
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Figure 6.6 | UV-Vis absorption spectra of pristine and PFHA perovskites.

Meanwhile, superior A-site ions stabilization effect as well as enhanced
material stability compared to the pristine sample can be validated based on
XPS element atomic ratio. For PFHA samples, the N element ratio, as well as
the Br-to-Pb atomic ratio, exhibit remarkable stability, without discernible
changes over the same 28-day storage duration, as shown in Figure 6.4. This
preservation of the A-site ions has signified a marked improvement in phase

stability after PFHA pinning.
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The ion pinning effect of PFHA molecule is achieved via strong coordination
with all the perovskite ions. Specifically, The N atoms in the amine group
function as strong electron donors, fostering substantial coordination with
cations, such as Pb ions, with the N-H serving as a hydrogen bond donor to
anions. Furthermore, the highly fluorinated alkyl appendage of PFHA
facilitates additional coordination to both A-site and B-site cations through
the formation of robust hydrogen and coordination bonds. Therefore, this
ion pinning strategy have coordinate with both anions and cations within the
perovskite lattice, markedly inhibited ion migration effects. In addition, the
large van der Waals radius of the fluorocarbon functional group [230]
exhibited significant steric hindrance, thereby further hindering ion

migration and enhancing phase stability of MHPs.

The coordination ability of PFHA to perovskite could be assessed with
theoretical simulation based on density functional theory (DFT) [202]. Our
investigationinitiated with the examination of the interaction between PFHA
molecules and single ions such as FA*. Based on the results, the typical
binding energy (E,) of PFHA coordination with FA* reached -1.18 eV, as
presented in Figure 6.7, underscoring an exceedingly strong affinity between
PFHA molecules and FA* ions. Meanwhile, the DFT simulation also validated
the pinning effect of PFHA on perovskite structures. For a representative

surface binding configuration, the binding energy of the PFHA molecule to
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the perovskite (O O 1) surface was -2.15 eV, suggesting an efficient
coordination ability of PFHA to the perovskite surface, as shownin Figure 6.8.
All the strong coordination to individual ion and perovskite structures have

established a grounded foundation for our efficacious ion pinning strategy.

..........

m Z2 O

Figure 6.7 | Representative configuration of PFHA coordination with FA*. The

calculated binding energy is -1.18 eV.
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Figure 6.8 | Representative configuration of PFHA coordination on FAPbBr;

perovskite (0 01) surface.

Then, Fourier transform infrared spectrometer (FTIR) tests was employed to
unveil the interaction between PFHA and different perovskite ions
comprehensively. PFHA was dissolved together with perovskite ionic
components, formamidine hydrobromide (FABr) and lead bromide (PbBr,),
in the carbon tetrachloride (CT) solvent, as shown in Figure 6.9. Here, CT was
applied as a background solvent for FTIR evaluates due to its absence of
peaks within the wave number range of 1,000 to 4,000 cm®. The
characteristic peaks for C-F stretching can be observed at the wavenumber of
1239.5 cm? for pure PFHA molecules in CT, while considerable downshifts

could be observed with the addition of either FABr or PbBr,, which suggested
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that the electron lone pairs of F atoms were denoted to cations. Similarly,
downshifts of C-N bond stretching at the wavenumber of 1141.7 cm™ for PFHA
samples were also found after FABr and PbBr, addition, indicating the
coordination between N atoms and cations. Meanwhile, significant upshifts
of the N-H bending peaks also occurred in the ion-supplemented samples,
indicating that hydrogen bonds were formed between anions and amine
functional groups. Therefore, all the shifts of the characteristic FTIR peaks
had confirmed the strong coordination between PFHA molecules and all
kinds of perovskite ionic components in solution form, indicating a superior

potential for ion pinning through PFHA.
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Figure 6.9 | FTIR results of pristine and PFHA-containing mixed systems for (a)

C-F stretching (b) N-H bending and (c) C-N stretching.

To comprehensively evaluate the robustness and efficacy of ion pinning

within perovskite films, XPS of pristine and PFHA pinned perovskite films was
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performed. The observed shifts in XPS spectra are attributed to the distinct
chemical environments experienced by atoms in the PFHA-treated
perovskite films versus the control samples. As shown in Figure 6.10, the XPS
spectra revealed apparent shifts in the binding energies of the critical
elements presented in the perovskite films. Specifically, the binding energy
of the Pb 4f peak underwent an upward shift post-PFHA pinning compared to
the pristine MHPs, attributed to the formation of additional coordination
bonds between Pb ions and F atoms introduced by the PFHA molecules. Due
to the highest electronegativity of fluorine atoms, the electron density
redistribution from Pb to F atoms comparing with the Pb to Br atoms only in
the pristine samples, has led to the observed upshift in the Pb 4f peak,
confirming the establishment of coordination bonds between PFHA
molecules and Pb ions within the perovskite films. Meanwhile, for Br and F
atoms, the binding energies of both Br 3d and F 1s were observed to undergo
downward shifts. These shifts are indicative of the formation of hydrogen-
bond-like interactions between Br atoms and the amine groups of the PFHA,
as well as hydrogen bonds between F atoms and formamidinium ions,
respectively. Collectively, these findings have demonstrated that PFHA could
retain significant coordination to perovskite ions even in solid state films,

allowing for significant ion pinning and consequent phase stabilization.
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Figure 6.10 | XPS spectra for (a) Pb 4f, (b) Br 3d and (¢) F 1s orbitals of pristine

and pinned MHPs.
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6.3 Effective ion migration inhibition via ion pinning

Although it is renowned that perovskites are extremely sensitive to external
stimuli such as ambient air and moisture, after ion pinning, the perovskite
films exhibit impressive stability. Figure 6.11 showcases the
photoluminescence (PL) spectra of both pristine and PFHA perovskites,
stored under ambient conditions over a period of 28 days (approximately
20 °C with 50% relative humidity) without any encapsulation. During the
storage, the pristine perovskite sample exhibited a complete loss of
photoluminescence, indicating the degradation of perovskite phases. In
contrast, the PFHA perovskite retained its photoluminescence properties
almost unchanged throughout the same period, underscoring the
remarkable stability enhancement via PFHA ion pinning. Meanwhile, the
narrowing of PL spectra is also in good consistency with the improved
luminescent phase purity with the removal of low dimensional phases [72, 73,

209], and the decreased defect density achieved by PFHA defect passivation.
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Figure 6.11 | PL spectra of (A) pristine and (B) PFHA perovskite films upon 28

days ambient storage.

Furthermore, the photoluminescence quantum yield (PLQY) of ion pinned
sample could maintain over 95% of the initial value over a period of 28 days
under the ambient condition, whereas the pristine perovskites lost almost all
the PLQY after exposure to ambient air within the first day, as presented in
Figure 6.12. Furthermore, to unveil the perovskite stability under the actual
device conditions, the PLQY changes of the perovskite samples with ETLs
covered was also tracked. Therefore, regardless of the presence of ETLs, the
trends in PLQY change remain consistent with that observed in uncovered
samples. Specifically, the pristine sample sandwiched between ETLs and
HTLs also experiences a drastic loss in PLQY within a single day. In contrast,
the PFHA counterparts can maintain the luminescent property for 28 days

without any notable changes. Such impressive ambient stability of ion pinned
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perovskite will be beneficial to the long-term stability of perovskite devices

and simplify the fabrication process.
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Figure 6.12 | PLQY change with time for pristine and pinned perovskite films

in ambient air.

The strong ion pinning effect of PFHA to perovskites enables effective
inhibition of ion migration and phase stability. This was further confirmed by
impedance spectroscopy analysis. The capacitance-frequency (C-F)
measurement was performed to quantify the ion migration effect and the
resulting charge accumulation effect. Owing to the substantial mass
difference between ions and electrons, the significantly heavier ions exhibit

aconsiderably slower response compared to electrons. Therefore, the device
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capacitance is dominated by the electronic response at high frequencies,
while ion migration and resulting interfacial ion accumulation become more
dominant at low frequencies due to the relatively slow response rate of ions
[16]. Thus, asshownin Figure 6.13, the capacitance of the PFHA-pinned device
was significantly lower than that of the control device, especially at low
frequency. Meanwhile, the pristine device exhibited significant increase in
capacitance from high frequency to low frequency, indicating strong ion
migration effect. However, this difference was almost negligible for the PFHA
devices, indicating that ion migration was effectively prevented by PFHA
pinning. Furthermore, to further characterize the impact of operational
conditions of PeLEDs under current density, the capacitance changes were
then measured after constant current density operation (1 mA/cm? for 1 h).
The capacitance of pristine device become even larger, indicating more
severe ion migration effect, while no significant changes occurred for the
PFHA device, thereby confirming the outstanding stability of our device
under the operation conditions. The suppression of ion migration and the
prevention of charge accumulation contributed to the high operational

stability of PFHA-pinned PeLEDs.
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Figure 6.13 | Capacitance to frequency results of pristine and PFHA pinned

PeLED devices.

To unveil the phase stabilization effect as well as the hindrance of ion
migration effects, direct observation of ion behaviour should be conducted.
Therefore, the device for ion migration analysis was fabricated with the
structure of ITO /NiOx /PVP / Perovskite / PCBM / Cu. The device was driven
at a constant current density of 1 mA/cm? for 1 hour (Cu as the cathode), and

the Cu electrodes were then peeled off using scotch tapes [231], as shown in

Figure 6.14.
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Figure 6.14 | Cross-sectional SEM images for ion migration analysis. The
device structure is ITO / NiOx / PVP / Perovskite / PCBM / Cu. (A) The entire
device structure. (B) The device after the removal of the surface Cu

electrodes using scotch tapes.

Then, surface XPS measurement of PCBM surface of the peeled device was
conducted. Our XPS results have revealed a distinct difference in the Br
elemental composition between the pristine and PFHA-treated samples, as
Figure 6.15 showed. For the pristine sample, an apparent signal
corresponding to the Br element was detected on the surface of the PCBM
layer, indicating significant ion migration beyond the perovskite layer.
Conversely, in the case of PFHA-treated samples, no discernible Br XPS signal
could be observed on the PCBM surface, suggesting that PFHA effectively
pins ions within the perovskite layer, thereby inhibiting ion migration.
Moreover, quantitative analysis via XPS atomic ratio measurements showed

that the pristine sample displayed a substantial presence of Br element on its

190



surface, whereas PFHA-treated counterparts exhibited negligible levels of Br,
as Figure 6.16 presented. This quantitative confirmation further solidifies
that PFHA exhibits significant ion pinning effect, thereby preventing the ion

migration, and contributing to enhanced perovskite stability.
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Figure 6.15 | Surface XPS spectra of PCBM surface of pristine and PFHA

devices.
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Figure 6.16 | XPS Br atomic ratio of pristine and PFHA devices for ion

migration analysis.

Then, direct observation of the surface of PCBM was performed using
scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX). The surface SEM-EDX images of Br element for pristine and PFHA
pinned perovskite films were displayed as Figure 6.17. For the pristine
perovskites, strong Br signals could be observed, indicating that substantial
number of bromide ions were mobile and migrated outside the perovskite
films. While for the PFHA pinned perovskites, the signal of Br element was

quite close to the background noise (PCBM only sample), indicating a
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neglectable bromide ions migration from the PFHA pinned perovskites.
Therefore, direct observations of ion behaviours have proved that the PFHA-

pinned perovskites can effectively suppress the ion migration.

Pristine/PCBM

PFHA/PCBM

PCBM only

Figure 6.17 | SEM-EDX mapping results of Br element on the PCBM surfaces of

(a) pristine, (b) PFHA pinned samples and (c) PCBM only samples.
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The PFHA pinning strategy also improved the luminescent properties of
perovskites. Since the PFHA molecules can bond to the perovskite ions,
significant defect passivation and consequent improvements in PLQY could
be achieved after PFHA pinning, as shown in Figure 6.18. The improved PLQYs
for pinned perovskites are beneficial to achieving high efficiency PeLED

devices due to reduced defect mediated energy losses.
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Figure 6.18 | PLQY box plots for pristine and PFHA pinned perovskites. In the
box plots, the dots represent the data points, and the curves show the

distribution trends; the middle bar represents the median, and the box

represents theinterquartile range; bars extend to 1.5x the interquartile range.

The trap density inside perovskite films can be evaluated through space

charge limited current (SCLC) measurements. Therefore, the hole-only
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devices are fabricated with a structure of ITO/NiOx/PVP / perovskite / MoOx
/ Au [232]. The trap density c(t) calculation is based on the trap filling limited
voltage (Vi=) [209]. The PFHA-pinned perovskite exhibited a significantly
lower trap density than the pristine film, indicating effective passivation of
non-radiative defects, as presented in Figure 6.19. Consequently, pinning
through PFHA reduced defect-assisted non-radiative recombination,
increasing the radiative recombination ratio, and contributing to higher

device EQEs.
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Figure 6.19 | Current density versus voltage curve for hole-only devices.

6.4 Stable PeLEDs after ion pinning
Encouraged by the extraordinary ion migration hindrance and improved

luminescent property achieved via PFHA pinning, stable and efficient PeLED
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devices are then fabricated. The PeLED structure is ITO / NiOx / PVP /

perovskite / TmPPPyTz / ADN-PBIP / LiF / Al / Ag, as shown in Figure 6.20.
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Figure 6.20 | Device structure and corresponding energy levels.

As a result, the electroluminescence (EL) spectra, current density-voltage-
luminance (/-V-L) and the EQE curves are plotted as Figure 6.21a, Figure 6.21b,
and Figure 6.21c, respectively. The EL peak of PFHA pinned PeLEDs is 530 nm
with a FWHM of 20.8 nm (CIE coordination (0.185, 0.767)). Compared to the
FWHM of 25.3 nm for pristine sample, the narrowing of emission spectra on
one hand indicates the improved luminescent phase purity with the removal
of low dimensional phases [72, 73, 209], on the other hand show the
decreased defect density achieved by PFHA defect passivation. The J-V-L
curve of pinned PeLED shows improved current density and, in accordance

with the improved optical properties after PFHA pinning. Meanwhile, a
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highest EQE of 27.1% and, with an average EQE of 25.4+0.9% over 40 devices
(Figure 6.21d), much higher than maximum EQE of 12.5% for the pristine
devices. The highest device current efficiency (CE) with PFHA pinning also

reached 115.8 cd/A, as shown in Figure 6.22.
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Figure 6.21 | Ultra-stable and efficient PeLEDs. a EL spectra and b. /-V-L plots
of representative PeLED devices. c. EQE to luminance curve of PeLEDs. d.
Statistical device EQEn. of pristine and PFHA PeLEDs. 40 devices are

measured in total, respectively.
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Figure 6.22 | Current efficiency (CE) versus current density for PeLEDs.

More importantly, the operational stability of PeLED devices is also
significantly improved after the ion pinning. The operational lifetime of
PeLEDs is measured at the constant current density, and the initial luminance
istuned to 10,000 cd/m?for both devices. The champion operational lifetime
T50 of PFHA-pinned PeLEDs reached 103.17 hours (equivalent over 326,252
hours at the initial luminance of 100 cd/m? with fitted slope of -1.75, Figure
6.23), while the highest 75, of pristine devices is only 0.92 h, as shown in
Figure 6.24. Therefore, a dramatic improvement of operational lifetime over
two orders of magnitude has been achieved with the ion pinning strategy.
Such improvement has emphasized the importance of ion migration

inhibition for stable PeLEDs, and the operational stability of pinned PeLEDs is,
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to our best knowledge, the highest 75,reported so far (Figure 6.25, Table A3-

1).

10 5

1034

10

Lifetime Ty, (h)

10" Slope n =-1.75

10°
2000

—— .
10000 50000

Luminance (cd/m?)

Figure 6.23 | Representative 75 lifetime of PFHA PeLEDs at different initial
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Figure 6.24 | Operational lifetime of pristine and PFHA-pinned PeLED devices,

respectively.
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Figure 6.25 | Summary of the reported PeLED performance based on the
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The laser intensity dependent PLQYs reveal the difference of exciton
behaviours for both pristine and PFHA perovskite films, as shown in Figure
6.26. Under low excitation powers, the pristine perovskites exhibit a more
pronounced enhancement in PLQY with increasing laser intensity, indicating
more trap states to be filled. Conversely, under higher excitation power, a
more significant decline in PLQY can be found in pristine perovskites,
suggesting more significant Auger non-radiative recombination [209] and
thereby more severe efficiency roll-off at high luminance for pristine PeLEDs.
These results have underscored the critical role of PFHA ion pinning in

suppressing non-radiative recombination and enhancing PeLED
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performance.
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Figure 6.26 | Excitation-dependent PLQY of pristine and PFHA films.

6.5 Discussion

This chapter has concentrated on addressing the crucial stability challenges
of PeLEDs. In the pursuit of highly stable and efficient PeLEDs, the pivotal role
of ion migration has been identified and the utilization of PFHA pinning has
achieved a comprehensive immobilization of ions within perovskite
structures, effectively suppressing ion migration and thereby facilitating the

fabrication of ultra-stable PeLEDs.
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The most critical mechanism for ion pinning strategy is the robust
coordination to the mobile ions inside perovskite lattice. In this work, highly
fluorinated molecules, PFHA, are employed to achieve the coordination. Our
PFHA-based ion pinning strategy hasinspired the systematic design principle
of potential ion immobilizing additives to enhance perovskite stability.
Herein, PFHA acts as a “molecular glue” with robust intermolecular
interactions, including coordination and hydrogen bonds, with all perovskite
ions, as displayed in Figure 6.9 and Figure 6.10. The significant improvement
on perovskite stability can be attributed to its C-F bonds due to fluorine’s
highest electronegativity, surpassing traditional amine-based coordinating
molecules [163]. As a result, the ion immobilization effect was confirmed
through both electronic characterization and direct elemental observations,
wherein both capacitance-frequency tests unveil the suppressed ion mobility
under external electric field (Figure 6.13), and the SEM-EDX measurements
show the absence of Brrions into ETLs even after constant operation of diode
device, as shown in Figure 6.17. Therefore, the excellent ion pinning effect to
suppress the ion migration and stabilize perovskite materials has been
evidenced, thereby achieving the fabrication of ultra-stable PeLEDs (Figure

6.24).

Meanwhile, a broader question whether any fluorine-containing compound

could emulate the PFHA's exceptional ion coordination and immobilization
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capabilities in high-performance PeLEDs has been raised. The answer can be
much more complicated with comprehensive concerns about material
structure and device engineering. For example, polyvinylidene fluoride
(PVDF), afluorine-rich polymer also been reported to suppress ion migration
in stable PeLEDs [233], , and the molecular structure of both PFHA and PVDF
are listed in Figure 6.27. A crucial distinction between PFHA and PVDF is the
molecular size or the chain length. The elongated carbon-fluorine chains
inside PVDF polymer, in contrast to PFHA's compact molecular architecture,
pose a significant hindrance to charge transport within the perovskite layer,
and results in the limited maximum luminance of no more than 6,000 cd/m?,
more than one order of magnitude lower than our results (over 80,000 cd/m?
as presented in Figure 6.21). Such discrepancy emphasizes the importance of
rational molecular design in balancing ionimmobilization ability with charge
transporting dynamics, necessitating comprehensive considerations on

molecular design and selection for high-performance PeLEDs.

T et T

PFHA PVDF

Figure 6.27 | Molecular structure of PFHA and PVDF.
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Nonetheless, the exploration of alternative highly fluorinated compounds
encounters obstacles imposed by the scarcity of accessible chemicals, a
limitation discussed in Chapter 5. Specifically, the PFHA stands as the only
linear, highly fluorinated amine commercially available via chemical
platforms like CASMart, thereby hindering the examination of structurally
analogous molecules. While the comparison between PFHA and PVDF has
underscored the pivotal role of molecular size and chain length on charge
transportation and corresponding device performance, questions persist
regarding the optimality of PFHA concerning carbon chain length.
Additionally, the implications of appending side chains on its ion pinning
capacity, and the subsequent effects on material stability and the
performance of PeLEDs, are urgently demanded to be investigated in the

future works.

Furthermore, the decision to employ an amine functional group is inspired
by the former solvent sieve method with mixed solvents of HA/CB. The amine
functional group's efficacy in enhancing the performance of MHP-based
optoelectronic devices is partially attributed to its proficient ionic
coordination capabilities [163]. Nevertheless, the potential for developing
ion pinning molecules centred around alternative functional groups, such as
sulphates [234], also represents an promising avenue for future research

beyond our conventional amine groups.
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Finally, to conclude this last chapter dedicated to PeLEDs, an overall
summary and comparison of our works with the state-of-the-art PeLED
research endeavours has been performed, as listed in Table 6.1. The results
reveal that even comparing with the most advanced studies across the world,

our results still show competitive device efficiency and operational stability.

Meanwhile, a distinctive hallmark of our research lies in the broad spectrum
of applicable MHP systems, with two distinct methodologies across all MHPs,
underscoring a universality critical for the advancement of PeLEDs. The ion
pinning strategy has also emerged as a universal strategy due to the non-
sensitivity of PFHA pinning to different perovskite A-site ions and halides,
and further examinations of PFHA with other MHP systems will be performed

in future endeavours.
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Table 6.1 | State-of-the-art PeLED research works and our results.

D.Ma et al. J.S.Kim et al. Chapter 4 Solvent Chapter 5 sweet Chapter 6ion
[72] [67] sieve method [73] coordination pinning
Quasi-2D FAPDBr;,
Applicable MHP Quasi-2D
FAPbBr; Multiple MHPs Multiple MHPs other systems to be
systems CsPbBr;
evaluated.
EQE (%) 25.6 28.5 29.5 31.3 27.1
Operational lifetime
2,224 23,228 >50,000 >200,000 >320,000
(756@100 cd/m?, h)
Material availability Synthesized Commercial Commercial Commercial Commercial
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Furthermore, with a consistent target towards the prospective
industrialization of PeLED technology, our research integrates commercially
available molecules throughout to facilitate the development of large-scale
fabrication techniques. By high accessibility and practicality alongside
excellence of device performance, our work paves the pathway for
accelerated innovation in PeLEDs, targeting at bridging the gap between

laboratory breakthroughs and mass-produced next-generation PeLEDs.

6.6 Summary

In conclusion, a simple and effective ion pinning strategy has been
demonstrated to significantly prevent the ion migration process of MHPs.
The strong interaction between PFHA molecules and all perovskite ions
enables effective ion pinning, which significantly hinders the ion migration
process and contributes to the excellent operational stability of PFHA-pinned
PeLEDs. As a result, ultra-stable and efficient green PeLEDs are fabricated
witha 7y lifetime 0f 103.17 hours at 10,000 cd/m? (equivalent to over 326,252
hours or 37.2 years at 100 cd/m?) and a champion EQE of 27.1%, establishing

the operational lifetime benchmark for all green PeLEDs.

Moreover, this chapter has discussed the comprehensive design strategy for
ion pinning molecules, followed by brief comparison of our PeLEDs research

outcomes, highlighting critical stability enhancing principles and charting

207



prospective pathways toward the industrialization of PeLEDs. Our outcomes
have fortified the viewpoint that the fabrication of robust, ultra-stable PeLED
devices is not only theoretically possible but achievable in practice, and the
industrialization of PeLEDs is not a remote aspiration but an impending

reality with our own endeavours.
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Chapter 7. Optimizing Interface with
Interfacial Modification Method
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7.1Introduction

Inthis chapter, formamidinium-based organometal quasi-2D perovskites and

corresponding PePV devices are studied. For photovoltaic applications, the

quasi-2D perovskites here are much thicker comparing to former chapters

(typically over 500 nmvs. 50 nm for LEDs), and the main chemical reactioniis:
2PEAI + (n — 1)FAI 4+ nPbl, —» PEA,FA,_1Pbylsy.1 7.1

Wherein n represents the n value for quasi-2D perovskites.

The device structure of optimized PePVs here is ITO / SnO, / NH,SCN /
perovskite / Spiro-OMeTAD / Au, as Figure 7.1 shows. Herein, SnO, is a widely
applied ETL in PePVs, renowned for its outstanding optical characteristics: a
wide bandgap minimizing light loss, high carrier mobility, and exceptional
chemical stability. Nevertheless, to achieve high efficiency and stability
PePVs, addressing surface defects and enhancing the SnO,-perovskite

interface compatibility have become imperative.
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Figure 7.1| Schematic diagram of the device structure.

Herein, an interfacial modification strategy of SnO, with NH4SCN is
introduced. The schematic diagram depicting the formation of the
passivation layer between the SnO, ETL and the perovskite layer is illustrated
as Figure 7.2. The thiocyanate anion, characterized by strong
electronegativity, effectively interacts with unbound Sn at the tin dioxide
surface, passivating surface defects. Concurrently, ammoniumions promote
perovskite surface wettability, enhancing the crystalline quality of the
perovskite layer. Diverging from conventional practices that incorporate
NH4SCN directly into the perovskite precursor [199, 235-239], our interfacial
passivation approach achieves better energy level matching, yielding
increased PCEs. This modification strategy not only tackles the existing
interfacial challenges but also enhances our understanding of interface

engineering for advancing PePVs.
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Figure 7.2 | Schematic diagram of the passivation layer formed between the

SnO; ETL and perovskite layer.

7.2 Surface bonding and passivation of NH,SCN

Toillustrate the passivation effect of NHsSCN on the SnO, interface, quasi-2D
PSCs are fabricated using a two-step method. From the results of XRD, as
shown in Figure 7.3, clear quasi-2D peaks of low dimensional phases (n=1(0 0
1) and n=2 (0 O 2)) can be observed, indicating that quasi-2D perovskites

instead of conventional 3D perovskites are fabricated.
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Figure 7.3 | XRD patterns of perovskite films deposited on SnO, and

SnO,/NH,SCN substrates.

Multiple characterizations have been performed to demonstrate the
mechanism of NH4SCN passivation. First, the interaction of NH,SCN and SnO»
is investigated by XPS. As Figure 7.4 and Figure 7.5a show, the SnO,/NH,SCN
sample has an additional S 2p peak at 167.66 eV compared to SnO,, showing
existence of NH4SCN the surface of SnO, film. From the high-resolution XPS
spectrainFigure 7.5b, NH,SCN passivated SnO; of signal peaks of Sn 3ds/2 and
Sn 3ds/2 binding energy reduced to 0.2 eV relative to SnO,, which indicates
that the uncoordinated Sn* ions are electrostatically coupled to the highly

electronegative thiocyanates. Furthermore, by analysing the O 1s peaksin the
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XPS high-resolution spectra (Figure 7.5¢), for untreated SnO,sample, peaks
at 528.87 eV and 529.9 eV can be attributed to the Sn-O bond in SnO; and the
oxygen vacancy (Vo) on the surface of SnO, respectively [240]. After
passivation with NH4SCN, the two peaks increased to 529.12 eV and 530.56 eV,
respectively, whichimplies that the oxygen vacancies ontheinterface of SnO,
films are effectively passivated. The additional negative charge provided by
the strongly electronegative thiocyanates fill part of the oxygen vacancies

present on the surface of SnO, due to the insufficient Sn coordination.

e SHO2/NH4SCN :2
SnO, (125)

Sn 3d

Intensity (a.u.)

1200 1000 800 600 400 200 0
Binding energy(eV)

Figure 7.4 | XPS full spectra of SnO, and SnO,/NH4SCN.
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Figure 7.5| XPS high-resolution spectra of SnO, and SnO,/NH4SCN for (a) S 2p,

(b)Sn3d,and (c) O1s.
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Also, FTIR results confirmed the presence of both ammonium and
thiocyanate ions in the NH,SCN modified SnO; films, as shown in Figure 7.6.
From the results, the N-H stretching peak around 3130 cm for ammonium
ions and S-C=N stretching around 2050 cm for thiocyanate ions indicating
the presence of both ammonium and thiocyanate ions in the NH,SCN

modified SnO; films.

SnO,
Pure NH,SCN
SnO,+NH,SCN

Intensity (a.u.)

N-H stretching NS
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T T T T T
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Wavelength (nm)

Figure 7.6 | FTIR results of SnO: film, pure NH4SCN film and NH,SCN modified

SnO; film.

7.3 Improved charge transport and perovskite film quality
Calculated from the UV photoelectron spectrometer (UPS) test results
(Figure 7.7), the conduction band minimum (CBM) is -4.45 eV and -4.27 eV,

respectively. The rise in CBM leads to a reduction in the energy offset
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between perovskite and SnO; layer, thereby enhancing electronic extraction
[241, 242]. Better matched surface energy levels will affect the dynamic
transport of interfacial carriers [243, 244]. UPS results also disclose the
difference between our interfacial passivation strategy and conventional
treatments of adding NH4SCN as additive in perovskite precursor [199, 235~
239], where the NH,SCN interfacial passivation does not change the energy
level of perovskite, while the NH,SCN additive method shifts the perovskite
energy level upwards and hinders the electron transport, leading to a
decrease in PCE compared to our interfacial passivation strategy, as

presented in Figure 7.8.
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Figure 7.7 | UPS of (a) SnO, and (b) SnO,/NH4SCN films.
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Figure 7.8 | Energy level diagram of the device.

Also, as shown in the steady-state photoluminescence (PL) curves in Figure
7.9, a significant PL quench is noted for the SnO,/NH,SCN-based perovskite
films compared with the SnO,based perovskite films, whichindicates that the
excitons generated in perovskite can be quickly transported to SnO; layer and
quenched, demonstrating the improved carrier transporting ability at the

interface [245, 246].
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Figure 7.9 | PL spectra of perovskite films deposited on SnO, with and without

NH.SCN.

Good wettability of the perovskite precursor solution on the SnO, interface
could improve the crystalline quality of the perovskite crystals and film
coverage level , which is crucial for achieving high-performance PSCs [247].
The contact angle test results are presented in Figure 7.10, indicating that on
SnO,/NH.SCN, the contact angle of the perovskite solution decreased t0 13.2°
compared to the 21.3° observed on the SnO, substrate. With reduced contact
angle, precursor solution of perovskite can be better dispersed during the

spin-coating process, with consequent better film quality.
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ITO/SnO,

ITO/SnO,/NH,SCN

Figure 7.10 | The contact angles of perovskite precursor solution on ITO/SnO,

and ITO/SnO,/NH.SCN.

As scanning electron microscopy (SEM) images shown in Figure 7.11a and
Figure 7.11b, Gibbs free energy of perovskite nucleation is repressed for a
smaller contact angle, leading to a larger grain size during perovskite growth
and consequent better film quality [248]. Atomic force microscopy (AFM)
measurements indicated minimal impact on the surface roughness of

perovskite films after NH,.SCN modification (Figure 7.11c, Figure 7.11d).
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Figure 7.11| (a) (b) SEM results of perovskite films on SnO, and SnO,/NH,SCN
substrates. (c) (d) AFM images of perovskite films on SnO; and SnO,/NH,SCN

substrates.

To investigate the effect of NH.SCN passivation on the crystalline
characteristics of perovskite, XRD tests are then performed. As in Figure 7.12
(full spectra) and Figure 7.13 (fine spectra), the presence of NH,SCN
decreased the peak intensity of Pbl, at 12.6°, indicating a significant removal
of residual Pbl, content from perovskites. Also, the FWHM of perovskite
decreased while the peak intensity increased, showing a decrease in the

residual level of Pbl;and an enhancementin the crystallinity of the perovskite
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following the treatment. In the common two-step manufacturing process,
the remaining amount of Pbl, present in the crystals of the perovskite
contribute to defects formation [249, 250], and the reduced Pbl, indicates
fewer defects in perovskite crystals. Furthermore, diffraction peak positions
remained consistent across all perovskite films, indicating that NH.SCN

inclusion did not change perovskite lattice parameters but as an interfacial

passivator.
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Figure 7.12 ] a) c) f) XRD full spectra of perovskite films on SnO, and

Sn0O,/NH4SCN substrates.
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Figure 7.13 | XRD fine patterns of (a) Pbl, peaks and (b) perovskite peaks for

films deposited on ITO/SnO, and ITO/SnO,/NH,SCN.

The NH4SCN interfacial passivation strategy can also passivate the defects in
perovskite film since both ammonium and thiocyanate ions are mainly
located near the SnO,/perovskite surface but can also diffuse throughout the
bulk of the perovskite layers, as shown in TOF-SIMS results (Figure 7.14). From
the results, both intensities of N and S elements increase gradually with the
sputter time, indicating the existence of both ammonium and thiocyanate
ions, and this can be attributed to the addition of NH.SCN at the
SnO,/perovskite surface. Also, after the sputter time of 300 s, Sn element
intensity increases rapidly while Pb element intensity drops, indicating the
sputtering process is close to SnO/perovskite surface. The highest
intensities of both N and S elements appear near 350 s, showing that NH,SCN
is mainly located near the SnO./perovskite surface but can also diffuse

throughout the bulk of the perovskite layers.
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Figure 7.14 | TOF-SIMS results of SnO,/NH.SCN perovskite film.

Steady-state PL is employed to analyse perovskite films fabricated by
deposition on glass substrates whether or not with NH,SCN treatment (as
shown in Figure 7.15) [251]. With NH4SCN, the photoluminescence (PL)
intensity of the perovskite filmsis enhanced by about 0.8 times, meaning that

nonradiative recombination is suppressed.
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Figure 7.15 | PL spectra of different perovskite films with NH,SCN and without

NH.SCN.

Space Charge Limited Current (SCLC) technology is then used to quantify
trap state concentration in perovskite films on the devices with structure of
ITO/ETLs / Perovskite / PCBM / Au (Figure 7.16). Herein, the passivated film
exhibited a lower voltage limited by trap filling (V7=) and a corresponding
lower defect density [63], indicating efficient defect passivation and

suppression effect via NH,SCN.
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Figure 7.16 | SCLC test of electron-only devices with and without adding

NH,SCN.

7.4 High efficiency and stability quasi-2D PePVs

Inspired by the improved interfacial matching and perovskite film quality,
quasi-2D PePVs are then fabricated. The NH,SCN based devices have the best
performance with PCE of 21.96%, higher than the control device with PCE of
20.32% (Figure 7.17a). The enhanced device performance is primarily
attributed to the increase of Vocand FF, reflecting better interfacial contact
via the utilization of NH,SCN. The EQE spectra of the respective devices are
shown in Figure 7.17b. The total current densities obtained from the EQE
spectra for the control and target devices are 24.93 mA/cm? and 24.96
mA/cm?, respectively. These values are in good consistency with the /. values

derived from the current density-voltage (I-V) test.
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Figure 7.17 | (a) /-Vcurves of SnO, and SnO,/NH4SCN ETL devices. (b) EQE of

Sn0O; and SnO,/NH,SCN ETL devices.

Meanwhile, as the comparison, the NH,SCN interfacial passivation devices

show even higher PCE than the conventional devices using NH,SCN as
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additive (Figure 7.18), indicating the efficacy of the interfacial passivation
strategy comparing to conventional NH,SCN additive method, in good

consistence with the better energy level matching (Figure 7.8).
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Figure 7.18 | /-Vcurves of devices based on NH,SCN interfacial passivation and

NH.SCN as additive.

The repeatability of the devices is assessed, both pre- and post-passivation.
30 identical devices are subsequently prepared to assess consistency and
consistency in device performance (Figure 7.19 and Figure 7.20). In contrast
to PCE variability of 18.2% to 20.2% in devices with SnO, ETL, those using
SnO,/NH4SCN ETL exhibited a PCE range of 19.8 to 22.0%, indicating no harm

in fabrication reproducibility.
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Figure 7.19 | The PCE distribution of 30 devices with or without NH4,SCN.
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Figure 7.20 | Statistics of PCE distribution of 30 devices with or without

NH.SCN passivation.
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The correlation between Vocand the light intensity is revealed in Figure 7.21.
The slope deviation from unity in solar cells suggests trap-assisted
recombination, where Kg represents the Boltzmann constant, T for absolute
temperature, and q for elementary charge. The slope of the device using
SnO,/NH,SCN ETL is 1.57 K T/q, smaller than that of the device based on SnO,
ETL (1.81 KgT/q), suggesting a substantial decrease in defect-assisted charge

recombination [252, 253].
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Figure 7.21| The correlation between V,.and light intensity with and without

adding NH,SCN.

Then, Figure 7.22 illustrates the Nyquist plots and the corresponding
equivalent circuit representing the carrier recombination process, with Rs
denoting the devices' series resistance. Rrec and CPE are terms used to

describe the resistance to recombination at the ETL-perovskite interface,
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along with chemical capacitance [254]. The fitted Rs for SnO,/NH4SCN is
smaller comparing to the pristine device, indicating reduced series
resistance after NH,SCN modification. While the Rrec of SnO,/NH.SCN based

deviceislarger, suggesting suppressed defect-assisted recombination within

the device.
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Figure 7.22 | Nyquist plots for both devices.

The stability results of non-encapsulated devices aged in dry air at ambient
temperature are illustrated in Figure 7.23 and Figure S7-9. The PSC that uses
SnO,/NH4SCN ETL sustains 90% of the initial PCE after 3,000 hours, showing
animpressive stability consistent with the improvement on film crystallinity,
while the PCE of the PSC with SnO, ETL decreases by approximately 30% after

3,000 hours. The significant enhancements on device stability without
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encapsulation have presented a bright future for industrial scale applications.
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Figure 7.23 | Storage stability (O,, 25 °C) of SnO, and SnO,/NH.SCN ETL

perovskite photovoltaic devices.

What’s more, the MPP tracking results also confirmed that the SnO,/NH.SCN
interfacial passivation can improve the operational stability, as shown in
Figure 7.24 and Figure 7.25. At room temperature (25 °C), the pristine device
retains only 78.5% of the original PCE after 400 h operation, while the device
with NH4SCN interfacial passivation can maintain over 94.0% of the initial PCE.
All the results have confirmed that the SnO,/NH1SCN interfacial passivation
strategy can improve both the storage and operational stability of PSCS, in
good accordance with the improved film quality and crystallinity as well as

lowered defect density.
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Figure 7.24 | MPP tracking results of different devices under 1 sunillumination
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Figure 7.25| MPP tracking results of different devices under 1sunillumination

at65°C.

Finally, the solvent sieve method has been employed to further improve the
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efficiency of PePVs, as summarized in Table 7.1. The treated PCE is improved
to 22.35%, one of the highest PCEs for all reported quasi-2D PePVs, with
furtherimprovementin operational stability, further affirming the versatility

of our solvent sieve method.

Table 7.1 | Performance of pristine and solvent sieved PePVs.

Pristine | Solvent sieved

Maximum PCE (%) 21.96 22.35

PCE maintained after 1,000 h MPP tracking (%) 86.2 91.4

7.5 Discussion

This chapter introduces a novel interfacial modification approach utilizing
NH4SCN to attain highly efficient and stable quasi-2D PePVs. Departing from
conventional NH,SCN additive strategies [199, 235-239], which incorporate
NH,SCN within the perovskite layer and elevate the energy levels and thereby
impede electron transport, the proposed NH,SCN interfacial passivation
mechanism prevents altering the energy levels of the bulk perovskites and
maintains unhindered electron extraction, as illustrated in Figure 7.8.
Meanwhile, the interfacial modification strategy can further improve the
wetting of perovskite precursorsonSnQO;layer (Figure 7.10), leading to higher
perovskite film quality as well as higher device PCEs compared to pristine and

conventional NH,SCN additives, as compared in Figure 7.17 and Figure 7.18.
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This interfacial modification strategy rather than conventional additives has
underscored the importance of rationally and precisely applying chemicals,
such as additives or for interfacial modifications, grounded in deeper
understandings of their specific mechanisms and the resultant material

properties.

To date, the interfacial modifications of SnO, ETL have been substantially
studied, with recent focus on the interface defects passivation. Inorganic
ionic compounds, such as potassium chloride (KCI) and potassium iodide
(KI), employ both anionic and cationic components to coordinate with both
negative and positive defects at the SnO,-perovskite interface [252, 255, 256].
Meanwhile, some organic molecules with functional groups such as amines (-
NH>), carboxylic acids (-COOH), and halides (F, CI), have also demonstrated
efficacy in coordinating with defect sites at interfaces, and significantly tune
the surface energy level of SnO; and suppress surface defects [255, 257-259].
To enhance the quality of perovskite films and address SnO, interfacial
defects issues, ionic compounds NH,SCN with large electronegative anions
and cations are strategically selected. Therefore, the NH,SCN interfacial
modification significantly enhances the interface quality of high-
performance PePVs, with optimized interfacial defect passivation (Figure 7.5)
aswellasimproved perovskite precursor wetting (Figure 7.10). Therefore, the

perovskite crystallinity is significantly improved, as evidenced by the XRD
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patterns (Figure 7.12 and Figure 7.13), and the defects are reduced (Figure
7.16). Thus, with comprehensive considerations of efficient interfacial defect
passivation, improved interfacial energy level matching, and optimized
perovskite precursors wettability, high efficiency, and operational stability

quasi-2D PePVs are finally achieved with our strategy.

The concern regarding the perovskite material system is crucial. In this
chapter, quasi-2D perovskite solar cells are fabricated. Theoretically,
compared to 3D ones, quasi-2D perovskite solar cells can exhibit potentially
high stability due to the stabilization effect of incorporated ligands [37, 260].
However, to date, no significant advantages on device stability have been
achieved for quasi-2D PePVs compared to the 3D counterparts, wherein both
PePVs can maintain over 90% PCEs after more than1,000 h MPP tracking [261,
262]. On the other hand, the PCEs of quasi-2D PePVs have fallen behind, with
highest PCEs slightly higher than 22% [37, 261, 263, 264] compared to over 26%
of 3D PePVs [265]. Therefore, underlying factors contributing to this

discrepancy can be analysed from both material and device levels.

As reviewed in Chapter 2, quasi-2D perovskites possess a distinctive mixed-
quantum-well architecture integrating bulky organic ligand layers between
the perovskite slabs. This structure, while tending to enhance material

stability by suppressing ion migration, inadvertently introduces barrier
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layers to charge carrier transportation, as shown in Figure 7.26 [266]. These
barriers thereby impede exciton dissociation and subsequent electricity
conversion of PePVs. Conversely, 3D perovskites exhibit continuous and
extensive crystal structure that facilitate efficient charge transportation,
resulting in enhanced exciton dissociation and higher PCEs. Hence, the
quantum confinement effect with multi-quantum-well structure might not

be a prerequisite for attaining substantially high PCEs.
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Figure 7.26 | Scheme of charrier transportation across quasi-2D perovskites

[266].

Extending this concern, perovskite quantum dots PVs (PeQDPVs) with even
stronger quantum confinement alongside bulky organic ligands

introduction have encountered severe challenges on PCEs. To date, the
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maximum PCEs of PeQDPVs have not exceeded 18% [267-269]. Consequently,
there arises a demand to critically re-evaluate the essentiality of quantum
confinement in architectural design for high efficiency PePVs, while
innovative strategies that can facilitate efficient charge transfer and exciton
dissociation within locally quantum confined material systems shall be

developed to transcend current PCE limitations.

Regarding the stability concerns, the failure of quasi-2D PePVs to exhibit
much longer lifetime can partly attribute to the increased chemical
complexity after large cations introduction, necessitating even finer tuning
for quasi-2D systems. However, one critical factor that received inadequate
attention is that all the state-of-the-art quasi-2D PePVs still contain low n
phases [37, 261, 263, 264, 270]. As thoroughly deliberated in Chapter 4, the
low n phases inside quasi-2D perovskite are the origin of instability,
potentially preventing the manifestation of the stability advantages of quasi-
2D perovskites. Therefore, the removal of low n phases from quasi-2D PePVs

might be another decisive advance for exceptionally stable PePVs.

Finally, as the employment of solvent sieve method to our quasi-2D PePVs
(Table 7.1), although the sieved quasi-2D PePVs still show the highest PCEs for
all reported quasi-2D PePVs, the enhancements of device performance is not

as critical as PeLEDs counterparts. The discrepancy might lie in the different
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film thicknesses, where PeLEDs typically have a perovskite layer thickness of
approximately 50 nm, a dimension that permits solvent penetration and
thorough removal of low-n phases. However, PePVs possess much greater
thickness, exceeding 500 nm in our experiments, which impedes the
solvent's capacity to fully dissolve all low n phases. Thus, the development of
thick film applicable solvent sieve method to overcome the phase
dimensions challenges will be performed following the confirmation of

advantages for quasi-2D PePVs.

7.6 Summary

In conclusion, ammonium thiocyanate can effectively passivate the buried
interface defects of quasi-2D perovskite devices. Detailed characterization
shows that the NH,SCN passivation plays multiple roles inimproving the PSC
performance. The interaction between NH,SCN and SnO, ETL can effectively
reduce the defect density of the SnO, interface and improve the energy level
matching between SnO, and perovskite films, ultimately leading to an
improvement in device efficiency. Then, preparing perovskite films with
smaller contact angles on the SnO,/NH4SCN ETL substrate results in larger
grains and lower defect density, leading to significant increase in Vocand FF.
The SnO,/NH,SCN-based PSCs achieved improved performance with an
optimum PCE of 21.96%. Additionally, the devices retained 90% of their initial

PCE after 3,000 hours in dry air without encapsulation, underscoring the
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critical role of improving the interface quality in the fabrication of efficient

and stable PePVs.

Moreover, the intrinsic concerns about interfacial modification molecule
selection and quantum confinement in PePVs have been discussed. Although
theoretically quantum confinement with ligands can stabilize perovskite
structures, the hindrance to charge extraction shall not be neglected.
Meanwhile, optimized solvent sieve method might be of great enhancement
to quasi-2D PePVs, while critical challenges on treatment depth should be

overcome in the future.
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Chapter 8. Conclusions and Perspective
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To summarize, this thesis begins with a comprehensive overview of MHP
materials and their applications in optoelectronic devices. Owing to their
unique electronic and optical characteristics, MHPs have emerged as a
leading candidate for next generation optoelectronic materials, finding
widespread applications in diverse areas, including PeLEDs and PePVs.
However, to meet the rigorous industrial standards, there is an urgent need
to enhance the stability and efficiency of MHP-based devices. However, the
incomplete understanding of the complex origins behind their instability
and inefficiency still hinders the improvements on device performance.
Consequently, this thesis aims to delve into the fundamental mechanisms
governing these issues and proposes efficacious solutions to improve the
performance of MHP-based optoelectronic devices, particularly focusing on

PeLEDs and PePVs.

Through a thorough literature review of the fundamental structures and key
properties of MHP materials, this thesis has identified the principal
challenges affecting the performance of PeLEDs and PePVs. For PeLEDs, the
resolving of phase dimensions, suppression of defects, and hindrance of ion
migration are predominant concerns impacting device efficiency and
stability. Conversely, for PePVs, interface optimization is vital for enhancing

device performance.
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Phase Dimensions Resolving: Quasi-2D perovskites exhibit a unique multi-
quantum-well structure characterized by mixed phase dimensions, where
the thickness of a single quantum well is defined by the n value
(representing the number of lead-centred octahedra along the thickness
direction). Therefore, excitons can funnel from high-bandgap low n
phases to low-bandgap high n ones. To effectively resolve these phase
dimensions, meticulous characterizations are conducted revealing that
low n phases are responsible for perovskite instability and performance
deficiencies. A simple and innovative solvent sieve post-treatment
method is developed to selectively remove low n phases, thereby
promoting efficient inter-phase energy funnelling. This leads to the
fabrication of highly stable and efficient PeLEDs, displaying peak EQE of
29.5% and half-lifetime 75,0f18.67 hours at 12,000 cd/m? (corresponding
to over 50,317 hours or 5.7 years at 100 cd/m?). These PeLEDs also show
exceptional resistance to environmental degradation, retaining over 75%
of their film photoluminescence quantum yield and 80% of device EQE
even after 100 days in ambient conditions. This solvent sieve method
underscores the feasibility of MHPs for advanced luminescence
applications and unlocks their potential for industrial grade efficiency
and stability in PeLEDs.

Defect Suppression: Defects within MHPs induce non-radiative

recombination of excitons and severe ion mobility, degrading the
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efficiency and stability of PeLEDs. To counteract this, a sweet
coordination strategy is proposed to optimize the perovskite growth
process, effectively suppressing defect formation. Application of this
strategy results in the fabrication of PeLEDs with outstanding efficiency
(maximum EQE of 31.3%) and operational stability (half-life 75,exceeding
76.9 hours at an initial luminance of 10,000 cd/m?, equivalent to over
211,800 hours or 24.2 years at 100 cd/m2). This breakthrough paves the
way for future PeLED applications in the display and lighting sectors.

lon Migration Hindrance: lon migration, a phenomenon stemming from
the soft and deformable lattice of MHPs, has contributed significantly to
the limited operational lifetime of PeLEDs. To address this challenge, a
highly fluorinated molecule, PFHA, is employed to spontaneously form
strong coordinative bonds with all perovskite ions, effectively hindering
ion migration. This enables ultra-stable and efficient green PeLEDs with a
peak EQE of 27.1% and an unprecedented 7 lifetime of 103.17 hours at
10,000 cd/m? (corresponding to over 326,252 hours or 37.2 years at 100
cd/m?), setting a benchmark for PeLED operational stability. This work
confirms the prospects of PeLEDs for the industrialization in future
display and lighting technologies.

Interface Optimization in PePVs: In quasi-2D PePVs, the organic ligands
stabilize the perovskite structure and improve device stability. However,

unresolved interfacial issues between the perovskite and charge
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transporting layers hinders further progress. To overcome this, interface
modification is undertaken with NH,SCN as a multifunctional passivator
at the SnO,/perovskite interface in quasi-2D PePVs. This effectively
passivates interfacial defects, regulates energy levels, and significantly
improves precursor wetting and consequent perovskite film quality. This
NH,SCN interfacial modification strategy yields highly efficient and
stable quasi-2D PePVs, with a maximum PCE of 21.96% and an impressive
stability retaining 90% of the initial PCE after 3,000 hours in ambient

conditions.

In conclusion, this thesis has summarized four critical issues of both PeLEDs
and PePVs and presented four corresponding solutions to overcome these
challenges. As a result, highly stable and efficient PeLEDs and PePVs have
been successfully developed. Collectively, these solutions have shown the
promising future for the industrialization of perovskite optoelectronic

devices.
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Chapter 9. Future Work
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Overall, although impressive milestones have been achieved with the
endeavours of researchers in the field of perovskite optoelectronic devices,
future works are still demanded to fulfil the requisites of sustainable,
efficient, and scalable technologies. Looking forward, the future trajectory
of perovskite optoelectronic devices is underscored by three key areas:
further enhancing long term operational stability and manufacturability,
advancing towards industry-scale fabrication techniques such as large area
and pixelated fabrication, and developing environmentally friendly lead-free

perovskites.

Firstly, addressing the Achilles heel of perovskite devices, the operational
stability and fabrication reproducibility, remains a pivotal task. The intrinsic
instabilities of fabricated perovskite materials, as well as outside stimuli,
such as humidity, heat, and UV radiation, have hindered their application
from laboratory prototypes to industry-grade products. Future research
should concentrate on the underlying mechanisms of degradation fromboth
materials and device levels, including ion migration, phase segregation, and
interfacial reactions. Furthermore, advanced encapsulation strategies to
protect the active perovskite layer from environmental stresses are also
crucial to promoting the industrialization of MHP base optoelectronic
devices. Finally, the manufacturability and fabrication repeatability of MHP

based optoelectronic devices should be improved with optimizing precursor
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compositions, the synthesis procedures, deposition techniques, annealing

conditions, and other processing parameters from batches to batches.

Secondly, the transition from laboratory scale prototypes to industry level
mass production necessitates the exploration and implementation of
scalable fabrication methods. The industrially compatible processes such as
roll-to-roll process, inkjet printing, slot-die coating, and spray-coating
techniques that can maintain homogeneity and film quality over large areas
should be further developed for MHP based devices. Additionally, the
integration of MHP materials into pixelated architectures for displays and
sensors requires the design and development of patterning methods that
preserve the high performance of individual pixels while ensuring good
connectivity across the entire pixel array, with novel nano-scale fabrication

methods such as lithography, mass transfer and etching.

Finally, the development of environmentally friendly alternatives to
conventional lead-based perovskites is also critical in the field. Despite the
exceptional optoelectronic properties of lead-halide perovskites, the
toxicity and environmental concernsrelated tolead have promptedintensive
research into lead-free candidates. This includes alternative metal cations
like tin, germanium, or bismuth, which can potentially maintain the

favourable optoelectronic properties of lead while reducing toxicity. Future
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studies should focus on synthesizing and optimizing these lead-free
perovskites, aiming to achieve comparable or even better performance than
thelead-containing counterparts. Additionally, the control and management
oflead leakage for currentlead containing MHP devices are also instrumental
in the realization of environmentally friendly perovskite optoelectronic

devices.

In conclusion, the outlooks for perovskite optoelectronic devices have
envisioned multiple directions including the improvement of long-term
stability and manufacturability, the study of scalable and industry
compatible fabrication methodologies, and the development of lead-free
alternatives. These efforts are promising to propel MHP based technologies
towards a critical and sustainable presence into the global renewable energy
and optoelectronic markets, transcending the boundaries of current state-
of-the-art devices and pave the roads towards a new era of green, efficient,

and cost-effective optoelectronics.
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Appendix 1. Supplementary Information for Chapter 4.

Table Al-1| Performance of recently reported green perovskite LEDs with EQE exceeding 20%.

Operational lifetime
CEnmax Operational lifetime
Perovskites EQEnax (%) Lmax(cd/m?) (750, min, equivalent at Ref.
(cd/A) (750, min, reported)
100 cd/m?, n=-1.65)
FPEABr:CsPbBr;, quasi-
20.36 64 8.2x10* 6.5(L~10,000 cd/m?) 12969.2 [209]
2D
BABr: CsPbBr;, quasi-2D 20.5 63 1.3x10* 25 (L~1,000 cd/m?) 1116.7 [214]
PEABr:(Cs, FA)PbBr3,
21.4 80 1.7x10* 117 (L~100 cd/m?) 117 [42]
quasi-2D
PEABr:(CsPbBr;, quasi-2D 22.49 59.2 0.5x10* 52 (L~144 cd/m?) 94.9 [271]
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PEABr:FAPbBr;, quasi-2D 229 98 2.0x10* 390 (L,~100 cd/m?) 390 [272]
FAo_gGAo,lpbBr3,
234 108 2.4x10% 132 (L~100 cd/m?) 132 [40]
nanocrystals
PEABr:(Cs, MA)PbBrs;,
25.6 88 5.2x10% 115(L+=7,200 cd/m?) 133,443.2 [72]
quasi-2D
PEABr:CsPbBr;, Quasi-
28.1 95.8 4.1x10* 242.4 (L,~100 cd/m?) 242.4 [273]
core/shell nanoparticles
((FA07MA0.1GA0.2)0.57 31,200 (L+~1,000
28.9 150.1 4.7x10% 1,393,652.8 [67]
Cso.3PbBr3) core/shell cd/m?)
1,120 (L~12,000 This
PEABr:FAPbBr;, quasi-2D 29.5 127.4 1.48x10° 3,019,027.6
cd/m?) work
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Table Al1-2 Storage lifetime of PePVs and this work in the ambient.

Remaining Storage time
Ref.
efficiency (%) (hour)
95 336 [274]
90 1000 [275]
81 2352 [276]
81 700 [277]
72 3200 [278]
67.8 1000 [279]
60 2250 [280]
91.7 336
85.3 672 This work
80.1 2400
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Appendix 2. Supplementary Information for Chapter 5.

Table A2-1| Performance of recently reported green perovskite LEDs with EQE exceeding 20%.

Operational lifetime
CEnmax Operational lifetime
Perovskites EQEmax (%) Lmax(cd/m?) (750, hour, equivalent at Ref.
(cd/A) (750, min, reported)
100 cd/m?, n=-1.72)
6.5(L,~10,000
FPEABr:CsPbBrs;, RDP 20.36 64 8.2x10* 298.4 [209]
cd/m?)
BABr:CsPbBr;, RDP 20.5 63 1.3x10* 25 (L~1000 cd/m?) 219 [232]
PEABr:(Cs, FA)PbBr;, RDP 214 80 1.7x10# 117 (L,~=100 cd/m?) 1.95 [42]
PEABr:(CsPbBr;, RDP 22.49 59.2 0.5x10* 52 (L~=144 cd/m?) 1.62 [271]
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PEABr:FAPbBr;, RDP 22.9 98 2.0x10* 390 (L~100 cd/m?) 6.5 [272]
FA05GAo.:PbBrs;, nanocrystals 234 108 2.4x10* 132 (L»~100 cd/m?) 2.2 [40]
PEABr:(Cs, MA)PbBr;, RDP 25.6 88 5.2x10% 115(Ls=7,200 cd/m?) 3000.3 [72]
PEABr:CsPbBrs, Quasi-
28.1 95.8 4.1x10* 242.4 (L~100 cd/m?) 4.0 [273]
core/shell nanoparticles
((FA07MA0.1GA0.2)0.57 31,200 (L+~1,000
28.9 150.1 4.7x10° 27,290.0 [67]
Cso3PbBr3) core/shell cd/m?)
4615 (L~10,000 This
PEABr:FAPbBrs;, RDP 31.3 132.1 2.8x10° 211,846.1
cd/m?) work
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Table A2-2 | Performance summary of pure red PeLEDs (625-635nm).

EL Peak FWHM EQEmax Linax
Perovskites Ref.
(nm) (nm) (%) (cdm?)
Cu?-
CsPbBrl, ~630 ~20 5.1 ~2500 [281]
QDs
BI-
CsPb(Br/I); 625 ~31 12.9 3382 [282]
QDs
CsPbl;
634 21 7.1 1391 [283]
QDs
CSPb|3
630 42 6.4 1212 [284]
QDs
(PEA)zSnl4
632 21 497 170 [285]
RDP
PEA/NMA
635 42 12.41 1452 [286]
RDP
PBA/MBZA
632 43 7.0 1927 [287]
RDP
Our work 635 41 16.1 1508 This work
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Appendix 3. Supplementary Information for Chapter 6.

Table A3-1| Performance of recently reported green perovskite LEDs with EQE exceeding 20% without optical outcoupling.

Operational lifetime
CEnmax Operational lifetime
Perovskites EQEmax (%) Lmax(cd/m?) (750, hour, equivalent at | Ref.
(cd/A) (750, min, reported)
100 cd/m?, n=-1.75)
6.5 (L~10,000
FPEABr:CsPbBrs;, quasi-2D 20.36 64 8.2x10* 342.6 [209]
cd/m?)
BABr:CsPbBr;, quasi-2D 20.5 63 1.3x10* 25(L~1000 cd/m?) 234 [232]
PEABr:(Cs, FA)PbBr;, quasi-
21.4 80 1.7x10* 117 (L,~=100 cd/m?) 1.95 [42]
2D
PEABr:(CsPbBrs, quasi-2D 22.49 59.2 0.5x10* 52 (L~144 cd/m?) 1.6 [271]
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PEABr:FAPbBr;, quasi-2D 229 98 2.0x10* 390 (L,~100 cd/m?) 6.5 [272]
FA05GAo,PbBr;, nanocrystals | 23.4 108 2.4x10* 132 (L»~100 cd/m?) 2.2 [40]
PEABr:(Cs, MA)PbBr;, quasi-
25.6 88 5.2x10* 115 (L»~7,200cd/m?) | 3,410.9 [72]
2D
PEABr:CsPbBrs3, Quasi-
28.1 95.8 4.1x104 242.4 (L~100cd/m?) | 4.0 [273]
core/shell nanoparticles
((FA07sMA0.1GA0.2)0.57 31,200 (L,~1,000
28.9 150.1 4.7x10° 29,241 [67]
Cso.3PbBr3) core/shell cd/m?)
6,190 (L~10,000 This
FPEABr:FAPbBr;, quasi-2D 27.1 115.8 8.1x10* 326,252
cd/m?) work
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