ERTEN NANYANG
TECHNOLOGICAL
UNIVERSITY

SINGAPORE

MODULATION OF NON-RADIATIVE RECOMBINATION IN
ORGANIC-INORGANIC HALIDE PEROVSKITES FOR LIGHT
EMISSION

NUR FADILAH BINTE JAMALUDIN

Interdisciplinary Graduate School
Energy Research Institute @ NTU

2019






MODULATION OF NON-RADIATIVE RECOMBINATION IN
ORGANIC-INORGANIC HALIDE PEROVSKITES FOR LIGHT
EMISSION

NUR FADILAH BINTE JAMALUDIN

INTERDISCIPLINARY GRADUATE SCHOOL

A thesis submitted to the Nanyang Technological University
in partial fulfilment of the requirement for the degree of
Doctor of Philosophy

2019






Statement of Originality

I hereby certify that the work embodied in this thesis is the result of original
research, is free of plagiarised materials, and has not been submitted for a higher

degree to any other University or Institution.

19 August 2019

Date Nur Fadilah Jamaludin






Supervisor Declaration Statement

I have reviewed the content and presentation style of this thesis and declare it is free
of plagiarism and of sufficient grammatical clarity to be examined. To the best of
my knowledge, the research and writing are those of the candidate except as
acknowledged in the Author Attribution Statement. [ confirm that the
investigations were conducted in accord with the ethics policies and integrity
standards of Nanyang Technological University and that the research data are

presented honestly and without prejudice.

19 August 2019 ."-‘-’;' g |
I.I . I .' I' "'_J .,..I-I-' |1 A
................. NMEETA™

Date Professor Subodh Mhaisalkar






Authorship Attribution Statement

This thesis contains material from 2 papers published in the following peer-reviewed

journals where I was the first author.

Chapter 4 is published as Nur Fadilah Jamaludin, Natalia Yantara, Yan Fong Ng, Mingjie

Li, Teck Wee Goh, Krishnamoorthy Thirumal, Tze Chien Sum, Nripan Mathews, Cesare

Soci, and Subodh Mhaisalkar, Grain Size Modulation and Interfacial Engineering of

CH3NH3PbBr; Emitter Films through Incorporation of Tetraethylammonium Bromide.
ChemPhysChem 2018, 19, 1075 — 1080. DOI: 10.1002/cphc.201701380.

The contributions of the co-authors are as follows:

Prof Subodh Mhaisalkar and Assoc Prof Nripan Mathews provided the direction
for the experiment.

I co-designed and carried out the experiments with Dr Natalia Yantara.

Dr Mingjie Li and Dr Teck Wee Goh designed and executed the PLQY, TRPL and
XPS spectroscopic measurements.

Mr Krishnamoorthy Thirumal assisted in the PESA measurement and analysis.

Mr Yan Fong Ng assisted in the PeLED device fabrication process

Prof Tze Chien Sum and Assoc Prof Cesare Soci assisted in the data collection and
data analysis.

I wrote the manuscript which was vetted by Dr Natalia Yantara.



Chapter 5 is published as Nur Fadilah Jamaludin, Natalia Yantara, Yan Fong Ng, Annalisa
Bruno, Bevita K. Chandran, Xin Yu Chin, Krishnamoorthy Thirumal, Nripan
Mathews, Cesare Soci and Subodh Mhaisalkar, Perovskite templating via a
bathophenanthroline additive for efficient light-emitting devices.

J. Mater. Chem. C, 2018, 6, 2295 —2302. DOI: 10.1039/C7TC05643E.

The contributions of the co-authors are as follows:

e Prof Subodh Mhaisalkar and Assoc Prof Nripan Mathews provided the direction
for the experiment.

e Dr Natalia Yantara and I co-designed and executed the experiments.

e Dr Annalisa Bruno, Dr Xin Yu Chin and Assoc Prof Cesare Soci carried out the
TRPL and FTIR measurements and analysis.

e Mr Krishnamoorthy Thirumal assisted in the PESA measurement and analysis

e Dr Bevita K. Chandran ran the thin film XRD experiment and analysis.

e Mr Yan Fong Ng assisted in the PeLED device fabrication and data analysis.

e [ wrote the manuscript which was vetted by Dr Natalia Yantara.

19 August 2019

Date Nur Fadilah Jamaludin



Abstract

Abstract

Metal halide perovskites (MHPs) have garnered extensive attention from the scientific
community since its inception as a light harvester in 2009. With a general formula of ABX3,
where the monovalent A-site cation is surrounded by four corner-sharing BXe metal halide
octahedra, solar cells based on this material (PSCs) have shown remarkable efficiencies
owing to their superior optoelectronic properties. Research on MHP-based LEDs (PeLEDs)
has made tremendous progress following early reports on light emission in 2014, with
current state-of-the-art devices exhibiting external quantum efficiencies exceeding 20%.
However, industrialization of PeLED is not without challenges, with performance,
reliability, and scalability; all contingent towards advancing the fundamental understanding

of these materials and their light-emitting characteristics.

Ideally, for effective light emission, high radiative recombination rate is required and can
be achieved through either (a) suppression of non-radiative recombination or (b)
improvements to radiative recombination via charge carrier confinement. The tendency for
non-radiative recombination to precede radiative recombination leads to the mediocre
efficiencies seen at low driving voltages, underscoring the importance of remedying defects.
Radiative recombination can be enhanced through employment of an energetic landscape,
where structural modulation of the emitter facilitates efficient light generation via a process
termed as energy cascade. Such a landscape is obtained through the templated formation
of quasi-2D MHPs, where on injection of charge carriers into higher band gap domains,
the charge transfer to the energetically favoured lowest band gap domains ensures

increased charge carrier concentration and efficient emission.

This thesis is focused on enhancing radiative recombination through materials processing
techniques for defect alleviation as well as via engineering an energetic landscape for
mitigation of non-radiative losses and efficient bimolecular radiative recombination
through charge carrier localization. Though necessary for solvent removal, annealing also
accelerates film degradation due to the formation of under-coordinated surface atoms; and

a post-deposition treatment that results in an enhancement to the device performance, was



Abstract

developed. Reduced grain size is an effective way to increase spatial confinement of charge
carriers and boost radiative recombination; however, the accompanying effect of increasing
grain boundary density needs to be contained. An additive engineering technique that
introduces a small organic molecule during processing, forming small passivated grains

thus promoting radiative recombination, was effectively devised.

Efforts to improve efficiency of PeLEDs have been hampered by low exciton binding
energies, moisture instability and tendency for light degradation. Layered (2D) MHPs,
offering superior ambient stability and high exciton binding energies were introduced to
form mixed-dimensional MHPs. The notable increase in performance of these MHPs stem
from the formation of multiple domains of varying band gaps, creating an energetic
landscape, whereby charge carriers undergo an energy cascade from larger band gap
domains to the energetically favoured lower band gap domains. The rapid energy transfer
process circumvents non-radiative recombination in the larger band gap domains, resulting
in confinement of charge carriers in the lowest band gap domains which not only
overwhelm the defect states, but also facilitate highly efficient photon generation.
Translating these design principles into practice necessitates the implementation of new
processes and rational selection of molecular moieties that engineer mixed-dimensionality
in the MHPs. While the energy cascade phenomenon has been demonstrated for red and
green emissions, this challenge is accentuated for blue emission, where charge carrier
funneling to the smallest band gap domains needs to be countered. A protocol to influence
the crystallization kinetics and to regulate the formation of pure 2D domains was developed

to yield record efficiencies and spectrally stable blue emission.

To summarize, the work presented in this thesis is centered on managing defects and
designing an energetic landscape that favours radiative recombination. A combination of
prudent molecular additive selection, process design, and fine tuning of a mono-halide
material system enable both defect passivation and effective energy cascade to be achieved.
This mitigation of non-radiative recombination process and improved photon generation
due to charge carrier localization boosted emission; highlight the importance of defect

management and process design for high performance PeLEDs.



Lay Summary

Lay Summary

The world energy consumption continues to rise, driven by the need for increasing growth
and standards of living, fueling the demand for energy. Of the numerous electricity end
users, artificial lighting is singularly one of the highest; accounting for a fifth of the world’s
total energy output. The reason for this lies in the significant wastage of energy for lighting
purposes, which highlights the need for development of more efficient illumination
technologies such as OLEDs. However, despite the high energy savings and wide-ranging
applications offered, the high manufacturing cost of OLEDs renders it impractical for large
scale production. This creates opportunities for the development of newer lighting concepts
capable of providing higher efficiencies at lower production cost. Metal halide perovskites
(MHPs) have garnered extensive attention from the scientific community since it was first
reported as a solar cell absorber material in 2009. Over the past decade, with efficiencies
reaching 25.2%, perovskite solar cells (PSCs) have now established themselves as a strong
contender for industrialization, with efficiencies in the range of multi-crystalline silicon
solar cells. Subsequently, research on perovskite LEDs (PeLEDs) has made tremendous
progress with best-in-class devices exhibiting efficiencies exceeding 20%, putting them on
par with current state-of-the-art OLEDs. However, commercialization of PeLED is not
without its challenges, with fundamental understanding of the correlation between the
materials’ processing and desired properties still required for efficiency to improve further.
For effective light generation, defect suppression and enhanced probability of light
generating process termed as radiative recombination, are needed. The tendency for defect
filling to precede radiative recombination leads to the mediocre efficiencies seen at low
voltages. Radiative recombination can be enhanced through structural modulation of the
MHP phases that funnels charge carriers to facilitate efficient light generation via a process
termed as energy cascade. This thesis is thus focused on defect management in PeLEDs
through materials processing techniques such as post-deposition treatment and additive
engineering for defect alleviation as well as via process engineering to control the MHP

structural diversity so as to facilitate enhanced light emission.
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Chapter 1

Introduction

The introduction provides the background and motivation of research into
new illumination concepts beyond antecedent lighting technologies such
as LEDs and OLEDs. The objective of the thesis is on the management of
bulk and surface defects in perovskite-based light emitting devices, which
will be explored through processing-induced defect modulation techniques
and mitigation of non-radiative losses via the engineering of an energetic
landscape aimed towards enhancing bimolecular recombination process
for efficient photon generation. The thesis organization is detailed in the
dissertation overview and this section concludes with the major findings

from this research work.
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1.1  Background and Motivation

The world’s energy consumption is on a continuous rise, driven by the growing demand
for energy. In the year ending 2018, primary energy consumption grew by 2.9% despite
increasing societal awareness and demands for immediate action on climate change. Of the
numerous electricity end users, artificial lighting is singularly one of the highest;
accounting for a fifth of the world’s total energy output.! However, not all is utilized for
light emission. In a finding by the International Energy Agency, the potential electricity
savings from indoor lighting by 2030 could be equivalent to Africa’s total electricity
consumption in 2013.2 The significant wastage of energy for lighting purposes highlights
the need for development of more efficient illumination technologies. The advent of light-
emitting diodes (LEDs), both inorganic and organic, has brought great progress to the
lighting industry since the invention of the lightbulb.? Light emission in LEDs occurs when
injected electrons and holes, recombine radiatively in a process known as
electroluminescence.* Fundamentally different from existing illumination technologies, it
boasts excellent performance in various aspects such as luminous efficiency, lifetimes and
reliability,” proving to be a good substitute for traditional light sources. Table 1.1 is a

comparison of performance metric across the various lighting technologies.

Table 1.1 Comparison of performance metric across various lighting technologies®

TRADITIONAL COMPARING TODAY’S AVAILABLE LIGHTING TECHNOLOGIES
TECHNOLOGY
Compact Fluorescent Light Emitting Diode
Incandescent Halogen (CFL) (LED)
powersmart g J U
Very Low Low High Very high
Options range from Warm Options range from Warm
e b0 to Cool to Cool
Partial Range [special Partial Range [special
Full Range Full Range =i ing CFLs available) > ing LEDS avai
Low 28-29W Iw-11w w
LIGHT OUTPUT * s0W 41-43W 13W-16W 12.5W
(IN LUMENS) 75W 51- 53W 18W-20W
Currently unavailable
100w 70- 72W 23W-2TW
STIMATED 1,000 hours 3,000 hours 8,000 hours 25,000 hours
DPERATING (Approx. one year) [Approx. threeyears) (Approx. 8 years) [ Approx. 25 years)
cOST PER -
h ; ; Approx. $5.75 Approx. $4.25 Approx. $1.50 Approx. $1.25
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Despite the high energy savings and wide-ranging applications offered by LED technology
such as in the field of lighting and displays, the high manufacturing cost associated with
use of expensive precursor materials, need for vacuum-based processing and epitaxial film
growth,’ renders it impractical for large scale production. This creates opportunities for the
development of new lighting concepts capable of providing higher efficiencies at lower

production cost.

Metal halide perovskites (MHPs) have garnered extensive attention from the scientific
community since its inception as a light harvester in 2009. With a general formula of ABX3,
where the monovalent A-site cation is surrounded by four corner-sharing BXs metal halide
octahedras (A = CH(NH2),", CH3NH," or Cs", B = Pb?", Sn**, Cu?*" or Ge*" and X =Cl *,
Br ~or I ")} (Figure 1.1 (a)), solar cells based on this material (PSCs) have shown
remarkable efficiencies owing to their superior optoelectronic properties such as high
absorption coefficients, low defect densities and long carrier diffusion lengths.®19 It is thus
unsurprising that not only has MHP been touted as an emerging light harvesting material
but has also managed to ease its way into applications beyond photovoltaics. The rapid
scale of research on this wonder material has enabled several key factors for development
of highly efficient PSCs to be established. These include but are not restricted to large
columnar grains, low grain boundary and defect densities. However, the question as to
whether the same requirements are needed for non-photovoltaic related applications, still

remains.

The strong correlation between the Shockley-Queisser limit and external luminescence
efficiency suggests that good light harvesters are potentially good radiators.''!> This
catalyzes MHPs’ rapid shift from being a miracle material for photovoltaics to an
extraordinary semiconductor for light emission. Albeit different from the working
mechanism of a solar cell where sunlight is converted to electricity (Figure 1.1 (b)), in an
LED, MHP transforms electricity into light (Figure 1.1 (c)), with an energy equivalent to
its band gap. The high colour purity and photoluminescence quantum yield (PLQY)
afforded by MHP emitters present it as an attractive alternative to organics for lighting and

display applications. The flexibility of tuning the emission wavelength through halide
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variation too provides an opportunity for a wide palette of colours to be achieved (Figure

1.1 (d)).
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Figure 1.1 (a) The crystal structure of ABX; perovskite'*. Working mechanisms of a (b) PSC'* and
(c) PeLED". (d) The wide-ranging emission spectrum achievable through halide composition

variation'®. (¢) Examples of device architectures typically adopted for PeLEDs"’

Research in the field of metal halide perovskite-based LEDs (PeLEDs) has made
tremendous progress following the first fabricated device!® where the MHP emitter
(CH3NH3PbBr3), sandwiched between hole transporting (PEDOT:PSS) and electron
transporting (F8) layers attained a maximum luminance of 364 cd m? and a current
efficiency of 0.3 cd A!. Numerous attempts have since been made to further the device
efficiency. This include modifications to the interfacial charge transport layers!*-? to
promote balanced charge injection into the emitter and engineering the energy landscape
of the emitter to facilitate bimolecular radiative recombination.?!* The current state-of-
the-art blue, green and red-emitting thin film-based PeLEDs without additional optical
outcoupling structure, exhibit external quantum efficiencies (EQE) of 6.2%,%* and 20.3%%°
and 20.1%7° respectively. Some examples of device architecture used for PeLEDs are

shown in Figure 1.1 (e).
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Figure 1.2 (a) Schematic on trap and band-state filling processes®’. (b) Examples of commonly
used 2D organic spacer molecules. Schematic of (¢) dimensionality tuning® and (d) energy transfer

from high band gap to low band gap domains®. () Typical performance metric for PeLED?.

1.2 Challenges for High Performance PeLEDs and Gap Analysis

However, industrialization of PeLEDs is not without its challenges. Relative to PSCs,
research into PeLEDs is still in its infancy and while the progress thus far has been driven
by knowledge gained from PSC research, strides further afield would require fundamental
understanding of the correlation between the materials’ processing and desired properties.
Ideally, for effective light emission, high radiative recombination rate is required and
achieved through two typical pathways, (a) suppression of non-radiative recombination
and/or (b) facilitation of radiative recombination. The former relates to the presence of bulk
and/or interfacial defects which are sites for non-radiative recombination.?*-32 A typical
example is the defect filling process. The tendency for defect filling (Shockley Read Hall
— SRH) to precede band-state filling (Figure 1.2 (a)), a radiative recombination process,
leads to the mediocre efficiencies seen at low driving voltages. This underscores the
importance of remedying defects in the quest for high efficiency PeLEDs. The latter, on

the other hand, involves engineering the emitter to facilitate efficient light generation via a
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process termed as energy cascade.?'-2% 33 Energy cascade landscape is obtained through the
introduction of two-dimensional (2D) organic spacer molecules such as butyl ammonium
(BA) or phenyl ethyl ammonium (PEA) to template the formation of quasi-2D MHPs.
Multiple band gap domains, akin to intrinsic quantum well structures, are formed in this
mixed-dimensional film (Figure 1.2 (¢)). On injection of charge carriers into higher band
gap domains, the charge transfer to the energetically favoured lowest band gap domains
ensures increased charge carrier concentrations in the latter (Figure 1.2 (d)). The increased
number of photoexcited states and high charge carrier concentration enhances radiative

recombination process and in turn translates to higher efficiency devices (Figure 1.2 (e)).

High electronic quality MHP film is just as critical for light emission as it is for light
absorption. Ironically, the main advantages of employing MHPs as alternative emitters —
solution processability and low defect densities, are incongruent. This is due to the
propensity for defect formation during rapid crystallization that occurs amid the deposition
process, thus providing the impetus for efforts toward defect management. Although
current-state-of-the-art PeLEDs have shown efficiencies approaching the theoretical
limit,** knowledge on the influence of processing and defects on light emission, is still
lacking. Therefore, the intention of this thesis is to provide an in-depth investigation into

the processing-induced evolution of film properties and its contribution toward defects.

1.3  Objective and Scope

In essence, the objective of this thesis revolves around the main theme of managing non-
radiative recombination in MHPs. This is done through materials processing such as
through post-deposition treatment and additive incorporation for passivation to alleviate
both electronically active defects as well as grain boundary defects. Moreover, the
engineering of an energetic landscape within the emitter enables non-radiative losses to be
mitigated while simultaneously facilitating bimolecular radiative recombination through

charge carrier localization. The scope of the research is detailed as follows:
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1.3.1 Passivation of surface defects in MHPs

Similar to the processing of PSCs, annealing is also carried out to assist in the removal of
excess solvent for PeLEDs, however, the concurrent increase in propensity for phase
segregation and film degradation arising from under-coordination of surface lead atoms3*-
36 during annealing, requires mitigating actions to be taken to minimize consequence to
device performance. In order to circumvent this, a post-deposition treatment process
employing a branched alkyl ammonium cation, is used. Although annealing is necessary
for the transformation of yellow to black phase for iodide-based MHPs, the same is not
required for bromide-based MHPs owing to the direct formation of desired phase on
crystallization of the latter. This provides an opportunity for the adoption of alternative
solvent removal steps to annealing to enable the elimination of annealing-induced defects.
One such method is the vacuum drying process. While vacuum drying offers the added
benefit of small grains which facilitates radiative recombination through spatial
confinement of charge carriers, the simultaneous increase in grain boundary density also
accompanies this process. Ideally, the former should be kept to a minimum due to its
contribution towards non-radiative recombination (i.e defects and traps). A route for the
formation of small passivated grains, such as through additive incorporation, is required to
fully harness the advantages of spatial confinement for efficient photon generation. Due
to the suppressive effect of defects on radiative recombination, it is necessary to combat
them through passivation hence providing the rationale for Objective 1.3.1 which will be

done through the following

e Exploring the impact of post-deposition treatment and additive incorporation in
alleviating defects

¢ Investigating the influence of traps states on electrical loss mechanisms in PeLEDs
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1.3.2 Investigations into energy cascade process and design of organic spacer

molecules (2D cations) for mitigation of non-radiative recombination losses

Despite its impressive range of properties, low exciton binding energies, moisture
instability and tendency for light degradation have hindered the development of high
efficiency PeLEDs based on three-dimensional (3D) MHPs. To combat this, their 2D
analogues, offering superior ambient stability and high PLQYSs, are introduced to enable
the harnessing of advantages from both systems. The notable increase in performance of
these mixed-dimensional MHPs stem from the formation of multiple domains of varying
band gaps depending on the degree of 2D cation intercalation in the 3D network. These
domains result in the construction of an energetic landscape whereby charge carriers
injected into the larger band gap domains get rapidly transferred to the energetically
favoured lower band gap domains in a process referred to as energy cascade. The
simultaneous outcompeting of non-radiative recombination process in the larger band gap
domains and enhanced radiative recombination process in the lower band gap domains
translate to an increase in the effectiveness of photon generation. Although the energy
cascade process is hardly a new concept for PeLEDs, the knowledge on the type of 2D
cation required to template the formation of an efficient energy landscape remains elusive.
This provides the basis for Objective 1.3.2, where the study on the influence of aromatic

core on the engineering of a mixed-dimensional landscape will be presented as follows

e Investigating 2D cations to facilitate the formation of mixed-dimensional system for
enhanced radiative recombination
e Mitigation of non-radiative losses through formation of efficient energy cascade

landscape

1.3.3 Effect of organic spacer molecules and A-site cations for efficient and spectrally

stable blue emission

The PeLED efficiency for blue emission to date has been wanting, with rapid efficiency

improvement to date noted primarily for green and red emissions. Although mixed-
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dimensional MHPs adopting the energetic landscape concept has shown some degree of
success, the tendency for charge carriers to funnel to the smallest band gap domains often
results in green-emitting devices. While formation of green emitting domains can be
suppressed through incorporation of excess 2D cations, the propensity for pure 2D MHPs
to form due to strong van der Waals interaction inhibits charge transport in the resulting
films. This translates to the need for fine control over the distribution of multi-dimensional
band gap domains about the desired peak emission to enable monodispersed blue emission
to be achieved without compromising on charge transport. In order to do so, it is critical to
ensure that only the intermediate mixed-dimensional MHP domains crystallize whereas the
formation of pure 2D domains is suppressed. The strategy to achieve Objective 1.3.3 is

outlined as follows

e Validating importance of 2D cation and A-site cation relative solubilities for narrow
multi band gap domain distribution
e Modulating the formation of layered MHPs to facilitate radiative recombination

through efficient energy transfer

1.4  Dissertation Overview

Chapter I highlights the crux of the thesis which is the objectives. The chapter details the
purview of the research and features the key findings as well as the originality of ideas

presented in this thesis.

Chapter 2 presents a comprehensive overview of literature done in the field of MHPs and

PeLEDs. Here the gaps in knowledge which will be addressed, are brought forth.

Chapter 3 discusses the various syntheses and methodology employed in the investigation
of defect passivation and the energy cascade process. The choice of characterization

techniques employed will also be elaborated on.
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Chapter 4 highlights the impact of annealing as a solvent removal step on defect formation
and presents post-deposition treatment process as a possible route for alleviating annealing-

induced defects.

Chapter 5 showcases the effect of additive incorporation in enabling in-situ growth of
passivated nanograins which promotes increased radiative recombination for improved

device performance.

Chapter 6 presents a systematic study on the use of 2D cation to engineer the formation of
an efficient energetic landscape in the emitter. The role of defects and the criteria required
for design of suitable 2D cation to facilitate an efficient energy cascade process would be

discussed.

Chapter 7 encompasses the investigation into the influence of A-site cation to achieve a
narrow spread of mixed-dimensional MHP distribution to achieve spectrally stable blue

emission.

Chapter 8 summarizes in its entirety the work presented from Chapters 4-7. Aside from
correlating the results obtained with the defined objectives of the thesis, the possible

opportunities and ramifications arising from the research work will also be duly discussed.

1.5 Findings and Outcomes/Originality

The work presented in this thesis has led to the following contributions towards the broader

scientific community:

1.5.1 Establishing the importance of defect passivation during film processing for

PeLEDs

The tendency for defect formation with solution-based processing necessitates remedial

actions to alleviate non-radiative recombination losses in PeLEDs. Through facile

10



Introduction Chapter 1

modification to the processing of MHP films, it is shown that defects can be successfully
modulated as evidenced by the enhanced photoluminescence intensities and corresponding
improvement to device performance. The presence of a limit to the concentrations of tetra
ethyl ammonium bromide and bathophenanthroline used before PeLED performance
declines suggests that excessive secondary phase in the emitter is disruptive to radiative
recombination and/or charge transport. In both studies, defect passivation of the grains is
also accompanied by grain size modulation and energy level realignment at the charge
selective layer interfaces. Hence, although the post-deposition treatment and additive
incorporation processes are intended for defect passivation, their simultaneous effect in
other areas can also contribute positively or negatively (when in excess) towards device

performance.

1.5.2 Demonstrating the effect of molecular design on the effectiveness of 2D cation
in engineering the formation of an efficient energetic landscape for mixed-

dimensional MHP emitters

Three 2D cations with different aromatic cores are investigated to establish their influence
on engineering an efficient energetic landscape to promote the charge carrier funneling
process. Although all three molecules are shown to be capable of forming 2D MHPs, their
optoelectronic properties on incorporation into the 3D lead-halide network differ. Two
main reasons for the disparity in performance of the three molecules are (a) the higher
degree of distortion for mixed-dimensional films templated with bi-cationic molecules
which contributes towards lower radiative recombination as evidenced by the lower
PLQYs and shorter lifetime decays as well as (b) inefficient funneling between the higher
band gap and lower band gap domains as observed from the weak photoluminescence
spectra. Thus, while it is shown that mixed-dimensional MHPs provide a platform for
attaining high efficiency devices, judicious selection of 2D cation is needed to enable the
formation of effective mini quantum wells without detriment to charge funneling kinetics

in the pursuit of PeLED efficiency.

11
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1.5.3 Validating the need for control over the distribution of mixed-dimensional

domains in an energetically engineered landscape for spectrally stable blue emission

Although the energy cascade process has been successful in yielding high performance
green and red PeLEDs; their applicability for blue emission has been hindered by the
tendency for emission to shift to the lowest band gap domains. However, by relying on a
triptych of the 2D cation and A-site cation concentrations, solubility limit of the A-site
cation, and nucleation kinetics; a methodology enabling the tailoring of MHP energetic
landscape to deliver a narrow distribution of intermediate mixed-dimensional MHP
domains allows efficient blue emission to be achieved. High concentration of the 2D cation
and low solubility A-site cation are both needed to eliminate the formation of 2D and 3D
MHP domains as evidenced by the absence of their characteristic emissions in the
electroluminescence (EL) and photoluminescence (PL) spectra. The efficacy of the charge
carrier funneling process is confirmed by the increasing rise and decay times at longer
wavelengths which are indicative of suppressed non-radiative losses at intermediate mixed-
dimensional MHP domains. By employing this processing strategy, record efficiencies of
2.34 and 4.8% corresponding to spectrally stable deep blue (~ 465 nm) and cyan (~ 493
nm) emissions are achieved. Issues pertaining to halide segregation are also averted with
the use of a pure bromide system. This strategy is readily applicable to other material
systems and would lead to significant advancements in blue emissions and offer new
avenues for tunability across the Commission Internationale de !'Eclairage (CIE) colour

gamut.

12
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Chapter 2

Literature Review

This chapter provides a detailed description of the advantages of
employing metal halide perovskites as alternative emitters in perovskite-
based light emitting diodes. Important concepts pertaining to this thesis
such as electroluminescence from metal halide perovskite emitters,
performance metrics of perovskite-based light emitting diodes, dominant
defects present in the active material as well as approaches which can
be undertaken to mitigate effect of non-radiative recombination on metal

halide perovskites and their resulting devices, will also be covered.
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2.1 Organic Light Emitting Diodes

Organic light-emitting diodes (OLEDs) are the organic counterpart of light-emitting diodes,
where instead of an inorganic material functioning as the electroluminescent layer, for
OLEDs, the emitting material is organic. While LEDs are point light sources, OLEDs are
diffused sources of light. Not only are OLEDs thin, lightweight and flat light sources which
can be made flexible, their versatility and uniform large-area light emission also present

them as attractive candidates for various lighting applications' (Figure 2.1).

Figure 2.1 Examples of applications of the OLED technology*”

2.1.1 Device architecture

Light emission in OLEDs occurs through a process known as electroluminescence. Light
photons are generated due to the radiative recombination of holes and electrons injected
into the semiconductor materials from the electrodes. Since the early works on

electroluminescence in organic semiconductors by Pope and Helfrich!, the OLED device
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architecture has evolved to become complex multi-layered systems to maximize device

efficiency® (Figure 2.2).

PIN OLED

Heterostructures | Cathode

Multilayers
Cathode ETL
Monolayer e ETL Doped EML
(Thick crystals) EK US patent HTL

Pope (1963),  #4539507 #4769202 |2oped EML
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( ) Cathode : Céggggg -
Cathode i EML Doped transport layers

_ HTL HTL HBL : K. Leo, U. Dresden 2002
EML Anode Anode » Hole Blocking layer
Anode 1985 1988 p Exciton confinement

1965

Figure 2.2 Evolution of OLED architecture over the years to improve device efficiency and

stability’

A typical OLED stack (Figure 2.3), consists of the following components:
Substrate: The substrate supports the OLED device and depending on the application the
OLED is used for, it can vary from rigid glass for OLED modules or even plastic for

flexible or wearable electronics.

Anode: The transparent conducting oxide deposited on the substrate acts as an anode,

transporting holes through the OLED when a bias is applied.

Organic layers: The organic layers in an OLED refer to the charge selective and emitting

layers.
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e Hole transport layer: The hole transport layer functions to transport holes
(antithesis of electrons) from the anode to the emitter layer. Depending on the

energy level, it can also function as an electron blocker.

e Emitting layer: The holes and electrons recombine in this layer to generate

photons.

e Electron transport layer: The electron transport layer facilitates the flow of

electrons from the cathode to the emitting layer for radiative recombination.

Cathode: Electrons are injected into the device through the cathode when a voltage is

applied across the OLED.

transport layer

emitting layer

transport layer

transparent conductor (ITO) [ clectron transport layer
B hole transport layer B metal cathode

emitting layer B glass substrate

Figure 2.3 OLED device architecture®
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2.1.2 Working principle

When an external bias is applied across the OLED, electrons and holes are injected into the
device from the cathode and anode respectively. The holes would then enter the highest
occupied molecular orbital (HOMO) of a high mobility semiconductor material (hole
transporting layer), followed by the electron blocking layer, which restricts the leakage of
electrons (opposite carrier) from the emitter layer by utilizing a large energy barrier in the
lowest unoccupied molecular orbital (LUMO). Finally, the holes would form excitons with
electrons in the emissive layer, and decay radiatively to emit photons. The injection and
transport processes for electrons adopt the same principles as that of holes, with the
exception of migration through the LUMO levels of the corresponding electron
transporting and hole blocking layers, to reach the emissive layer. While the various layers
present in the device serve to enhance OLED efficiency, the possibility of combining

different functions into a single layer, may deem some layers redundant.®

In short, the light production process in OLEDs (Figure 2.4) can be summarized into four

main steps.’

e Injection of electrons and holes at the electrodes

e Transport of charge carriers through the corresponding transporting and blocking
layers

e Formation of excitons in the emitting layer

e Light emission through radiative decay of excitons
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Figure 2.4 Schematic of electroluminescence process occurring in an OLED device®

The emission wavelength of the OLED device is directly related to the energy difference
between the HOMO and LUMO levels of the emitting material, also referred to as the band
gap of the material. Consequently, emission colour tuning can be made possible by
substitution of emitter material. Brightness or intensity of emitted light, on the other hand,

can be manipulated by varying the amount of electrical current supplied.'”

2.1.3 Performance metrics for OLEDs

Efficiency is a crucial aspect which needs to be considered, not just to account for device
energy consumption, but also for its lifetime. Three main parameters used in the assessment
of OLED performance are current efficiency (cd A™"), luminous efficiency (Im W), and
external quantum efficiency.® !! In brief, while the latter provides a ratio of photons emitted
to injected charge carriers, the other two efficiencies are photometric quantities, having a

strong correlation to the human eye’s spectral sensitivity (Figure 2.5).

The current efficiency can be obtained by applying the following formula; where L, and

Jmeas represent the luminance and the measured current density flowing through the device,

respectively.
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Lo

Ne = [cd A7Y]

]meas

The luminous efficiency on the other hand, is a point measurement which takes into
consideration the driving voltage and current density, which can be described using the

formula;

NLe = MNc [lm W_l]

Vmeas

with fp defined as

1 % +m
sz—f f 1(6,¢)sin6 d¢ db
7TIO 0 -

where fj, represents the angular distribution of the emitted light intensity defined in terms
of the azimuthal (6) and polar angles (¢p) whereas I, represents the light intensity. All

calculated values are to be taken from the forward direction measurements.

Last but not least, the external quantum efficiency is represented using the following:

fore %
K, E,, ‘100

Next = Mc

with the luminous efficacy of radiation represented by K,.is obtained by

f780nm (/1) V(/D di

— J380nm - W_l]
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r
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where Epp, ¢, (1) and V(2) refer to the average energy of the emitted photon, radiant flux
and weighing function with consideration of human eye spectral sensitivity. In other words,
K, can be simply defined as the number of lumens a given spectrum can produce per watt.
However, it is important to note that the accuracy of the integrated efficiency values only
holds true if the measurement considers the angular fj distribution. As such, it is crucial
that an integrating sphere or goniometer be included into the experimental set up for precise

angular considerations.

For simplicity, the external quantum efficiency is often presented as follows:

Next = nrd)f X Nout = MNint Nout

where 7., ¢5 , x and 7, refer to the probability of electron and hole recombination,
fluorescence quantum efficiency, probability of radiative decay occurrence and fraction of

photons leaving the device, respectively. The product of 1,., ¢ and x gives rise to the

internal quantum efficiency (1;,,;) of the device.

10°

10°

Ly LA AL AL

Sensitivity (Im/W)
=
maximum at 555 nm

human eye's -
sensitivity function 4

RRLLLLLL B L B LA

| i | | | | | | | L | L
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Wavelength (nm)

Figure 2.5 Human eye response function as a function of wavelength'’
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2.1.4 Disadvantages of OLEDs

Despite the promise of revolutionizing the illumination industry with potentially large
energy savings, the high costs associated with use of expensive precursors and need for
epitaxial film matching has been a challenge. This creates opportunities for the
development of innovative illuminating technologies which not only offer high efficiencies,

but concomitantly, at low cost.

2.2 Metal Halide Perovskites for Light Emission

2.2.1 Three-dimensional metal halide perovskites

While MHPs adopt the same crystal structure as their classic oxide-based counterpart with
an ABX3 formula, the former consists of a monovalent A-site cation surrounded by four

corner-sharing BXs metal halide octahedra (Figure 2.6), where A = CH(NH>),*, CH3NH;"
or Cs*, B=Pb?", Sn?*, Cu?**or Ge*" and X =Cl -, Br “or1 .12

Figure 2.6 Crystal structure of a typical oxide perovskite'

The ideality of the MHP structure is defined using two parameters namely the Goldschmidt

tolerance factor (¢) and octahedral factor (i) which are defined as follows:
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Based on the tolerance and octahedral factors above, stable structures are found to fall
within the range of 0.80 < ¢ < 0.90 and 0.40 < u < 0.90.3-'* Deviations in values beyond
the range result in excessive distortion of the crystal structure leading to destruction of the
connected 3D metal halide network.'* High cubic symmetry yields optimum electronic
properties owing to the high degree of ionic bonding. However, in most cases, MHPs do
not take on the ideal structure but instead form distorted variants. The deviation from the
ideal tolerance range due to resultant tensile and compressive stresses in the crystal gives
rise to distortion and tilting'> of metal halide octahedras consequently affecting material
properties such as electronic, magnetic and dielectric characteristics, which are critical in

determining the applications of MHPs.

Research into lead-free MHPs have driven efforts towards substitution of the B-site cation.
However, structural stability and optoelectronic properties are strongly correlated with the
presence of lead, as evidenced by the less than satisfactory performance of lead-free MHPs
to date.'®!” On the other hand, introduction of trace amounts of dopants such as tin, bismuth
and strontium, have been shown to be successful in imparting unique properties to this class

of materials'® with little effect on p (Figure 2.7).
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Figure 2.7 (a) Planar view (001) of metal halide perovskite. (b) Tolerance and octahedral factor
variation on substitution of A-site and B-site cation respectively for chloride-, bromide- and iodide-

based perovskites'®

The unique range of properties offered by MHPs in association with its structural
symmetry'® include ultra-low defect densities, high absorption coefficients of 10* — 10° cm
! within the visible region,'> 2°-2! low exciton binding energy,?? excellent charge carrier
mobilities** and long-range balanced charge transport lengths.?* The superb characteristics
coupled with low-cost manufacturing associated with earth abundant precursors and
solution-based processing, appeals it to a wide range of optoelectronic applications beyond
photovoltaics. These and other optoelectronic properties of MHPs can be modulated simply

through elemental doping of A-, B- or X-site in the crystal lattice (Figure 2.8).

27



Literature Review Chapter 2

l’{ Dopiﬂg Element } ____________________ - e Influence  |[-—=—====--- <

Crystal Structure

4 Regulate phase transformation
4 Stabilize phase structure

A - site
MA*, FA*, EA*, Cs*,
Ag*, Rb*, Na*, K*

B - site
o —O- =0
! Pb?*, Mn®*, Sn?*, Cd?*, Ni?*,

Zn?, AP, Sr*, Bi*, RE*

0

O-

Bandgap

¢ Adjust bandgap
# Introduce new energy levels

Photoluminescence

O-
o

4 Tune emission wavelength
4 Enhance luminous efficiency
4+ Modulate carrier dynamics

QA 08 oX X - site

Cl, Br, I, SCN- Electrical Properties

4 Lower injection barrier
4 Improve electrical transportation

o

Figure 2.8 Possible doping elements for the A-, B- and X-sites of the perovskite structure and their

influence on material properties'®

Although PeLEDs have shown unprecedented growth in efficiencies since the early reports
of their photoluminescence,?2¢ the efficiency of PeLEDs based on pristine MHPs thin
films are low. This is despite the various modifications made to the processing technique
to enable smooth and compact films of high electronic quality?’?® to be achieved. The
underlying cause for the low efficiency of these PeLEDs stems from the very characteristic
which presents MHPs as an efficient light harvester; its low exciton binding energy. Low
exciton binding energy facilitates efficient charge carrier extraction from light harvesting
layer due to the rapid exciton dissociation to free charge carriers?-3° on photon absorption.
However, in the case of PeLEDs, instead, high exciton binding energy is desired to promote
rapid radiative recombination of the charge carriers on injection into the emitting layer.
Thus, high localized charge carrier density is required to compensate for the low exciton
binding energy in order to achieve high radiative recombination. To overcome this, exciton
confinement is proposed? and achieved via two approaches : (a) geometric confinement

and (b) intrinsic confinement (Figure 2.9).
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Figure 2.9 Proposed routes for increasing exciton confinement to promote radiative

recombination?’.

This provided the catalyst for research into small grain and nanoparticle emitters due to the
spatial and electronic confinement of charge carriers afforded. Examples of literature
adopting this principle include embedding of emitter within a polymer matrix,’!-3
introduction of additive for in-situ nanograin formation®3-** and use of nanoparticles as
emitting material.3>37 Despite the enhancement seen for thin film-based MHPs with the
adoption of geometric confinement principle, the PeLED efficiency still lags behind those
of their quantum confined counterparts. This suggests that the electronic confinement
offered by the change in emitter dimensionality offers a more effective approach towards

achieving efficient radiative recombination in PeLEDs.

2.2.2 Lower dimensional metal halide perovskites

Unlike 3D MHPs, the 2D analogues with a formula of LoAn-1BnX3n+1 (Where L is an organic
spacer molecule, n is a positive integer and n = 1 refers to the pure 2D MHP) adopt a
layered structure due to the inability of the bulky organic spacer molecule to fit into the

cubic corner-sharing metal halide octahedra network. Collapse of this network results in
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the formation of <001> or <110> cuts of the 3D structure®® (Figure 2.10). Held together
by van der Waals forces, these layered analogues are structured similarly to quantum wells
with the inorganic layers forming the wells whereas the organic spacer molecules, function
as barriers. The difference in the dielectric constants of the organic and inorganic layers
within the lattice results in the high exciton binding energies characteristic of 2D MHPs,
giving rise to their high PLQYs.* Although the quantum well-like structure*® offers high
exciton binding energies which are ideal for light emission applications,*!*** the poor
connectivity of the metal halide network results in extremely poor charge transport
properties of these 2D MHPs. To combat this while still retaining the high radiative
recombination efficacy offered by dimensional confinement, amalgamation of the 2D and
3D MHPs is proposed, where depending on the degree of intercalation of the 2D cation
into the 3D metal halide network, a myriad of layered compounds with varying binding
energies and band gaps can be obtained. With dimensionalities falling somewhere in-
between the 2D and 3D systems, these compounds are often referred to as mixed-
dimensional MHPs. This creates new opportunities for the inclusion of larger and more
complex molecules such as conjugated molecules enabling n—n stacking,** dyes (e.g.,
thiophenes*), or even chromophores, to better tune optoelectronic properties of the

otherwise restrictive 2D and 3D archetype MHPs for a wide range of applications.
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Figure 2.10 Schematic of mixed-dimensional perovskites where incorporation of organic spacer
molecules results in the destruction of the 3D metal-halide network and the formation of

characteristic 2D layered structure*®

2.2.3 Colour tunability

MHPs are extremely flexible; not only can the morphology be modified easily through
processing to yield grains or particles of varying shapes and sizes, the emission wavelength
too can be tailored via composition engineering. Having been shown to be a successful
approach to yield improved band gap and phase stability for photovoltaics, compositional
engineering through A-site or X-site ion substitution enables a wide spectrum of colours to
be realized. Coupled with the narrow emission line-width® afforded by MHPs which
translates to high colour purity, it is hardly surprising MHPs are an emerging class of

materials for lighting and display applications.
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Figure 2.11 Tuning of PL emission through halide-mixing*

X-site colour tuning for MHPs is typically carried out by (a) employing different halide
sources or through a process called (b) anion exchange. Similar in concept to the mixed-
dimensional MHPs, where varying degree of 2D cation incorporation into the 3D matrix
results in mixed-dimensional systems, the mixing of the various halide sources yield MHPs
with an intermediate emission relative to that of their pure halide counterparts. Anion
exchange on the other hand, involves the substitution of the prevailing halide in the system
with another.?”-4” This process is generally viable for all halide combinations except for the
Cl- and I- pair,’® where the lattice mismatch and stark disparity in ionic radii between the
two anions results in ineffective exchange process. While both approaches enable emission
spanning the entire visible spectrum to be obtained, the tendency for halide segregation or
leeching®® to ensue, particularly at high driving voltages, necessitates mitigating actions to
eliminate issues pertaining to spectral stability, such as through the use of a polymer-
emitter blend.*¥4° A-site substitution too enables colour tuning to be carried out, but due to
the smaller degree of tuning afforded through this method, X-site colour tuning is often

preferred.
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2.3

Perovskite-based Light Emitting Diodes (PeLEDs)

As compared to mature display technologies such as OLEDs and quantum dot LEDs

(QLEDs), research into PeLED:s is still in its infancy. However, despite this, PeLEDs have

charted an unprecedented rise in efficiency, achieving peak external quantum efficiency

(EQE) values exceeding 20%°% *° within a short span of five years where OLEDs and
QLEDs which have taken decades of research to do so (Figure 2.12).
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Figure 2.12 Evolution of (left) EQE and (right) luminance of PeLEDs over the years as compared
to OLEDs and quantum dot LEDs (QLEDs)*

2.3.1 Device architecture

The most commonly adopted architecture for PeLED is that of a triple-layered device

which consists of an MHP emitter sandwiched between the electron and hole transporting

layers. The PeLED device architecture draws inspiration from OLEDs, albeit the absence

of electron and hole blocking layers due to the dual function of the charge-selective

transport materials.® Figure 2.13 illustrates the schematic of a typical PeLED device

architecture.
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Figure 2.13 Schematic of a PeLED device architecture

Numerous attempts have been made to enhance device performance through (a)
improvements to quality of emitter via solvent engineering processing or perovskite-
polymer blend,?! 3! (b) tailoring the interfacial charge transport layers3>>3 to facilitate
balanced charge carrier injection and (c) promoting radiative recombination for light
27, 34, 54-55

generation through efficient confinement of charge carriers,

EQEs of 6.2%%°, and 20.3%°7 and 20.1%*° for blue-, green- and red-emitting thin film

giving rise to peak

PeLEDs respectively.

2.3.2 Optical and electrical losses in PeLEDs

Akin to the working mechanism in OLEDs, photon generation in PeLEDs occur on
radiative recombination of electron and hole in the emitter layer. As such, PeLED
efficiency is affected by several factors such as fluorescence efficiency, the probability of
radiative recombination for light emission and the efficiency of light extraction from the
device.!! Theoretically, improvement to any of these factors will yield enhancement to
device performance. However, limitations to radiative recombination processes and light
out coupling are the main suppressors” 3% 38 of PeLED efficiency. Radiative recombination
process can be improved by allaying non-radiative recombination which can occur within

the emitter as well as the interfaces. Electrical losses (Figure 2.14) in the emitter arise due
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to Auger and trap assisted (defects) non-radiative recombination whereas at the interfaces,
surface defect states act as charge carrier quenching sites resulting in loss of charge carrier
injection efficiency and manifests in the form of higher operating voltages and current
densities. The mismatch in injection efficiency into the emitter from the charge selective
contacts result in carrier accumulation at the emitting layer interfaces, lowering device
efficiency at high voltage and luminance.>® As such, effective engineering of the interfacial
layers is crucial to promote both efficient charge carrier transport into the emitter?* ® and
effective light extraction from the device. Non-radiative recombination losses in the emitter
and interfaces on the other hand, can be allayed through additive®! and post-deposition®?
processing. Optical losses in PeLEDs stem from the differences in refractive indexes (77)
of the layers within the device. This results in the trapping of generated photons in the
emitter layer (total internal reflection) instead of their effective extraction out of the device.
Modifications to substrates®® or the transparent electrode/emitter interface’® have been

reported to be effective in tackling this issue.
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Figure 2.14 Schematic of electrical loss mechanisms in PeLED devices®

2.4 Defects in Halide Perovskites

Despite reports of their defect tolerance,%°¢ MHPs are, in fact, not defect free. Instead, it
refers to the shallow nature of defects present in these systems which do not exceedingly
impact the optoelectronic properties of these materials, as evidenced by the superior
properties exhibited. The reason for this lies in the location of the defects within the

electronic band structure. A case in point would be the principle material, CH;NH3Pbl;,
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where the high ionic character of CH3NH3Pbls and strong antibonding coupling between
the Pb s-orbital and I p-orbital®® % results in the formation of shallow defects such as
interstitials (I; and MA)), vacancies (Vi, Vma, and Vpy), and substitutions (MAps, Pbma, and
MA)*° near the conduction and valence bands (Figure 2.15). Although these defects have
low formation energies, their relatively inert character, enables the functional properties of
the material to be preserved, unlike the mid-gap states present in other semiconductors such
as CdSe and GaAs,%” which form deep trap states and are detrimental to radiative

recombination process.
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Figure 2.15 Schematic of deep traps and shallow traps present in defect intolerant and defect

tolerant systems respectively®’

2.4.1 Effect of defects on PeLED characteristics

Low exciton binding energies simply refer to the ease of exciton dissociation to form free
charges. This translates to the increased dependency of bimolecular radiative
recombination on trap density and charge carrier density%®7° (Figure 2.16). Trap assisted
monomolecular recombination prevail at low carrier density regime owing to the defect

filling process, whereas radiative recombination dominates at higher carrier density
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regimes due to band filling.®® This is consistent with the trend of increased
photoluminescence quantum yield values of pristine MHPs at higher excitation intensities,
where the presence of charge carriers is significantly higher than the defect density.
However, the low current densities flowing through the PeLED during device operation®*:
"1 is insufficient to completely fill these defects. As such, the poor efficiencies noted for
these devices stem from the domination of defect filling process. To address the issue of
low radiative recombination, defects can be alleviated or the charge carrier density within
the emitter during device operation be modulated to facilitate effective bimolecular

recombination.
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Figure 2.16 Schematic of the electron-hole recombination processes occurring within MHPs at

different carrier density regimes®

2.4.2 Influence of defects on stability of MHPs and PeLEDs

Despite their defect tolerant nature, the presence of shallow defects such as vacancies
render MHPs susceptible to degradation due to the increase in tendency to bind with
extrinsic molecules, such as moisture, for charge neutralization.® The water molecules can
easily penetrate the perovskite structure and form intermediate monohydrate and dihydrate

perovskite. The hydrogen bonds between water molecules and organic cations weakens the
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bond between the latter and the lead halide octahedra, enabling rapid deprotonation of
organic cation and facilitating effective degradation by external factors such as heat and
electric field. Water protonates bromide, resulting in the formation of volatile hydrobromic
acid (HBr) and lead bromide as decomposition byproducts.”> The propensity for
degradation is further exacerbated with the higher density of dangling bonds at the grain
boundaries, facilitating ion loss. The degradation process is accelerated in the presence of
light, with optical properties of CH3NH3PbBr3; shown to decline under light illumination
due to bromide ion activation’>”7* whereas thermal degradation initiates from the grain
boundaries due to ion migration from the MHP lattice.” The extrinsic instability of MHPs
is worsened in PeLEDs due to the interaction with the adjacent layers particularly under
bias application. While the surface vacancies act as sites for non-radiative recombination,
the high electric fields under which the active layer is subjected to during operation, spurs
the ion migration process in the emitter. Driven to the charge selective contacts, the halide
reacts with the metal cathode to form an insulating layer.”® The vulnerability of MHPs to
degradation due to environmental effects and ionic migration does not only influence its

intrinsic stability, but also in PeLEDs due to the electrically driven interfacial reactions.

2.5 Managing Defects in MHPs

Despite its defect tolerant nature, the influence on intrinsic stability of MHPs and the
corresponding PeLED is anything but. This has propelled the employment of various
strategies to passivate them such as through non-stoichiometric precursor ratio to suppress

34,77

formation of luminescence quenching lead atoms, additive incorporation; for grain size

modulation33: 34

and surface passivation as well as post deposition treatment for remedial
of interfacial defects.”*” However, defect management for improved radiative
recombination process need not be confined only to alleviating defects. Non-radiative
losses can also be mitigated through the energy cascade concept where an engineered
energetic emitter landscape facilitates rapid charge funneling process while simultaneously

suppressing non-radiative recombination.
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2.5.1 Passivation of defects

Despite the equimolar ratio of AX and BX> in the prepared precursor solutions, the
stoichiometry of the final film often deviates from the expected. This results in the presence
of Pb? and/or under coordination of lead, both of which are detrimental to device
performance due to their luminescence quenching effect. Efforts to overcome this non-
stoichiometry of elements include incorporation of excess precursors in the MHP
solution,’*77 or even in the anti-solvent'” used for the solvent engineering process. In either
case, corresponding increase in B: X ratio towards the correct stoichiometry and
photoluminescence intensity, are testament to the effectiveness of this approach. The
surface treatment process is typically carried out using a Lewis base passivator. By
leveraging on the knowledge that lead present in CH3NH3PbBr3 is a lone electron pair
acceptor, Lewis acid-base interaction is proposed to rectify this (lead) under-coordination®’.
Some examples of Lewis bases with electron donating abilities include amine,?!-?
carboxyl,®3-%* and phosphine oxide?% ¢ derivatives. Alternatively, ionic passivators such as
alkyl ammonium halides, offering possibility of both cation and anion passivation, have

also been utilized.

2.5.2 Energy cascade for mitigation of non-radiative recombination losses

Amalgamation of 2D and 3D MHPs have been proposed to achieve a balance between high
radiative recombination efficiency afforded by the former, and good charge transport
properties by the latter. While indeed the dimensional-mixing process enables the
advantages of both systems to be reaped, the introduction of a 2D cation also templates the
formation of an energetic emitter landscape.®> Consisting of numerous domains of varying
band gaps depending on the degree of 2D cation incorporation into the 3D metal halide
network, the energetically engineered emitter acts as a conduit for charge localization by
functioning similarly to quantum wells,3*%7 thus enabling effective exciton confinement.?®
On injection of charge carriers into the larger band gap domains, the charge carriers are
funneled to the energetically favoured lower band gap domains in a process termed as

energy cascade.>*>% 62 The rapid charge transfer supersedes non-radiative processes in the
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larger band gap domains and concentrates the charges in the smaller band gap domains.
This not only leads to the mitigation of non-radiative loss but also localizes charge carriers
for enhanced bimolecular recombination in the emitting lower band gap domains.
Moreover, only the trap states within the smaller band gap domains need to be filled as
opposed to the case in pure 3D MHPs.>* Due to the efficacy of the energy cascade process
in mixed-dimensional films, high efficiency PeLEDs can be achieved even at low current

densities.

2.6  Challenges

With the high colour purity and tunability offered by MHPs, it is not difficult to
comprehend the attractiveness of this class of materials for light emission applications.
However, the low binding energies present a challenge for effective radiative
recombination. Furthermore, low photoluminescence quantum yield (PLQY) persists at
low charge carrier densities due to domination of trap filling monomolecular recombination

process with bimolecular recombination process proceeding only at higher current densities.

To overcome the issue relating to low exciton binding energy and inefficient radiative

recombination at low current densities, the following approaches are proposed:

e Enhance exciton confinement
o Alleviate defects (traps)

e Suppress non-radiative recombination process

Exciton confinement can be achieved through geometric confinement and/or intrinsic
confinement. Employing geometric confinement entails reducing grain or particle size to
spatially constrain the charge carriers. However, doing so would lead to an increase in grain
boundary density of grains which is undesirable due to the consequence towards non-
radiative recombination. Processing techniques enabling both grain size modulation and
passivation would thus be required to allow the advantage of spatial confinement to be

reaped. While passivation has been shown to be a successful route for remedial of defects,
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the choice of passivator is crucial to ensure that device performance does not suffer due to
increased series resistance. Furthermore, depending on the type of passivator employed,
other variations to emitter properties such as energy band level realignment and
conductivity, which will affect the effectiveness of charge carrier recombination, may
emerge. Meanwhile, defect alleviation is not the only approach to mitigate defects in the
emitter. Monomolecular recombination can also be suppressed by engineering an energetic
landscape consisting of multi-dimensional MHP domains. The energetically favoured
charge funneling process concentrates the carriers into the smallest band gap domains,
promoting bimolecular recombination. However, despite the effectiveness of this process
in managing the defects, no clear guideline has been proposed on the type of 2D cation

which would enable the templating of efficient energy cascade process.
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Chapter 3

Experimental Methodology

This section covers the processing of metal halide perovskites for defect
passivation and the engineering of an energetically landscaped emitter,
the fabrication of perovskite-based light emitting devices as well as the

characterization techniques involved in the study of these materials for

efficient light emission.
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3.1 Material Synthesis

3.1.1 Molecular design of two-dimensional perovskite cation for energy cascade

Synthesis procedures for 1-(2-Ammonioethyl)-1H-imidazol-3-ium dibromide and 2-

Phenethylammonium bromide

General procedure for preparation of 1-(2-Ammonioethyl)-1H-imidazol-3-ium dibromide
and 2-Phenethylammonium bromide is similar to that of other ammonium bromide salts.
To a round bottom flask containing ethanol and the requisite amine cooled to 0°C, a
stoichiometric amount of concentrated hydrobromic acid is added. After stirring the
solution for 1 hour, all volatile solvents are removed using a rotary evaporator. The solids
obtained are then washed copiously with diethyl ether and dried under vacuum at 50°C
overnight. The resultant 1-(2-Ammonioethyl)-1H-imidazol-3-ium dibromide (ImEABr)
and 2-Phenethylammonium bromide (PEABr) are isolated as white solids (1.52g; 84%
yield and 1.13g; 85% yield respectively).

Synthesis procedure for 1-(2-Ammonioethyl)pyridin-1-ium (1) dibromide

A flamed-dried two-neck round bottom flask is filled with pyridine (1.05 equivalent),
bromoethylammonium bromide (1.00 equivalent), a magnetic stirring bar, and anhydrous
acetonitrile (dried with CaHy prior to distillation). The resulting mixture is then heated with
stirring and left to reflux for 3-4 days. Progress of the reaction is monitored through 1H
NMR spectroscopy and allowed to cool to room temperature on completion of reaction.
The precipitate which forms during reaction is then isolated by filtration and thoroughly
washed with diethyl ether prior to vacuum drying to obtain the desired beige coloured solid

product (1.52g, 85% yield).
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3.2 Film Fabrication

3.2.1 Passivation of surface defects through post-deposition treatment

The films characterized in this study are prepared as follows; CH3NH3PbBr3 solution is
prepared with a 1:1.05 molar ratio of PbBr2 (TCI) and CH3NH;3Br (Dyesol) in a co-solvent
of DMF and DMSO (3:1) to form a solution of 1 M concentration. The reference film is
spin coated at 5000 rpm for 12 s with toluene dripped 4 s from the start of the spin coating
process. Thereafter, the films are annealed at 100 °C for 30 min. The tetra ethyl ammonium
bromide (TEABr) solution (10, 15 and 20 mg mL-! in IPA) is allowed to settle on the film
for 15 s before spin-coating at 4000 rpm for 30 s. The films are then re-annealed at 100 °C

for 10 min.

3.2.2 Additive engineering for suppression of grain size modulated defects

Preparation of CH3NH3PbBr3 solution and reference film for this study are carried out as
mentioned in Section 3.2.1 above, with exception for the annealing step. Instead of
annealing, the as-prepared films are dried under vacuum for 30 min. The small molecule
additive is incorporated into the emitter layer by first dissolving Bathophenanthroline
(BPhen) (Aldrich, 97%) in toluene prior to use as the anti-solvent during the spin coating
process. BPhen concentrations ranging from 0-0.750 mg mL™! in toluene are utilized

throughout the experiment.

3.2.3 Molecular design of two-dimensional perovskite cation for energy cascade

Depending on the choice of 2D cation, mixture of PbBr,, CH(NH2):Br and either
CsHsCoHsNH2Br (PEABr), CsHsNCH4sNH>Br (PyrEABr) or C3HsN.CoH4NH;Br
(ImEABF) are prepared in a co-solvent of DMF and DMSO (3:1) to form a solution of 0.25
M concentration with respect to PbBr>. The 2D cation is added in excess of the 3D cation
while maintaining the 3D cation concentration in all precursor solutions. The films are then

prepared similarly to the reference in Section 3.2.1.
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3.2.4 Tailoring the distribution and spread of m domains for stable blue emission

Depending on the choice of A-site cation, mixtures of PbBry, ABr (A: CH(NH2).",
CH3NH3", Cs"), and CsHs(CH2)4sNH3Br are prepared in a co-solvent of DMF and DMSO
(64:36). To make <m> = 2 solutions with excess C¢Hs(CH2)sNH3Br, 0.11 M PbBr; is
mixed with 0.05 M ABr and 0.165 M CsHs(CH2)4sNH;3Br in which the PBA/Pb and PBA/Cs
ratios are equivalent to 1.5 and 3.3 respectively. While keeping the PbBr> concentration
fixed at 0.11 M, the ratio of ABr and C¢Hs(CH2)4sNH3Br is adjusted accordingly. Films are
spin coated from various precursor solutions at 5000 rpm for 12 s and allowed to dry at
room temperature. When fast nucleation is required, the spin coating with anti-solvent is

done as described in Section 3.2.1.

3.3 Device Fabrication

The PeLED devices are fabricated on indium-doped tin oxide (ITO, 7 Q sq™') coated glass
substrates. The substrates are first cleaned sequentially using decon soap, deionized water
and ethanol before being dried and ozone treated for 15 mins. PEDOT: PSS (Clevios P VP
Al 4083) is subsequently spin coated at 4000 rpm for 60 s and annealed at 130 °C for 15
min to remove excess moisture. The MHP films are deposited as detailed in Section 3.2,
before the deposition of the electron transporting layer (ETL) and cathode. 2, 4, 6-Tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) (Lumtec, >99%) (45 nm), lithium
fluoride (LiF) (0.8 nm) and aluminium (Al) (100 nm) are thermally evaporated to form the
ETM and cathode respectively. Evaporation is carried out under high vacuum (< 1 x 10

Torr) and encapsulated prior to testing. The measured device area is 8 mm?.
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3.4  Physical Characterization Techniques

3.4.1 Field emission scanning electron microscopy (FESEM)

Working Principle

The electron source produces a beam which the anode accelerates towards the sample
surface, for imaging. The lenses function to focus the beam onto the sample surface!
(Figure 3.1). Interaction of electron with the sample results in the generation of secondary
electrons, backscatter electrons and x-rays® (Figure 3.2). The respective detector collects

the signal and converts them into an image.

Electron
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Anode —ﬁlﬁ

Scan generator

Condensor
lenses
Amplifier
o %, ¥ scancoils
Objective
lens

Back-scattered
electron detector
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detector %
w

e

Secondary
electron detector

Sample

Figure 3.1 Components of Field Emission Scanning Electron Microscope®
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electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Backscattered Electrons (SE)

Characteristic X-ray (EDX) atomic number and phase differences

thickness atomic composition
Continuum X-ray
(Bremsstrahlung)
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electronic states information
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Inelastic Scattering
composition and bond states (EELS) Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
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Figure 3.2 Types of signal obtained from electron-sample interaction’

Equipment Description

Top and cross-sectional images of all MHP films are characterized using a field emission
scanning electron microscope (JEOL 7600F) with an electron source. Prior to imaging all
samples are sputtered with a thin layer of platinum to improve conductivity and minimize

the sample charging effect.

3.4.2 X-ray diffraction (XRD)

Working Principle

This spectroscopic technique is based on the diffraction of x-rays. Diffraction occurs due
to the scattering of electromagnetic waves in a periodic array with long-range order,
resulting in constructive interference at specific angles, thus creating a diffraction pattern.*

X-ray is used as its wavelength is of the same order as interatomic distances which enables
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crystal information such as the atoms and their arrangement, to be probed. In the absence
of long-range order such as in the case of amorphous materials, no diffraction pattern will

be observed.

Figure 3.3 Schematic of X-ray interaction with crystal planes to produce diffraction pattern*

e In order to obtain an x-ray diffraction pattern of a material, Bragg’s law, A =
2 dpjq sin 0 , must be fulfilled, where A, dyy; and 0 refer to the wavelength of the x-ray
source, interplanar distance and incident angle (the angle at which the incident x-ray
beam hits the atomic plane) (Figure 3.3).

e For parallel planes of atoms separated by a distance dnx between them, diffraction
pattern is obtained on satisfying Bragg’s law. Since A (wavelength of x-ray source) is
fixed, diffraction peaks corresponding to a family of planes will appear at specific 20
angles.

e The diffraction vector s is always normal to the sample’s surface (Figure 3.4).
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Figure 3.4 Bragg-Brentano geometry of diffractometer*

The incident angle, o, refers to the angle formed between the incident X-ray beam and

sample surface.
The diffraction angle, 20, is defined as the angle between the incident X-ray beam and

the detector. The diffraction angle is always double of the incident angle.

The resultant pattern consists of peaks which correspond to the diffraction angles

(Figure 3.5).
8
& 5
20 25 30 35
(100} [110]‘/‘\ Two-Theta (deg)

Sy

Figure 3.5 An example of XRD pattern obtained from a polycrystalline powder sample*
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Assumption: A large sample is typically needed for this characterization to ensure the
presence of statistically relevant number of crystallites in each set of planes to contribute

towards the diffraction pattern.

Equipment Description

All phase and composition analysis of the prepared films are characterized using an X-ray
diffractometer (Bruker D8 ADVANCE) with Cu Ka radiation (A= 1.5418 A) as the X-ray
source and 0D LynxEYE™ as the detector. XRD spectra of the MHP films are recorded
for the scan range 20 = 5-60° with a grazing angle of 1.5°, scan step of 0.02° and dwell

time of 1 s.

3.4.3 Ultraviolet-visible (UV-Vis) spectroscopy

Working Principle

The UV-Vis-NIR spectrophotometer measures the absorption and transmittance of
electromagnetic waves spanning the UV-Vis-NIR range through the sample. The beam of
light from the light source passes through the diffraction grating and slit which separates
the light into its component wavelengths. The monochromatic light which emerges from
the slit is then split into two equal intensities — one passing through the reference and the
other, the sample, following which the change in intensities of the two light beams are

detected by the detector.’ (Figure 3.6)
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Figure 3.6 Components of UV-Vis spectrophotometer®

The light intensity which passes through the reference is assigned as Io while the intensity
of light passing through the sample is defined as 1. If the sample is non-absorbing, Ip = I
However, if it does, the difference in intensity between I and Iy can be plotted as function

of wavelength® (Figure 3.7).
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Figure 3.7 An example of a typical absorbance spectrum’

The absorption of the sample can be presented in the form of transmittance (T) or

absorbance (A), where the absence of absorption leads to T and A values of 1 and 0.

I
A =log70

As absorbance is proportional to the molar concentration of a sample (€), molar absorptivity

is used to compare the absorption of different compounds.
e =Alc

where A, | and ¢ are the absorbance, sample concentration (moles L) and length of light

path (cm) respectively.
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Equipment Description

UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) was used to obtain the absorption
spectra of thin films with an integrating sphere attachment (ISR-3100).

3.4.4 Nuclear Magnetic Resonance (NMR) spectroscopy

Working Principle

An analytical chemistry technique, nuclear magnetic resonance spectroscopy enables the
determination of a sample’s content, purity and molecular structure such as in a case of a
mixture of known compounds. It functions based on the principle of energy transfer when
an elemental nucleus, excited to a higher energy state on application of external magnetic
field, returns to base energy level and emits energy equivalent to the difference between
the excited and base energy states’ (Figure 3.8). The signal obtained from this energy
transfer is then processed to yield an NMR spectrum for the nucleus.

The case of the spin-’2 nucleus

A nucleus with spin at higher

energy generates a magnetic

field in the opposite direction =

to the external magnetic field A
The Nuclei are electrically
charged and many have
spin that causes them to
behave like a magnet

Energy gap BO

corresponds to
radio frequency

»

No field

p|al) onaubew [eula)x3

A nucleus with spin at lower _)
energy generates a magnetic

field in the direction of the

external magnetic field

Figure 3.8 Effect on nucleus on application of external magnetic field’
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The resonant frequency corresponding to the energy change is dependent on the effective
magnetic field at the nucleus, which in turn, is influenced by electron shielding as a result
of the chemical environment. Hence, from the NMR spectrum, it is possible to gain insights
into the chemical environment of the nuclei. Other factors affecting the resonant frequency
include electronegativity of the nucleus, ring currents and bond strains. The effective
magnetic field acting on the nucleus is also dependent on the orientation of the surrounding
nuclei. This effect, referred to as spin-spin coupling, results in the splitting of the nucleus
signal into two or more lines. The number of splitting corresponds to the number of

chemically bonded nuclei within the surroundings of the nucleus of interest’ (Figure 3.9).

Spin Y4
Nucleus nucleus

Chemical bond(s

The resonant frequency of A 1s dependent
on the alignment of X. A’s signal is split
into two equal parts because X 15 about
equally divided between alignments.
Coupling

Spectra: constant (J)

No coﬁphng A coupled to X

Figure 3.9 Spin coupling effect on interacting with other nuclei in the vicinity of nucleus of interest’

Equipment Description

1H and 13C(1H) NMR spectra of organic compounds are generally recorded in DMSO-d6
solution using a Bruker Avance 400 spectrometer. Chemical shift values (ppm) are

referenced against residual protic solvent peaks.
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3.4.5 Photoluminescence (PL) spectroscopy

Working Principle

Photoluminescence is a process whereby atoms or molecules, excited to a higher energy
state due to absorption of electromagnetic radiation, emit photons during de-excitation®
(Figure 3.10). As photoluminescence, a result of radiative recombination, is often used as
a measure of radiative and non-radiative recombination processes occurring in fluorescent
systems.” The quality of a luminescent system can thus be measured by means of its

photoluminescence.!?
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Figure 3.10 Jablonski energy diagram showcasing the various electron transition on light

absorption®

In a photoluminescence measurement set up (Figure 3.11), monochromatically selected
wavelength from the Xenon lamp is used to excite the sample following which the
photoluminescence is captured by the emission’s monochromator.'! The intensity of the
excitation and emission spectra can be controlled by the grating slits and integration time

although the former is not preferred due to the resultant decrease in spectral resolution.
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Figure 3.11 Components in a photoluminescence spectrometer'”

Equipment Description

The photoluminescence (PL) spectra of films were measured using a Horiba Fluoromax-4
with excitation wavelength, slit width and integration time of 350/400 nm, 1 nm and 0.1 s,
respectively. For the excitation spectra measurement, the wavelength set corresponds to the
peak emission of the sample (540 nm). The intensities of the films are corrected against the

absorbance at the same excitation wavelength (405 nm).

3.4.6 Transient PL spectroscopy

Working Principle

Transient photoluminescence spectroscopy enables the investigation of minority carrier

lifetimes in emissive semiconductors. The spectral and temporal evolution of the sample’s
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emission on illumination can be measured using this technique, in particular the decay of
electron-hole pairs to lower energy states as a function of time which yields the lifetimes
corresponding to specific transition energies. A streak camera!? (Figure 3.12) is used to
capture the decay times of the emitted light due to the higher time-based resolution it
provides as compared to a conventional analyzer. This is especially important is cases

where the decay is extremely fast and the intensity of emitted light is weak.
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of the phosphor screen.

Figure 3.12 Components in a streak camera'?

During the measurement, the sample is excited with picosecond or femtosecond laser
pulses and the optical response is then collected by the microscope which is directly
connected to the streak camera optics'® (Figure 3.13). The information is then processed

and a graph showcasing the decay dynamics, shown.
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Figure 3.13 Schematic diagram of the experimental set up for TRPL spectroscopy '

Equipment Description

All time-resolved photoluminescence measurements were conducted using a Picoquant
PicoHarp 300 time-correlated single photon counting (TCSPC) system coupled to a micro-
PL setup with Nikon microscope objective (20x magnification, NA = 0.3). A ps-pulsed
laser diode (A =405 nm, f =40 MHz) (Picoquant P-C-405B) was used to excite the sample.
The output signal is then fiber coupled to Acton SP-2300i monochromator (300 mm focal
length) for spectral selection of the emission light at 540 nm with slit width of 15 nm.
Another optical fiber connected to the output of the monochromator is used to couple
spectral separated output light to an avalanche diode that is synchronized with the
excitation laser via the TCSPC electronic. Overall, the FWHM of the system instrument

respond function is expected to be at 50 ps.

3.4.7 Transient Absorption (TA) spectroscopy

Working Principle

In transient absorption spectroscopy, a pump pulse is used to excite the sample and induces
changes such as transmittance/absorbance which is detected through a probe pulse. The

laser beam is split using a beam splitter to form the pump and probe beams which reach
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the sample surface with a time difference controlled by the variable delay'* (Figure 3.14).
After propagating through the sample, only the probe beam, which provides information
about the sample, is analyzed. The recovery time scales of the sample’s
absorbance/transmittance can be obtained through variation of the probe pulse delays.
Information pertaining to the relaxation optical gain and index on sample excitation is

useful for assessing the potential of luminescent materials for photonic applications.!
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Figure 3.14 Schematic of a transient absorption measurement set up'*

Equipment Description

The transient absorption measurement was carried out using a Helios spectrometer
(UltrafastSystems, LLC). The pump pulse was generated from a 1 KHz regenerative
amplifier [Coherent Legend (150 fs, 1 KHz, 800 nm)] and doubled via second harmonic
generation (SHG) by a BBO crystal to obtain 400 nm laser pulses. The regenerative
amplifier was seeded by a mode-locked Ti-sapphire oscillator (Coherent Vitesse, 80 MHz).
The white light continuum probe beam (in the range from 410 to 750 nm) was generated

by focusing a small portion (~10 pJ) of the fundamental 800 nm laser pulses into a 2 mm
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sapphire crystal, before filtering out the residual by using a 750 nm short-pass filter. Both
pump and probe beam were focused onto the sample with 1/e2 spot diameter of ~510 pm

and ~200 um, respectively.

3.4.8 PL Quantum Yield (PLQY)

Working Principle

The photoluminescence quantum yield set up is similar to photoluminescence spectroscopy
where the information pertaining to the radiative recombination process occurring in the
emissive materials is probed. However, with this method, it is possible to quantify the

photoluminescence (fluorescence) efficiency of the material of interest, as per the formula:

Number of photons emitted
PLQY =

Number of photons absorbed

The measurement is typically done in an integrating sphere where the laser beam enters
through the entrance port, excites the sample resulting in photon generation. The photons
exit the integrating sphere through the exit port to the optics of the spectrometer'® (Figure
3.15).

Entrance port
[ 0

//J@\ ®
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Figure 3.15 Schematic of photon collection during PLQY measurement'®
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Equipment Description

The absolute PLQY is measured using a calibrated integrating sphere under the 400 nm fs

laser excitation.

3.5 Electrical Characterization Technique

Working Principle

On applying a bias across the PeLED device which is placed on top of the integrating sphere,
the light emitted due to the radiative recombination of the charges enters the integrating
sphere before being channeled to the spectrometer through fiber optics. The current-voltage
readings and corresponding luminance values are recorded in the measurement software

and computed to give the efficiency values of the device!” (Figure 3.16).

Source meter |

Current
Voltage

Sample

1

Integrating sphere

Spectrometer

Figure 3.16 Schematic of PeLED electrical measurement set up'’

Equipment Description

A Keithley 2612B is used to obtain the LED device characteristics. The emission from the
sample is collected by an integrating sphere (OceanOptics FOIS-1) coupled to a calibrated
spectrophotometer (OceanOptics QEPro). An OceanOptics HL-3 Plus vis-NIR light source,
calibrated using a procedure and documentation patterned after the ISO 17025, IEC Guide
115 and JCGM100:2008 (GUM) protocols, is used to calibrate the absolute irradiance
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measurement of the spectrometer. Only forward emission from the LED devices are

captured due to their placement outside the integrating sphere.
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Chapter 4

Passivation of surface defects through post-deposition

treatment

In this chapter, processing-influenced defects leading to the non-
stoichiometric ratio of Pb: Br, is addressed through a post-deposition
treatment process during which tetra ethyl ammonium bromide (TEABr)
is introduced. The ionic nature of the passivator species chosen enables
both the positively and negatively charged vacancies to be remedied
during the treatment process. Surface analysis reveals surface Br: Pb
ratio approaching 3.0 on increasing TEABr concentration, confirming
the effectiveness of the treatment process. The device characteristics too
improved with TEABr concentration up to 15 mg mL™' beyond which
efficiency drops and threshold voltage increases. This is explained by the
greater proportion of less conducting lower dimensional secondary
phase formed in the film which hinders charge injection and effective
radiative recombination during device operation, despite the higher

PLQY accorded.

* Nur Fadilah Jamaludin, Natalia Yantara, Yan Fong Ng, Mingjie Li, Teck Wee Goh,
Krishnamoorthy Thirumal, Tze Chien Sum, Nripan Mathews, Cesare Soci, and Subodh Mhaisalkar,
Grain Size Modulation and Interfacial Engineering of CH3;NH3;PbBr; Emitter Films through
Incorporation of Tetraethylammonium Bromide. ChemPhysChem 2018, 19, 1075 — 1080. DOI:
10.1002/cphc.201701380.
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4.1 Introduction

Despite boasting cheap solution-based processing, the tendency for defect formation with
this technique necessitates studies focusing on passivation of these electrical shunt
pathways.!* This is further exacerbated by the tendency for degradation or phase
segregation* during post-deposition annealing. Not only does it result in changes to surface
properties, but more importantly, lead to under-coordination of surface lead atoms to the
detriment of device performance.’ Other than acting as sites for non-radiative
recombination, under-coordination of surface elements also expedites film degradation due
to the increased susceptibility to the adsorption of other species for charge neutralization.®
Moreover, thermally-induced grain growth may also introduce defect states within the
system owing to the formation of unconnected grains.” Poor device performance arising
from charge trapping at interfaces® have fueled investigation into non-radiative loss
reductions, which include incorporation of excess precursor material in the perovskite

? solvent engineering processes'® and even through layering of passivating

solution,
materials to inhibit moisture and oxygen permeation.® '' However, these methods have
only shown limited success. The introduction of excess precursor material resulted in
higher hysteresis due to the increased effect of ionic migration under device operation!>!3
whereas too thick a passivator layer can have adverse effect on device performance arising

from reduced carrier injection efficacy.'#!?

/\ TEA*
Br ()

Figure 4.1 Schematic of the post-deposition treatment process of MAPbBr; with TEABr
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In this chapter, surface defects arising from the non-stoichiometric ratio of Pb: Br is
addressed through a post-deposition treatment process during which tetra ethyl ammonium
bromide (TEABTr), a branched alkyl ammonium ionic species is introduced (Figure 4.1).
The rational for employing an ammonium-based ionic passivator such as TEABr is its
ability to remedy both positively and negatively charged vacancies. In this study, methyl
ammonium lead bromide (MAPbBr3) films are first prepared using a widely reported
solvent engineering technique to achieve smooth and compact thin films. While the
reference sample is left untreated, the other films were subjected to an additional post-
deposition step where varying concentrations of TEABTr in IPA (10, 15 and 20 mg mL"!),
are spin coated onto the films and annealed. The results and discussion will be presented

in the subsequent section.
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4.2 Results and Discussion

4.2.1 Crystal structure and phase analysis
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Figure 4.2 XRD patterns of the reference and TEABr-treated films

The XRD patterns of the reference (0 mg mL™") and TEABr-treated films as well as that of
the powder obtained from drying an equimolar solution of TEABr and PbBr; are taken to
affirm the effect of TEABTr treatment on film composition and crystallinity (Figure 4.2).
While the XRD patterns of all films show characteristic peaks of CH3NH3PbBr; with
preferred orientation in the (100) plane, treatment of films with various TEABr
concentrations gives rise to the presence of additional peaks at 20 values of 9.62° and
16.92°, corresponding to reflections from the TEABr-based compound. This suggests the
co-existence of two separate phases in the resulting film; in line with reports of lower
dimensional MHPs forming on introduction of bulkier cation groups.!®!” The increasing
ratio of peak intensities with TEABr concentration between peak positions 9.62° and 14.94°
translates to the increasing proportion of this secondary phase in the film. Incorporation of

TEABT into the film during the post-deposition treatment is further attested on comparing
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the nuclear magnetic resonance (NMR) spectra of the reference and 10 mg mL' TEABT-
treated films (Figure 4.3). From the NMR spectra, it is evident that additional resonances
corresponding to TEABr (marked in red and shown in insets), are present for the 10 mg

mL! TEABr-treated film.
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Figure 4.3 NMR spectra of reference (top) and 10mg ml' TEABr-treated (bottom) films.

Characteristic peaks corresponding to TEABr are indicated in red in the bottom figure.

82



Passivation of surface defects through post-deposition treatment Chapter 4

4.2.2 Photophysical properties

Photophysical characterization involves investigation of material interaction with light. It
provides a means for probing the influence of TEABr treatment on defect states alleviation
in the films. In this section, the various photophysical techniques used concurrently to

verify TEABr’s passivating effects, will be showcased.

Decrease in absorbance and presence of additional excitonic peak at 325 nm with
increasing TEABr concentration (Figure 4.4 (a)) can be accrued to the formation of a lower
dimensional phase in the resulting film. This is in good agreement with the XRD phase
analysis, where introduction of a bulky cation species such as the tetra ethyl ammonium
cation, into the 3D MHP framework result in peaks at lower 26 values, consistent with the
presence of a secondary phase. The normalized PL spectra (Figure 4.4 (a)), reveals no
change in peak emission position (538 nm) despite increasing TEABr concentration,
implying the non-emissive nature of the lower dimensional phase. This is further confirmed
through excitation spectra measurements (Figure 4.4 (b)), where no increase in PL intensity
is noted within the absorption range of the secondary phase. The single peak emission noted
for all films eliminates energy funneling'® as a possible mechanism for the notable PL
enhancement whereas the PL full width at half maximum (FWHM) too remains at ~ 24 nm,

unaffected by the TEABr concentration.
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Figure 4.4 (a) Absorbance, normalized PL and (b) excitation spectra of reference and TEABr

treated films

Computation of PL quantum yield (PLQY) values is possible by considering the
absorbance-corrected fluorimetric determination of the films (Table 4.1). It is clearly seen
that increasing the TEABr concentration results in increased fluorescence with 20 mg mL-

! showcasing more than ten-fold enhancement in PLQY value as compared to the reference.

Table 4.1 PLQY values of reference and TEABr treated films

Sample A (nm) FWHM (nm) PLQY (%)

0 mg mL? 538 24 +1 1.2+0.1
10 mg mL? 538 241 6.6+0.2
15 mg mL? 538 241 11.5+0.3
20 mg mL? 538 24+1 12.6+0.3

The systematic improvement to fluorescence is due to surface defect passivation on treating
the films with TEABTr solution. X-ray photoelectron spectroscopy (XPS) is then carried out
to determine the surface elemental stoichiometry for the reference and 20 mg mL!' TEABr-

treated films (Figure 4.5), corresponding to the extremities of the measured PLQY values.
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Figure 4.5 (a) XPS spectra for reference and 20 mg ml™', and the analysis at (b) Pb 4f, (c) Br 3d,
(d) C 1s, and (e) N 1s positions.

It is found that the atomic ratio of Br: Pb on the surface of the un-passivated film is 2.5,

whereas on treating the film with TEABT, the stoichiometry improves. This suggests that
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the TEABTr treatment allows surface Br vacancies to be filled and Pb atoms to be more

coordinated, thus demonstrating its beneficial effect in remedying surface defects.

Typically, in the presence of a lower dimensional phase, a blue shift in the absorbance
spectrum is expected. Though negligible change in absorbance is observed on TEABr
treatment, Elliot fitting of the spectra and photoelectron spectroscopy in air (PESA) is done
to ascertain influence of TEABTr treatment on the band gap as well as the conduction and

valence band levels.
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Figure 4.6 Valence band and band gap determination for (a) reference, (b) 10, (¢) 15 and (d) 20 mg

mL" TEABT treated films. (f) Schematic of the conduction and valence band energy levels.

The valence and conduction energy band levels with respect to vacuum are measured using

photoelectron spectroscopy in air (PESA) along with the band gap values, estimated from

87



Passivation of surface defects through post-deposition treatment Chapter 4

the absorbance spectra (Figure 4.6). In this case, Tauc plot is not employed in the band gap
determination, rather, the Elliot model for optical absorption by exciton is used to
deconvolute the excitonic feature present near the absorption edge to provide a more
accurate representation of the optical band gap.!® The change in band energy alignment is
also supported by the binding energy shift of Br 3d peak towards lower binding energy
(from 69.0+0.1 eV to 68.6+0.1 eV) on treating the film with 20 mg ml™' of TEABT.
However, effect on the electronic band gap is negligible despite the notable shifts in energy
levels as the valence band maximum is mainly contributed by the Br 4p state rather than
the Br 3d state (Figure 4.5).2° From the band diagram (Figure 4.6), the valence band is
found to shift towards vacuum with the incorporation of TEABr, regardless of the
concentration used. This implies a reduction in energy barrier between the hole transport
material and the MHP, enabling better matching of energy levels at the interface thereby

allowing for more effective charge injection into the emitter.
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Figure 4.7 Transient PL decay for reference and TEABr treated films
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Table 4.2 Summary of transient PL decay lifetime for reference and TEABr treated films

Sample  A(nm) T (nS) T (NS)  Thonraa (NS)
OmgmL® 538 2150 TN 7 BRI S 05
10mgmL? 538 10.7£0.1  162+2 11.5%0.2
15mgmL? 538 17.4£0.1 151+3 19.7+0.3
20mgmL® 538 22.4+0.1 178+3 25.6%0.3

The effect of TEABr concentration is also probed through PL decay measurements (Figure
4.7 and Table 4.2). The PL decay curves are fitted with a bi-exponential decay function to
derive the amplitude weighted average lifetimes (tpL). The fast and slow decay constants
are attributed to the recombination of excitons in the defect-rich regions (e.g. near grain
surfaces) and the defect-poor regions (e.g. inside the grains), respectively. The average PL
lifetime of the reference film is found to be tpL ~ 2.1 ns whereas the TEABr-treated samples
give progressively longer lifetimes with the 20 mg mL! TEABr-treated sample yielding
tpL ~ 22.4 ns, concurring with expectation of longer tpL on reduction of defect density.
Based on the correlation between the PLQY and PL decay lifetimes,?! Trad and Tnon-rad are
calculated. It is noted that 1raq decreases from 175 ns in the reference to 151 ns in the 15 mg
mL"! TEABr-treated sample. The Tnon-rad, 0n the other hand, shows systematic increase (i.e.
decrease of non-radiative recombination rates) with TEABr concentration which is
consistent with the passivation of surface defects. The XPS data provides further evidence
of TEABr passivating nature as seen by the improvement to the Pb: Br surface

stoichiometry.

4.2.3 Morphological analysis

Morphological assessment of the films was carried out to ascertain if topological change

accompanied the change in the film properties.
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15 mg ml! TEABr

Figure 4.8 Top and cross-sectional view of the reference and TEABr treated samples

While the reference film shows a smooth surface consisting of fused grains, with TEABr
treatment however, the films become progressively rougher noted by the appearance of
more defined grains (Figure 4.8). As compared to the columnar grains in the single layered
reference film, all TEABr-treated films form a bilayer stack consisting of small, globular
grains. It is postulated that the smaller grains for the TEABr-treated films, evident in the
cross-section images, contribute significantly towards the higher PLQY values. This is in
strong agreement with published reports where spatial confinement facilitates radiative

recombination of charges in MHP.?!-22
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Figure 4.9 Grain thickness and PLQY as a function of TEABr concentration

It needs to be noted that in this case, the grain’s thickness, rather than its width, is used as
a basis for comparison due to the vertical manner of charge injection during device
operation. From the comparison of grain thickness and PLQY wvalues against TEABr
concentration (Figure 4.9), it is interesting to note that although grain thickness increases
for concentration beyond 15 mg mL!, PLQY did not suffer. This is explained by the higher
proportion of lower dimensional phase formed in the film offering a confined low
dimensional quantum well structure,?® facilitating the radiative recombination process. It is
surmised that the grain size effect dominates at lower concentrations of TEABr but the
lower dimensional phase effect (quantum well structure) plays a more critical role in carrier
confinement at higher TEABr concentrations. However, the increase in proportion of
secondary phase may result in reduced film conductivity despite the higher PLQY value

achieved, and in turn affect device performance.
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4.2.4 Phase distribution analysis

The samples are also analyzed using backscattered electron imaging to determine the phase

distribution in the films.

Standard 10 mg mi TEABr

15'mg ml 1 TEABr 20 mg ml* TEABr

Figure 4.10 Backscattered electron image of the reference and TEABr treated films

However, no distinct differences in contrast is observed for the samples (Figure 4.10),
plausibly due to the minimal difference in elemental content of the two phases. It is
hypothesized that the post-deposition treatment with TEABr passivates both the surface
vacancies and grain boundary defects present in the film.>* The annealing step which is
carried out subsequently, provides the driving force for diffusion of the ions into the deeper
layers resulting in the formation of a bi-layered mixed-dimensional MHP phase as seen by
the XRD pattern. It is also intriguing to note that in comparison to the reference, the
TEABr-treated films see a 50% increase in thickness independent of TEABr concentration.
This volume expansion is attributed to the incorporation of bulky tetra ethyl ammonium

ions into the 3D framework.
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4.2.5 Eliminating solvent effect on film properties

To affirm that the overall enhancement to the optoelectronic properties of the TEABr-
treated films arise solely from TEABr incorporation, topographical assessment of the
untreated and isopropanol (IPA) treated films is done (Figure 4.11), where no change in

morphology was observed on treating the reference film surface with IPA.

Figure 4.11 Surface morphology of films (a) untreated and (b) IPA-treated films

4.2.6 Correlating film properties with PeLED performance

PeLED performance is directly correlated with the emitter’s PLQY, providing the impetus
in the search for highly luminescent species. However, PeLED efficiency is also affected
by efficiency of charge injection into the emitter. In view of the increasing proportion of
poorly conducting low dimensional phase in the TEABTr treated film, it is crucial that the
electrical properties of the films be investigated to assess its suitability as an efficient

emitter in the operating device.
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Figure 4.12 (a) Architecture of fabricated device. (b) Current density and luminance against voltage,
(c) current efficiency and external quantum efficiency against voltage and (d) electroluminescence

spectra of the reference and TEABTr treated films

Progressive increase in maximum luminance with TEABr concentration is seen from a
mere 20 cd m™ in the reference MAPbBr3; device to a maximum value of 11,000 cd m™ for
the 15 mg mL! device (Figure 4.12 (b)). Beyond this concentration, device performance
starts to deteriorate. Lower threshold voltage is also observed, from 3 V in the reference
device to 2.4 V in the 15 mg mL"! TEABr-treated device. The higher efficiencies seen
coincides with increased luminance levels (Figure 4.12 (c)). The most efficient device is
achieved with 15 mg mL"! TEABTr treatment, reaching a current efficiency and EQE of 0.68
cd A and 0.16 % respectively, which is approximately a hundred-fold improvement as

compared to the reference device (0.0018 %). The enhancement in device performance is
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attributed to three phenomena: (a) increased radiative recombination through spatial charge
confinement, (b) reduction in surface defect density and (c) lowering of interfacial
energetic barrier due to improved energy level matching, thereby allowing for more
efficient carrier injection into the emitter layer. The lower current turn-on noted also attests
to the improved injection offered with TEABr treatment. However, although the energy
band levels of the TEABr-treated films are similar, at higher concentration of 20 mg mL"!
TEABE, the threshold voltage increases. This stems from the higher resistance arising from
the excessive amount of lower dimensional phase present in the film, limiting charge
conduction across the perovskite emitter, thus leading to poorer device efficiency. Despite
the increasing proportion of lower dimensional phase with higher concentrations of TEABT,
the EL spectra shows no shift in peak position which indicates that emitting domain

remains unchanged (Figure 4.12 (d)).

4.2.7 Eliminating influence of film thickness on PeLED performance
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Figure 4.13 (a) Current density and luminance against voltage and (b) current efficiency against

voltage for 1 M (reference) and 1.2 M films

To rule out the influence of emitter thickness on the improvement in device performance,
PeLEDs with emitter layer thickness comparable to that of the TEABr-treated films is
fabricated by increasing the concentration of the solution to 1.2 M. Despite the slight

improvement in luminance and current efficiency observable with the thicker device
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(Figure 4.13), the overall performance still lags behind that of the TEABr-treated devices.
This provides strong evidence that TEABr treatment is the main contributor towards the

overall enhancement in device performance.

4.3 Conclusion

In conclusion, it has been shown that through an inexpensive and facile post-deposition
treatment process using TEABT, the performance of resultant PeLED devices can be greatly
improved. The mixed-dimensional MHP formed on TEABr treatment, evident by the
presence of peaks at lower 20 values, indicates that the secondary phase plays a role in the
enhancement of overall device performance. While the absence of emission in the
excitation spectra corresponding to the absorption edge at 325 nm eliminates energy
funneling as the mechanism for improved device performance, it does not discount the
plausibility that grain size modulation is crucial for optimum intercalation of the two phases.
Not only did the TEABTr treatment resolve the issue of non-stoichiometric ratio of surface
elements, the simultaneous improvement in morphology and tailoring of the energy band
levels at the charge selective interfaces have also allowed for more efficient injection and
radiative recombination of charge carriers, as supported by the substantial enhancement in
both film optical properties as well as device performance. This provide strong evidence
that contributions from these factors lead to enhanced photoluminescence and
electroluminescence despite absence of energy funneling. This crucial discovery is not only
testament to the need for stringent defect management in MHP film deposition but may
very well present a new opportunity for further research into mixed-dimensional systems

as effective emitters for PeLEDs.
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Chapter S

Additive engineering for suppression of grain size modulated

defects

Geometric confinement involves imposition of spatial constraints to
facilitate  bimolecular — recombination  process. However, the
simultaneous increase in grain boundary density necessitates effective
passivation at the grain boundaries for the full advantage of spatial
confinement to be realized. In this chapter, it is shown that by
incorporating BPhen into the emitter layer via the anti-solvent process,
higher photoluminescence, luminance and efficiency are attained due to
the formation of smaller grains which enhances radiative recombination.
This is possible due to the passivating nature of Bphen which enables
small grains to be formed without detriment to MHP film properties. The
controllable alteration of the MHP's energy bands via simple variation
of BPhen concentration in the anti-solvent too allows for efficient
injection of charge carriers into the emitter as seen by the reduction in
threshold voltage. The champion device is made with 0.500 mg mL™ of
BPhen, resulting in a ten-fold increase in luminance and fifteen-fold

improvement in current efficiency and EQE compared to the reference.

* Nur Fadilah Jamaludin, Natalia Yantara, Yan Fong Ng, Annalisa Bruno, Bevita K. Chandran, Xin
Yu Chin, Krishnamoorthy Thirumal, Nripan Mathews, Cesare Soci and Subodh Mhaisalkar,
Perovskite templating via a bathophenanthroline additive for efficient light-emitting devices.

J. Mater. Chem. C, 2018, 6, 2295 —2302. DOI: 10.1039/C7TC05643E.
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5.1 Introduction

Offering a wide array of excellent optoelectronic properties such as direct band gap, high
extinction coefficient and low defect density,'> MHPs have shown tremendous success as
light absorbers in recent years. The similar properties required for both light-harvesting and
-emitting applications indicate MHPs’ potential beyond the field of photovoltaics.* This,
coupled with early reports of narrow PL emission band> observed in MHPs, has driven
research into employment of these materials in PeLEDs.* 7 The expeditious rise in PeLED
performance can be ascribed to MHPs® compatibility with OLED device architecture®!?
which facilitates the technological transfer. In addition, the low material and processing
cost of MHPs? '-12 further fortify efforts to realize a cheap and viable alternative to current
OLEDs. Recent improvements in PeLED device performance have been dominated by
process-engineered grain size modulation techniques to improve film morphology, such as
nanocrystal pinning,'? and use of polymer composites,'#!3 all in a bid to increase radiative
recombination through spatial confinement of injected charges. However, to leverage on
the benefits of spatial confinement, the grain size needs to be reduced, translating to an
increase in grain boundary density. Typically, increase in grain boundary density is
undesired as grain boundaries act as sites for non-radiative recombination (i.e defects and
traps). Thus, to fully harness the advantages offered by small grains for efficient photon
generation, a method to form small passivated grains needs to be developed. Here, it is
shown that by incorporating Bphen into the MHP emitter during the anti-solvent process,

small grains can be formed in-situ during solution processing.

5.2 Results and Discussion

The films used in this study are prepared using the widely reported solvent engineering
process, which allows for the facile fabrication of smooth and compact MHP films. By

tuning the BPhen concentration in the anti-solvent from 0 to 0.750 mg mL!, notable

enhancement to the films’ optoelectronic properties and device performance were observed.
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5.2.1 Phase and crystal structure analysis

To ascertain the films’ phase purity on BPhen incorporation, compositional evaluation

using XRD is carried out.
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Figure 5.1 XRD pattern of films prepared with varying amounts of Bphen in the anti-solvent

Figure 5.1 shows the XRD patterns of CH3NH3PbBr3 films prepared with varying BPhen
concentration. Analysis of the patterns revealed characteristic reflections of CH;NH3PbBr3

cubic (Pm3m) phase,!6-13

with no extra peaks to imply the presence of secondary phases.
Intriguingly, inclusion of BPhen results in more crystalline films (as inferred from the
sharpening of XRD peaks), consisting of crystallites with reduced tendency for preferred

orientation (indicated by the presence of additional XRD peaks corresponding to

103



Additive engineering for suppression of grain size modulated defects Chapter 5

orientations other than the (001) plane). Negligible change in lattice parameters is also
observed, concurring with the report by Cho et al., where inclusion of a small molecule
additive induced no change to MHP crystal structure!?.

BPhen incorporation in MHP via the templating process is further affirmed by Fourier
transform infrared spectroscopy (FTIR), where the inclusion of the Bphen molecule into
the perovskite is detectable at around ~ 1570 cm™ as denoted by the dashed vertical line

(Figure 5.2).
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Figure 5.2 FTIR spectra of reference and BPhen-incorporated films

5.2.2 Photophysical properties
Based on the premise that a highly photoluminescent material is well-suited for light

emission applications,* various spectroscopic techniques are employed to probe the

influence of BPhen concentration on PL characteristics.
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Figure 5.3 Absorbance and PL spectra of reference and BPhen-incorporated films
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The absorbance-corrected PL emission spectra (Figure 5.3) is presented to account for re-
absorption of emitted photons at the excitation wavelength (400 nm). While double
emission peaks are noted for the PL spectra of the reference and BPhen-incorporated films
up to 0.250 mg mL! (Figure 5.4) due to either the co-existence of ordered and disordered
domains'? or to inner filtering effect,?’-! films prepared with higher BPhen concentrations
showed only single PL peak emission. This can be explained by the formation of

increasingly ordered domains for the 0.500 and 0.750 mg mL-' Bphen-incorporated films.
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Figure 5.5 Elliot fitting of reference and BPhen-incorporated films to derive band gap and exciton

binding energy values

The optical band gap (~2.40 eV) and exciton binding energy (~50 meV) of the films
extracted with Elliot’s fitting (Figure 5.5 and Table 5.1)?>23 as well as the corresponding
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PL peak energy (~2.3 eV) is found to be nearly unaffected by BPhen incorporation.
Remarkably, the PL intensity increases substantially with increasing BPhen concentration
up to 0.500 mg mL"!, beyond which the intensity saturates, implying a strong correlation

between BPhen concentration and radiative recombination yield.

Table 5.1 Exciton binding energy and optical band gap energy of reference and BPhen-
incorporated films obtained by Elliot’s fitting of the absorbance spectra

Bphen concentration | Exciton Binding Energy (Ec,) | Band Gap (E;) | Valence band maximum
(mg mL?) (meV) (eVv) (eV)

48 +2 2.45 £ 0.02 5.75 £ 0.05
0.125 492 2.48 £0.03 5.47 £ 0.04
0.250 503 2.49 £0.03 5.43 £0.03
0.500 50+3 2.50 £0.05 5.39£0.03
0.750 49 £2 2.52 £0.05 5.35+0.05

The energy band alignments of the films are obtained from photoelectron spectroscopy in

air (PESA) and ultraviolet-visible (UV-Vis) absorption measurements.
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Figure 5.6 Schematic diagram on the change in emitter valence and conduction band levels of

reference and BPhen-incorporated films
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The upward shift of the energy levels with higher BPhen concentration (Figure 5.6)
suggests that its addition during processing offers interfacial band engineering which can
be imputed to the stoichiometric modification?* or accommodation of the BPhen molecule
in the microstructure. This consequently reduces the hole injection barrier through better
matching at the HTM/MHP interface without introducing any additional energy barrier at
the electron transporting layer (ETL)/MHP interface. The reduction in energetic offset
between the conduction band of the MHP and the lowest unoccupied molecular orbital
(LUMO) of the ETL is expected to improve electron transfer and reduce energy loss, while
the larger offset between the valence band of the perovskite and the highest occupied
molecular orbital (HOMO) of the ETL increases the hole blocking capabilities of this

interface.

Effect of BPhen addition is also probed through time-resolved PL (TRPL) decay

measurements to assess the influence on PL radiative lifetimes.
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Figure 5.7 PL decay lifetimes of reference and BPhen-incorporated films

Figure 5.7 shows the TRPL decays for the reference and BPhen incorporated films. The
decay curves are fitted with a bi-exponential decay function to extract the fast and slow

time constants related to the non-radiative and radiative recombination processes occurring
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in the films. It is found that the weighted average lifetime decreases with increasing BPhen
concentration (Table 5.2). This can be attributed to either an increase in defect states or
decrease in film grain size, where enhanced radiative recombination rate is triggered due
to the spatial confinement offered by the latter.?’ It is postulated that grain size reduction is
amore plausible explanation for the shortened TRPL decay lifetime owing to the negligible
change in non-radiative decay times and amplitude as well as the improvement in PL

intensities noted with BPhen incorporation (Figure 5.3).

Table 5.2 Summary of the PL decay lifetimes of reference and BPhen-incorporated films

| sample | A | T(ns) | A T,(19) | Talns) _

0 mgml? 0.33+0.01 3.09+0.03 0.67+0.01 23.98+0.08 17.0910.07
0.125 mgml! 0.42+0.01 4.04+0.01 0.58+0.01 27.27+0.05 17.51%0.06
0.250 mgml* 0.48+0.01 3.18+0.01 0.52+0.01 19.80+0.03 11.82%0.06
0.500 mgml! 0.52+0.01 2.89+0.01 0.48+0.01 19.76+0.04 10.99 +0.06
0.750 mgml! 0.51+0.01 3.06+0.01 0.49+0.01 18.95+0.03 10.8410.06

5.2.3 Morphological analysis of Bphen-incorporated films

Topological assessment of the films is carried out to verify the hypothesis of grain size

modulation on BPhen incorporation.
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Figure 5.8 Top and cross-sectional image of reference and BPhen-incorporated films

Although thickness (ca. 400 nm) and surface coverage remain unaffected with increasing
BPhen concentration (Figure 5.8), the grain boundaries become progressively more
conspicuous. From the cross-sectional images of the films, noticeable change from
columnar to polycrystalline grain structures is observed with increasing BPhen
concentration, although larger surface roughness is also detected (Figure 5.9). While the
reference film consists of a single layer of large columnar grains (> 200 nm in size), it is
curious to note that the BPhen-incorporated films exhibit a bimodal grain size distribution,

with the bottom layer consisting of larger grains (> 200 nm) and the overlayer comprising
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of smaller grains (< 100 nm). The smaller grains in the overlayer can be ascribed to the
pinning effect of the small molecule additive!®, while the formation of a double layer
implies that the pinning effect only occurs at the top surface during the solvent engineering
process. Since the smaller grains are known to enhance radiative recombination through
25

stronger spatial charge confinement,* we ascribe the higher PL emission reported in Figure

5.3 to the presence of the overlayer in BPhen-incorporated films.
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Figure 5.9 Surface roughness analysis of reference and BPhen-incorporated films

112



Additive engineering for suppression of grain size modulated defects Chapter 5

N
o
H@—

Surface Roughness
- N
g5
®

-
o
1

1 @

0 0125 0250 0500 0.750

Figure 5.10 Graph of surface roughness as a function of Bphen concentration

BPhen-incorporated PeLEDs are subsequently fabricated to correlate film morphology and

optoelectronic properties with device performance.
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5.2.4 Electrical characterization of additive incorporated films
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Figure 5.11 (a) Current density and luminance against voltage, (b) current efficiency against
current density and (¢) EQE against luminance curves. (d) EL spectra of devices prepared from

reference and BPhen-incorporated films

Clearly, addition of BPhen into the emitter layer improves device performance across all
measured parameters (Figure 5.11). The reference device gives a peak luminance of 2,000
cd m? at 8.5 V — inferior to the BPhen-incorporated devices, which exhibit substantially
higher luminance (> 10,000 cd m?) at much lower voltages. The threshold voltage,
indicative of carrier injection efficiency,?® is reduced to the range of 2.3-2.8 V, a notable
improvement from the reference (>3.5 V). Current efficiencies and EQE (Figure 5.11 (b)-

(c)) are also well above those of the reference device, consistent with the higher luminance
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attained for comparable current densities. The champion device is obtained with a BPhen
concentration 0f 0.500 mg mL"!, yielding maximum luminance, current efficiency and EQE
of 19,627 cd m2, 3.7 cd A™! and 0.78 %, respectively. This is equivalent to a ten-fold
increase in luminance and fifteen-fold improvement in current efficiency and EQE as
compared to the reference device. The remarkable enhancement across all performance
metrics obtained through a simple incorporation of BPhen implies significant losses in the
reference device, assigned predominantly to optical and electrical losses.?’” Smaller grains
achieved through BPhen incorporation in PeLEDs afford effective radiative recombination
of charges due to enhanced spatial confinement.'3 This is consistent with the rapid PL decay
and high photoluminescence intensity measured in BPhen-incorporated films!3-14.28-2° The
reduction in threshold voltage to values as low as the band gap of the emitter implies that
the energy barrier at the HTM/perovskite interface is effectively eliminated, due to the re-
alignment of energy band levels, facilitating hole injection into the MHP. Although the
energy levels show continuous shift with higher BPhen concentration (> 0.500 mg mL™"),
the decline in device performance can be explained by the need for optimum positioning
of the energy levels to facilitate simultaneous carrier injection and confinement.
Correspondingly, the higher current efficiency stems from the more effective radiative
recombination in BPhen-incorporated devices, giving rise to higher luminance for similar
current densities. Moreover, the lone pair of electrons on the sp>-hybridized orbital of N in
the pyridine molecules of BPhen is able to bind with under-coordinated Pb atoms,*® thus
passivating possible trap states. The extremely narrow full width at half maximum (ca. 20-

22 nm) indicates high colour purity emission (Figure 5.12 (d)).
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Figure 5.12 Statistical representation of the performance metric of 50 devices

Statistical distribution of the device performance is as shown in Figure 5.12.
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Figure 5.13 Current density against voltage of hole-only devices of reference and BPhen-

incorporated films

The drop in current efficiency on addition of 0.750 mg mL"! of BPhen, on the other hand,
is due to the decrease in carrier mobility arising from increased impurity scattering®! at high
BPhen concentration, as deduced from the lower current density measured in hole-only

devices (Figure 5.13).
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5.2.5 Effect of type of additive used
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Figure 5.14 Comparison of PL emission spectra of films incorporated with different molecules

Two other small organic molecules, namely 1,3,5-tris(1-phenyl-1Hbenzimidazol-2-
yl)benzene (TPBi) and 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD), are
also investigated as potential BPhen substitutes due to their deep HOMO levels offering
potentially similar hole-blocking capabilities. Although TPBi, PBD and BPhen-
incorporated films yield higher PL emission (Figure 5.14), in the respective order, no direct
correlation between the PL enhancement and device performance is found (Figure 5.15).

Secondly, the size of the organic molecules used will likely determine the extent of

incorporation in the MHP framework.
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Figure 5.15 (a) Current density and luminance against voltage as well as (b) current efficiency

against current density of Bphen, TPBi and PBD incorporated devices

Rather, BPhen-incorporated devices yield the best performance, whereas TPBi and PBD-
incorporated devices showed similar efficiency to the reference device. This suggests that
the specific choice of small molecules used as additive plays a crucial role in alleviating
the electrical and optical losses of PeLEDs. A few reasons are posited. Firstly, the electron
mobility is highest for BPhen (5.2 x 10 cm? V! 1), followed by TPBi (3.3 x 10 ¢cm? V-
I's1)y and PBD (2 x 10 ecm? V! s1), which could have influenced the electron charge

dynamics in the perovskite emitter and thus explaining the shift in threshold voltage*-+.
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Figure 5.16 Molecular structures of Bphen, TPBi and PBD
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Based on their molecular structure (Figure 5.16) TPBi and PBD, which are larger than
BPhen, can distort the MHP structure and introduce lattice defects.

5.2.6 Effect of electron transporting material selection on PeLED performance

One of the key parameters governing PeLED performance is charge injection efficiency.
Balanced charge transport into the emitter is desired to allow for efficient radiative
recombination. However, this is often affected by the interfacial charge selective layers.
Here, alternative electron transport materials to PO-T2T are investigated to further improve
device performance. The alternative electron transport materials are chosen based on their
energetic compatibility with Ca and the emitter (Figure 5.17). Ideally, minimal energy
mismatch at the interface is preferred to avoid charge accumulation at the interfaces and

facilitate efficient transfer into the emitter.
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Figure 5.17 Energy diagram of Bphen incorporated emitter and the various alternative electron

transporting material used
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Figure 5.18 PeLED performance on substitution on electron transporting material. (a) Current
density and luminance against voltage as well as (b) current efficiency against current density for

0.500 mg ml" Bphen.

Based on the device characteristics, employing PO-T2T as the electron transporting
material yields the best performance (Figure 5.18). Not only is the luminance obtained, the
highest, the threshold voltage and the difference between the current turn on and the
threshold voltage, are also the lowest. This implies that the energetic barrier for injection
is the least of the four ETLs. The efficiency of the device employing alternative ETLs are
also significantly lower, despite the similar band edge energy levels seen for Bphen, TPBi
and PO-T2T. Another plausible reason for the higher efficiency noted for PO-T2T device
may be the electron mobility in the material. Referring to Table 5.3, it is seen that PO-T2T
has an extremely high electron mobility value, i.e two orders of magnitude higher than
TPBi and B3PYMPM. This may be a contributive factor in the higher efficiency noted,
although the influence of molecular structure (with regards to ETL/MHP interaction)

should not be discounted.
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Table 5.3 Summary of electron mobility values for the various electron transporting materials used

Electron Transporting Material Electron Mobility (cm? V-1 s1)

Bphen 5.2 x10*
B3PYMPM 1.5x10°
TPBi 3.3x10°
PO-T2T 3.0x103

5.3 Conclusion

In conclusion, it has been shown that incorporation of BPhen via a solvent engineering
process leads to improved device performance due to the synergistic effect of smaller grains
that improve the yield of radiative recombination and lower electron/hole injection at the
ETL/HTM-MHP interfaces respectively. This is possible due to the passivating nature of
Bphen which enables small grains to be formed without detriment to film properties. The
controllable alteration of the MHP’s energy bands via simple variation of the BPhen
concentration in the anti-solvent too allows for efficient injection of charge carriers into the
emitter as seen by the reduction in threshold voltages. Our best device is fabricated using
0.500 mg mL"! of BPhen, resulting in a ten-fold increase in luminance and fifteen-fold
improvement in current efficiency and EQE compared to the reference device. Excessive
BPhen (> 0.500 mg mL!"), however, resulted in a decline of device performance, which is
attributed to the reduction of charge carrier mobility at high additive concentration.
Although substitution of the small molecule inclusion (BPhen) with PBD and TPBi brings
about improvement to PL intensity, the minimal effect seen in device efficiency indicates
that the choice of additive molecule requires careful selection so that the optoelectronic
characteristics have a positive influence on device performance. Charge injection balance
is also an important consideration in the journey towards efficient devices. As such, the
choice of charge transport material to ensure minimal barrier to carrier injection is crucial

and factors such as energy band levels and charge mobilities should not be discounted.
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Chapter 6

Molecular design of two-dimensional perovskite cation for

energy cascade

PL improvement with defect passivation is testament to its importance in
improving film optoelectronic properties and subsequent device
performance. Alternatively, enhancement to radiative recombination can
also be attained through defect mitigation such as in the case of the
energy cascade phenomenon. By varying the amount of 2D cation
incorporation into the 3D network, multiple band gap domains acting as
mini quantum wells, are formed in the emitter, providing electronic
confinement to the charge carriers resulting in an increased rate of
radiative recombination in the smallest band gap domains due to the
high localized charge carrier density. In this chapter, three 2D aromatic
cations PEA", PyrEA" and ImEA" are investigated to understand the
influence of aromatic core on efficacy of the energy cascade phenomenon.
Despite the potential for improved charge transport with bi-cationic
PyrEA™ and ImEA", their corresponding 2D3D films show a higher
degree of distortion as evidenced by the XRD analysis. The PL excitation
spectra, provide further evidence of 2D3D PEA efficiency for charge
carrier funneling. The implication of inefficient energy cascade process
in 2D3D PyrEA and 2D3D ImEA is the increased susceptibility towards
non-radiative losses due to the outcompeting of the former process by

the latter:

*This chapter is a manuscript in progress.
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6.1 Introduction

Despite the remarkable properties exhibited, the inherent limitations of 3D MHP in terms
of low exciton binding energy, moisture instability and propensity for light degradation,
hamper the development of high efficiency devices.!"* This has driven research towards the
use of 2D MHPs, which are layered analogues of 3D MHPs with thicknesses of a single or
several lead halide octahedral layers. Not only do they exhibit superior ambient stability,
their potential for high PLQY values arising from high exciton binding energies identify
them as attractive candidates for optoelectronic applications.* It is thus unsurprising that
much effort has been directed into the field of mixed-dimensional MHP research to fully
harness the broad ranging advantages offered by amalgamating both the 2D and 3D systems.
Improved performance of mixed-dimensional MHP for light emission have been driven by
the process termed as energy cascade.’ This involves the rapid energy transfer from
domains of high band gaps to those of low band gaps, enabling efficient light emission in
the latter. The presence of multiple domains of varying band gaps in the emitter, arising
from the varying degree of 3D cation incorporation results in the formation of an energetic
landscape where carriers injected into high band gap domains funnel to the energetically
favoured, lower band gap domains.®® Outcompeting of non-radiative recombination
process in the high band gap by the energy cascade, coupled with effective radiative
recombination facilitated by high carrier density in the lowest band gap domains, explains

the lower power thresholds required for efficient light emission.®?

Despite the numerous reports on mixed-dimensional MHPs for various optoelectronic
applications, knowledge on the type of templating cation required for fabrication of
efficient LED devices remains elusive. Typically, the presence of an impurity results in the
formation of defects arising from lattice mismatch during crystallization. As such, careful
selection of the type of impurity, 2D cation in this case, to be introduced into the 3D matrix
is necessary. Two design criteria identified for the design of suitable 2D cation are the need
for (i) an aromatic core to facilitate charge transport between the two inorganic layers due
to m-n stacking which enables localized electron density!®!! and (ii) ammonium-

functionalization of the organic cation to ensure efficient binding to the lead halide
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octahedra.!> 113 Here, three aromatic cations, namely phenyl ethyl ammonium (PEA"),
pyridinium ethyl ammonium (PyrEA?") and imidazolium ethyl ammonium (ImEA?") are
investigated to understand influence of aromatic molecular design on templating an

energetic landscape in the emitter for the energy cascade process.
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Figure 6.1 Molecular structure of (a) PEA*, (b) PyrEA*" and (c) ImnEA?" cations

6.2 Results and Discussion

Single crystals of pure (PEA)2PbBrs, (PyrEA)PbBr4 and (ImEA)PbBr4 are grown to allow

insights into the properties of the pure 2D materials.

6.2.1 Crystal structure and phase analysis of pure 2D perovskite single crystals

The crystal structure of the pure 2D perovskites of (PEA),PbBr4, (PyrEA)PbBrs and
(ImEA)PbBr; are obtained through single crystal XRD analysis.
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(010) (IMEA)PbBr,

Figure 6.2 Crystal structure of pure (a) (PEA),PbBr4, (b) (PyrEA)PbBr4 and (¢) (ImMEA)PbBry

From the single crystal XRD analysis, it is found that although the molecular binding in
crystal lattices of (PEA)>PbBr4 and (PyrEA)PbBr; differ, where the organic ligand forms a
bilayer, sandwiched between lead halide octahedra in the former and only a monolayer in
the latter owing to the bi-cationic nature of the PyrEA, both yield the ordered <001>
structure. On the other hand, the binding of InEA monolayer to the two inorganic layers
in the corresponding 2D structure results in a <110> arrangement. The difference in
structure between (PEA),PbBr4, (PyrEA)PbBrs and (ImMEA)PbBr4, where a layered stack
in attained in the former two and corrugated in the latter, arises due to the accommodation
of the increased degree of distortion in the lattice. The crystal distortion can be expressed
in two ways; (a) localized structural distortion (intraoctahedra) and (b) octahedral tilting
arising from deviation from ideal octahedral symmetry and metal-halide-metal angle from

180°, respectively. The octahedral distortion can be described quantitatively through the
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following equations:

Octahedral distortion parameter'# (Ad)

= (2[4

Quadratic elongation of the metal-halide bond'> (Aoct)

we Z (d/dy)?

Bond angle variance of the halide-metal-halide angle' (Goci?)

1 12
= — ) (a - 90)
11 e

The Ad, hoct and Goci® of pure (PEA)2PbBr4, (PyrEA)PbBrs and (ImEA)PbBr4 are presented

below.

Table 6.1 Summary of Ad, Aeet and Goc> of pure 2D (PEA),PbBr4, (PyrEA)PbBrs and (ImEA)PbBr,

obtained from single crystal analysis

Octahedra Distortion
Ad (x104) A Oocit
(IMEA)PbBr,  22.93  1.0177  53.67
(PyrEA)PbBr, 19.59 1.0131 36.41
(PEA),PbBr, 10.89 1.0056 15.70

Compound

Ideally, to achieve a crystal structure with a low octahedral distortion, the following criteria
need to be realized; (a) a low Ad value, (b) Aot value which approaches 1 and (¢) a low Goct’.
Based on the criteria set and Table 6.1, it can be deduced that (PEA).PbBr4 gives the lowest
degree of distortion followed by (PyrEA)PbBrs and (ImEA)PbBrs.

131



Molecular design of two-dimensional perovskite cation for energy cascade Chapter 6

As processing is known to be critical in influencing the optoelectronic properties of MHP
films, basic characterization of pure 2D (PEA):PbBrs, (PyrEA)PbBrs and (ImEA)PbBr4
thin films are done prior to their introduction as templating cation in a mixed-dimensional

system.

6.2.2 Crystal structure and phase analysis of pure 2D perovskite thin films
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Figure 6.3 Simulated and thin film XRD patterns of pure 2D (a) (PEA),PbBrs, (b) (PyrEA)PbBr,4
and (¢) (ImEA)PbBr;4

On comparing the simulated patterns and XRD data obtained from thin films of
(PEA)>PbB14, (PyrEA)PbBrs and (IMEA)PbBr4 (Figure 6.3 (a)-(¢)), it can be deduced that
the fabricated films are phase pure with characteristics peaks corresponding to the

respective 2D MHP present in the films.
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6.2.3 Photophysical characteristics of pure 2D perovskite thin films

The 2D cations are added in excess of the 3D precursors while retaining the concentration
of the latter throughout. Various spectroscopic measurements are then carried out to probe

the photophysical properties of the 2D3D thin films on 2D cation incorporation.
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Figure 6.4 (a) Absorbance and steady state photoluminescence of pure (PEA),PbBr4 thin films as
well as (PyrEA)PbBrs and (ImEA)PbBr4 single crystals. (b) Transient photoluminescence decay of
(PEA),PbBr4 and (PyrEA)PbBr4 films.

While (PEA),PbBr4 emits strongly at ~ 410 nm, for (PyrEA)PbBrs and (ImEA)PbBr4 thin
films, the former emits weakly while the latter does not, with the PL spectra shown (of
(PyrEA)PbBrs and (ImEA)PbBr4 are obtained through excitation of the corresponding
single crystals (Figure 6.4 (a)). Unlike (PEA),PbBrs and (PyrEA)PbBrs which exhibit
narrow line-widths, (ImEA)PbBrs shows a broad emission centering about 550 nm which
likely stems from charge self-trapping phenomenon'®!’. The PL broadening is also
ascribed to the increased structural distortion of the material'®, manifesting in low
photoluminescence despite the high exciton binding energies up to hundreds of meV
reported for 2D systems'®. This is further attested by the transient photoluminescence decay
of the 2D thin films (Figure 6.4 b), where (PEA)2PbBrs and (PyrEA)PbBr4 exhibited bi-
exponential lifetimes of 473 and 143 ps respectively whereas the poor photoluminescence
characteristic and rapid quenching of (ImEA)PbBr4 resulted in absence of measurable

decay.
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6.2.4 Crystal structure and phase analysis of mixed-dimensional perovskites

Chapter 6
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Figure 6.5 XRD patterns of 2D3D (a) PEA, (b) PyrEA and (c) ImEA as compared to pure 3D FA

and their respective 2D perovskites as well as (d) relative to each other.

From the comparison of the XRD patterns (Figure 6.5 (a)-(c)), it is confirmed that phase
segregation did not occur as noted by the absence of characteristic 2D MHP peak at low 26
angles (below 10°). Instead, peaks corresponding to the 3D MHP dominate the pattern.
Generally, across the three 2D3D MHP films, several observations can be made; (a)
decrease in reflection intensities, attributed to decreased crystallinity, (b) presence of new
peaks at higher 20 angles beyond 29°, relative to the 3D, arise possibly due to increased
strain or symmetry change and (c) peak splitting at high 20 angles, in particular for 2D3D
ImEA, which suggests increased degree of distortion. Furthermore, the similarity of the
three 2D3D MHP patterns despite the incorporation of different 2D templating cations
(Figure 6.5 d), provide further validation of the absence of phase segregation.
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6.2.5 Photophysical characteristics of mixed-dimensional perovskites
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Figure 6.6 (a) Absorbance and normalized photoluminescence spectra and (b) static

photoluminescence spectra in logarithmic scale for 2D3D PEA, PyrEA and ImEA

The absence of excitonic absorbance peaks around 405 nm, 417 nm and 370 nm for the
2D3D PEA, PyrEA and ImEA films respectively (Figure 6.6 (a)), corroborate with the
XRD data which indicates the absence of pure 2D domains. Despite the lack of pure 2D
excitonic absorbance peak, the dual peaks observed (Figure 6.6 (a)) at 435 and 465 nm for
2D3D PEA, 420 and 445 nm for 2D3D PyrEA as well as 400 and 440 nm for 2D3D ImEA
suggest the formation of lower dimensional domains on introduction of the respective 2D
cations. This is in line with the concept of energy cascade where the different domains,
corresponding to varying band gaps promote the funneling of charge carriers into the
smallest band gap domains resulting in a high concentration of charge carriers within a
localized region, thereby facilitating effective radiative bimolecular recombination. The
formation of different phases in the 2D3D perovskites films could also provide explanation
for the emergence of additional peaks in the higher 26 angle regions of the XRD patterns
(Figure 6.5). The absorption edge of the three films are also found to be similar, falling
within expectation of the pure 3D domains. On excitation of the 2D3D films with a 400 nm
laser, all three films exhibited primary emissions centered about 540 nm (Figure 6.6 a),
which corresponds to the emission from the 3D domains. Although (ImEA)PbBr4 exhibits
broad emission which spans the 3D emission range, the primary emission is assigned to the

3D MHP instead of (ImEA)PbBr4 owing to the significantly narrow line-width of the
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emission, matching that of the former. Secondary emission peaks are expected in the region
below 500 nm due to the corresponding excitonic absorbance features of the three 2D3D
MHP films. For clarity, the PL spectra is presented in logarithmic scale to enable facile
visualization of the secondary emissions. While two additional emission features are
detectable for 2D3D PEA — assigned to the lower dimensional phases present in the film,
only a slight peak is observed for 2D3D ImEA and PyrEA, possibly due to the weakly-
emitting nature of these domains (Figure 6.6 (b)). The PLQY of the three films are
subsequently measured. Defined as the ratio of emitted photons to absorbed photons, the
PLQY provides a quantitative measure of photoluminescence efficiency, corrected for
absorption at the excitation wavelength. 2D3D PEA is revealed to have the highest PLQY
of 35%, while 2D3D PyrEA and 2D3D ImEA showed significantly lower values,
exhibiting PLQY's of 18% and 15% respectively. The trend in the PLQY values for these
multi-dimensional systems are likely due to three reasons; (a) the prevalence of defects,
particularly in the high band gap phases, (b) the efficacy of charge carrier funneling
between the high band gap and low band gap phases and (c) the efficiency of radiative
bimolecular recombination occurring in the lower band gap domains. The higher degree of
defect density in the higher band gap domains would nullify the advantage rendered by the
energy cascade process; where the high defect density impedes the charge transfer process.
This in turn, suppresses (b), the efficiency of the charge carrier transfer process. With less
charge carriers effectively transferred across the different domains to the emitting smallest
band gap domains, the lower eventual concentration of charge carriers in the emitting
domains curbs (c). The charge funneling process occurring in the three 2D3D films is
probed through PL excitation spectra, where the peak emission is fixed at 540 nm and the
intensity of emission at varying excitation wavelengths is detected. From the PL excitation
spectra (Figure 6.7), features corresponding to wavelengths in the vicinity of the 2D3D
secondary emissions are evident as indicated in green. The change in PL intensity on
excitation at the secondary emission wavelength is significantly greater for 2D3D PEA
than that observed for 2D3D PyrEA and 2D3D ImEA. This implies the significantly greater
influence of the lower dimensional domains in enhancing the primary emission for 2D3D
PEA as compared to 2D3D PyrEA and 2D3D ImEA. Moreover, in the case of 2D3D PyrEA

and ImEA, additional features that do not correspond to any of the secondary emission
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peaks are also present. This may be due to their weakly emitting nature, as noted by the
smaller change in photoluminescence intensity (Figure 6.7) when the films are excited at
these wavelengths (indicated in pink), which also provide evidence of the greater funneling

efficiency in 2D3D PEA’.
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Figure 6.7 Photoluminescence excitation spectra of 2D3D PEA, PyrEA and ImEA

Transient photoluminescence spectroscopy is also carried out for the three 2D3D films, at
the primary emission wavelength of 540 nm. The decay lifetimes are fitted with a bi-
exponential decay function where the fast and slow decays correspond to rapid non-
radiative recombination process (trap filling) and slow radiative recombination process
(photon generation) (Figure 6.8) following light illumination on the samples. Decay
lifetimes of 32.1 ns, 27.7 ns and 19.3 ns are noted for the 2D3D PEA, PyrEA and ImEA

films respectively.
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Figure 6.8 Transient photoluminescence decay lifetimes (Aexc =405 nm) of 2D3D PEA, PyrEA and
ImEA

A common technique to assess defects in luminescent materials is by probing the PL
intensity with varying pump fluence.?® Typically, high PL intensity at low fluence is desired,
which is indicative of effective radiative recombination on light irradiation. On comparing
the PL intensity of the three 2D3D films at 540 nm across different pump fluence (Figure
6.9), it is found that 2D3D PEA yields the highest photoluminescence intensity regardless
of the pump fluence. This is consistent with enhanced charge funneling efficiency noted in
2D3D PEA as compared to 2D3D PyrEA and ImEA. The efficient charge transfer process
in 2D3D PEA facilitates high localized charge carrier concentration in the emitting
domains, which promotes bimolecular recombination and hence explaining the higher

photoluminescence intensities observed across the pump fluence range.

138



Molecular design of two-dimensional perovskite cation for energy cascade Chapter 6

1024
2 10"
) ]
[ —
[}
—
£
T 10°+
2D3D PEA
N 2D3D PyrEA
107+ 2D3D ImEA
. T T T T T
0.1 1

Pump fluence (pJ cm?)

Figure 6.9 Photoluminescence intensity as a function of pump fluence of 2D3D PEA, PyrEA and
ImEA

In order to correlate the film properties with the eventual device performance, PeLEDs

based on the three 2D3D perovskites films are fabricated.
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6.2.6 Electrical characteristics of mixed-dimensional perovskites

10’
a J—2p3DPEA b
107 2D3D PyrEA [ 40¢
- 2D3D ImEA
1] s
10 L10° £~ 14
— 40t & .
S 10 10° Zui
g - §8
L10° @ wi
> 107 £ 014
3 102 E
10° ] - ——2D3D PEA
10"
] - 2D3D PyrEA
107 . . . o ) ’ . o zloso ImEA
0 4 6 8 10 102 10° 10* 10°
Voltage (V) Luminance (cd m?)
Cc EL @ peak luminance 2D3D PEA ——3.0| |2D3D PyrEA ——3.5| [2D3D ImEA —
1.0 “L 1.0 A 351 f 4 |1
| i 4.0 | 45
0.8 L10.8- 1i J .J||
w u , |
° ‘ b4 1 ) il
Ro6- 1\ N 0.6 - 1 1 .
5 1\ 5 1 I
] R i1
§0.4 e Al § 0.4 | | ] |
= R =z |
0.2 [ \ 0.2 ]
j 1
o.o_l T 1 0.0 T .| >|7- — F T T T ] 1 T T T
400 500 600 700 400 500 600 700 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 6.10 (a) Current density and luminance against voltage curves, (b) EQE against luminance,
(c) normalized EL spectra at peak luminance, (d) normalized EL spectra at various voltage

application for 2D3D PEA, 2D3D PyrEA and 2D3D ImEA.

Based on the device characteristics, 2D3D PEA yields the best performance (Figure 6.10).
The threshold voltage (Vin), luminance (Lmax) and external quantum efficiency (EQE), are
significantly higher than those obtained for 2D3D PyrEA and 2D3D ImEA. The low Vi of
2D3D PEA, indicative of series resistance in the device, implies low charge carrier
injection barrier and effective radiative recombination, supported by the low current
density required for high luminance (Figure 6.10 (a)). The steep increase in luminance on
device turn on, on the other hand, indicates rapid radiative recombination process occurring
during device operation as explained by the efficient charge carrier funneling process into

the emitting domains in the active layer. Despite the low current density, the rapid charge
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carrier transfer from the high band gap to the emitting low band gap domains (coupled with
low defect density in the former) ensures that losses due to non-radiative recombination at
the high band gap domains are minimized. In doing so, only non-radiative recombination
pathways in the emitting domain needs to be managed’, and as the proportion of these
losses is significantly lower relative to the overall defect density, radiative recombination
is maximized in the emitting domains. This is turn manifests in the form of extremely high
luminance of about 20, 380 cd m™ at low current density and voltage. In comparison, the
2D3D PyrEA and 2D3D ImEA devices require higher operating voltage and current density
values. The high Vi suggests the possible existence of injection barrier into the active layer,
often characterized by the emergence of a shoulder in the current density against voltage
curve. For 2D3D PyrEA, presence of said barrier is clear, as seen in the vicinity of 2 V.
The larger offset between current turn on and device turn on for the latter two devices
provide direct evidence of the lower charge carrier funneling efficiency as compared to
2D3D PEA. The high current density suggests that charge carrier funneling into the
emitting phase is impeded, likely outcompeted by the non-radiative recombination
processes. Thus, to compensate for the lower charge carrier localization in the smallest
band gap phase, more charge carriers need to be supplied externally, translating to higher
operating current densities. However, as compared to 2D3D PEA and 2D3D PyrEA, 2D3D
ImEA requires current density of an order higher to achieve peak luminance. This could be
due to the greater non-radiative recombination loss which typically afflict defective
systems. Interestingly however, 2D3D PyrEA achieved the lowest EQE despite the higher
PLQY value achieved relative to 2D3D ImEA (Figure 6.10 (b)). It is expected that highly
luminescent materials will yield highly efficient devices, provided that all other device
parameters such as injection, radiative recombination and outcoupling efficiency are well
managed. However, the difference in performance of 2D3D PyrEA and 2D3D ImEA
appears to also suggest the contribution of other factors in determining device performance.
The EL peak at Lmax (Figure 6.10 (c)) shows that while 2D3D PEA and 2D3D PyrEA
showed emission consistent with the PL, 2D3D ImEA EL blue shifts. This could be due to
either (a) insufficient emitting band gap domains or (b) change in emitting domain
composition. The former is eliminated as the cause for difference between the PL and EL

of 2D3D ImEA as the EL remains spectrally stable with applied voltage. In the case where
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phenomenon (a) persists, the EL spectra would reflect two peaks; one from the smallest
band gap domain and the other, from the next smallest band gap domain’. The reason for
this is that the excessive charge carriers which are unable to recombine radiatively in the
smallest band gap domain spills over to the next energetically available domain. The dual
EL emission will prevail throughout the measurement with the EL contribution from the
latter domain increasing with voltage due to the influx of charge carriers. On the other hand,
(b) substrate influenced crystallization could be possible. For this study, all photophysical
characterizations were carried out for 2D3D MHP films prepared on quartz substrates.
However, for the device, the 2D3D MHP films were instead deposited on PEDOT: PSS
coated ITO substrates. The difference in substrate surface energy can potentially be the

reason for compositional variation and in turn device performance.

6.2.7 Morphological analysis of mixed-dimensional perovskites

2D3D PEA ¥ PyrEA

" | 2D3DImEA |
R PR

Figure 6.11 Top and cross-sectional SEM images of 2D3D PEA, PyrEA and ImEA spin coated on
PEDOT: PSS coated ITO, with inset showcasing top view of samples prepared on glass.

On comparing the film formation of all three 2D3D MHP films prepared on glass (inset),

it is apparent that the films are generally smooth and uniform. However, the films which

142



Molecular design of two-dimensional perovskite cation for energy cascade Chapter 6

are prepared on PEDOT: PSS coated ITO are remarkably different. While the morphology
of 2D3D PEA on glass and PEDOT: PSS coated ITO looks similar, the same does not hold
true for 2D3D PyrEA and ImEA. Rather, the films are rougher with distinct grooves
demarcating the individual large grains in the films. The 2D3D PyrEA has an undulating
texture as confirmed by the cross-sectional image. 2D3D ImEA on the other hand, though
shows larger grains on the PEDOT: PSS coated ITO substrate, still yields a relatively
smooth film. The difference in morphology of the films deposited on different substrates
suggests the possibility of substrate-influenced crystallization which potentially gives rise

to the difference in resultant EL spectra.

6.3 Conclusion

This chapter intends to establish a guideline for the design of suitable 2D cation to template
the formation of an energetic landscape to promote an efficient energy cascade process. It
is shown that depending on the molecular structure of the 2D cation, either <001> or <110>
type of 2D MHPs will form. While the three 2D cations are similar in terms of aromaticity,
only 2D PEA thin film is emissive with PyrEA and ImEA showing distinct emission on
excitation of the corresponding 2D crystal. On incorporation of the 2D cations into the 3D
framework, 2D3D PEA exhibits the highest PLQY and longest decay lifetimes of the three
films studied. This is ascribed to the lowest degree of defects and highest charge funneling
efficiency as evidenced by the high PL intensities independent of pump fluence. The effect
of efficient charge carrier funneling process manifests in the form of high device
performance of 2D3D PEA. From the study carried out, it is proposed that high PL of the
2D film is crucial for templating of an efficient energy cascade landscape. As the charge
transfer process in the energetically engineered emitter landscape initiates at the high band
gap domains, a 2D cation with high PL in thin film form will ensure that high quality (low
defect density) high band gap domains will form on incorporation of the 2D cation into the
3D framework. This promotes efficient charge transfer across the various band gap
domains as this process will not be impeded by non-radiative recombination process (defect
filling) at the high band gap domains as evidenced by the results obtained from the 2D3D

films. From this study, it is shown that mixed-dimensional MHP offers a route for attaining
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high efficiency devices. However, prudent selection of 2D cation which enables effective

mini quantum wells to form without detriment to charge funneling kinetics, is critical in

the pursuit of efficiency.
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Chapter 7

Tailoring the distribution and spread of m domains for stable

blue emission

Despite the success of energy cascade in yielding high performing green
and red PelLEDs, their applicability for blue emission has been
hampered due to the penchant for emission to shift to the multi-
dimensional MHP domains with the lowest band gap. Although a high
concentration of the 2D cation provides a means for the realization of
blue emission, the low conductivity of the 2D cation limits its device
performance. In this chapter, it is shown that by relying on a triptych of
2D and A-site cation concentrations, solubility limit of A-site cation, and
nucleation kinetics; tailoring of MHP structural landscape to deliver a
narrow distribution (m = 2-5) of MHP domains is made possible,
allowing efficient blue emission to be achieved. High concentration of
the 2D cation is necessary to eliminate 3D domains, whereas the role of
low solubility A-site cation is to curb the formation of undesired 2D
domains. The MHP structural landscape control allows record
efficiencies of spectrally stable deep blue (~ 465 nm) and cyan (~ 493
nm) emissions to be achieved. The single halide system utilized in this

study also circumvents issues relating to halide segregation.

*The manuscript based on this chapter is under review at the point of thesis submission.
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7.1 Introduction

PeLEDs present new exciting prospects for applications requiring efficient blue, green and
red emitters such as displays and solid-state lighting. However, the rapid efficiency strides
have been noted only for green and red emission — with the efficiency for blue-emitting
PeLED still wanting. Although wide band gap MHPs are achievable by employing chloride
as the halide anion, the increased tendency for formation of deep trap states translates to
an increase in undesired non-radiative recombination.! Attempts to yield blue emission
through partial substitution of bromide with chloride ions are mired in issues pertaining to
low efficiency and colour instability due to reduced PLQY and electric field-induced halide
segregation.? Therefore, it is imperative that an alternative strategy to halide mixing be
devised to obtain spectrally stable PeLED spanning the cyan-deep blue region of the visible
light spectrum (band gap > 2.48 —2.56 eV).

One possible approach to attain larger band gaps is through the intercalation of the 3D
network with bulky 2D cations to form mixed-dimensional MHPs.? This points to the need
for the emissive MHP layers to consist of an intermediate number of lead octahedral layers
to satisty both band gap and charge transport criteria. However, depositing phase pure films
of intermediate dimensionality is a challenge due to (a) the progressively smaller difference
in thermodynamic stability of the compounds with increasing number of layers, or (b) the
propensity for pure 2D domains to form due to strong van der Waals interaction between
the 2D cations which would deplete the concentration of the 2D cations in the reservoir
and in turn, promote formation of heterogeneous films. The formation of multiple domains
with different band gap characteristics within the same film facilitates the energy cascade
effect which drives the high PLQY and device efficiencies typically seen of mixed-
dimensional MHPs. Despite the advantages of the energy cascade phenomenon, it
inevitably leads to efficient green emission due to the presence of 3D bromide emitters.
Clearly, elimination of 3D MHP formation is critical to realize pure blue emission. While
introduction of excess 2D cation is often employed to restrict formation of 3D MHP
domains in the film, however the formation of less conducting, undesired 2D MHP

domains usually accompanies this protocol. Here, it is shown that by introducing excess
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2D cation together with a low solubility A-site cation (and therefore a fast nucleation rate),
a narrow, monodispersed distribution of intermediate multi-dimensional domains centered
at the desired blue emission peak can be attained. The narrow spread of these domains
increases the efficacy of the energy cascade process; repressing non-radiative
recombination losses at the high band gap domains thereby allowing high PLQY and
device efficiency to be achieved at lower power densities. Furthermore, the use of a pure
bromide system ensures that not only is phase segregation mitigated, deep trap-induced
losses are also curbed with the elimination of chloride as a conduit for blue emission. In
utilizing this strategy, highly efficient, spectrally stable blue PeLEDs spanning the entire
blue region ranging from 437 to 495 nm with EQEs of 2.34%, 4.34%, and 4.8% at EL peak
wavelengths of 465, 486, and 493 nm respectively, are achieved. The broader impact of

this concept is also demonstrated through the use of alternative 2D cations.

7.2  Results and Discussion

Formation of mixed-dimensional MHP film results in energy transfer between the domains
which enable the fabrication of high efficiency PeLEDs*?>. However, energy cascade from
high band gap domains to low band gap domains also reveal the need to eliminate
formation of 3D domains to achieve emissive, colour-pure, blue-emitting MHPs. To
eliminate the formation of 3D domains, tailoring the precursors with excess 2D cation is
necessary. However, the inevitable formation of large population of 2D domains® which
hinders charge transport of the film, needs to be duly addressed.” Therefore, a strategy to
eliminate the formation of 2D and 3D domains is necessary to obtain blue-emitting mixed-

dimensional MHP films.
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Figure 7.1 (a) Variation in distribution of intermediate mixed-dimensional MHP domains on
introduction of low solubility A-site cation and excess of organic spacer molecule and (b) the
schematic of the anti-solvent treatment process, enabling narrow intermediate mixed-dimensional

MHP distribution to be attained.

To tackle the formation of 2D domains, A-site cations with low solubility are proposed to
boost the incorporation of A-site cations to form intermediate mixed-dimensional MHP
domains. Three types of A-site cations with different bulk solubilities are compared, i.e.
formamidinium (FA"), methyl ammonium (MA"), and cesium (Cs*). Bulk solubility of
these cations in a mixed DMF-DMSO co-solvent are found to be 10 M, 5 M, and 0.05 M

respectively.
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7.2.1 Proposed growth mechanism of intermediate mixed-dimensional perovskite

domains
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Figure 7.2 Schematic of film growth process on introduction of A-site cations of varying bulk

solubility

It is proposed that the formation of high band gap domains is kinetically favoured during
the initial stages of film growth due to strong van der Waals interaction between the 2D
cations.®® As the film growth process progresses, the A-site cation gets incorporated into
the 4-phenyl-1-butylammonium (CsHs(CH2)sNH3" or PBA") bilayer and precipitates to
form lower band gap domains® (Figure 7.2). The high solubility and large size of the FA*
cation promotes phase separation in the system as they do not readily get incorporated
during the growth of high band gap domains. On the other hand, the small size and low
solubility of Cs* cation allows it to be easily incorporated into the high band gap domains

to form intermediate mixed-dimensional MHP domains with a narrower distribution.
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7.2.2 Crystal structure and phase analysis of mixed-dimensional MHP films
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Figure 7.3 XRD patterns of pure PBA,PbBrs, RP-FA, RP-MA and RP-Cs.

The capability of PBA" cation to form 2D RP MHP is confirmed from XRD analysis
(Figure 7.3) where the (001) planes are found to have an interlayer spacing (d-spacing) of
~ 2 nm. Difficulty in obtaining pure intermediate mixed-dimensional MHP phases from
both homogeneous'® and heterogeneous'!"'? nucleation methods are known and therefore
for simplicity, <m> will be used to represent the stoichiometric precursor ratio while m
denotes the actual number of PbBr layers of the system. Regardless of the choice of A-site
cation, XRD analysis of the films deposited from <m> = 2 solutions indicate the formation
of mixed-dimensional MHP with an average d-spacing of ~2.74 nm. As the width of the
[PbBrs]* octahedra is approximately 0.59 nm, formation of multi-band gap domains
consisting of various m values within the film is deduced, regardless of the choice of A-
site cation since the theoretical d-spacing does not match with experimental d-spacing of

mixed-dimensional MHP, assuming that m is a positive integer value.
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7.2.3 Photophysical characteristics of mixed-dimensional perovskite films

The influence of nucleation rate on the distribution of m domains is investigated by
preparing RP-FA, RP-MA and RP-Cs films via spin coating processes with and without the

use of anti-solvent.
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Figure 7.4 Absorbance and PL of RP-FA, RP-MA and RP-Cs films which are prepared (a) with

and (b) without the anti-solvent process

Distinct excitonic absorbance feature at 393 nm with a photoluminescence (PL) peak at
405 nm is observed for the m = 1 film (Figure 7.4 (a)). On the other hand, the low solubility
A-site cation (Cs") is expected to limit the formation of m =1 and promote intermediate m
domain formation due to their higher tendency to nucleate. For <m> = 2 films which are
prepared via the anti-solvent process, only single excitonic absorbance features at 433 nm
and 428 nm are observed for the RP-FA and RP-MA respectively, while two excitonic
absorbance peaks are detected at 426 nm and 453 nm for RP-Cs (Figure 7.4 (b)).
Understanding that the band gap generally increases exponentially with (1/m?),'3 the
excitonic absorbance features at 433 nm, 428 nm, and 426 nm are tentatively assigned to
the signature of m = 2 domains for RP-FA, RP-MA and RP-Cs respectively. The red shift
of the absorbance excitonic feature on employing bigger-sized cation (Cs < MA < FA) is
due to the increment of B — X — B bond angle which modulates the band gap of the material

itself.'* The additional excitonic absorbance peak at 453 nm for RP-Cs, is assigned to m =
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3 indicating that the formation of higher m domain is not observed for RP-FA and RP-MA.
Red shifting of the PL peak is observed with smaller cation size in which PL peak at 442
nm, 454 nm, and 484 nm are observed for RP-FA, RP-MA, and RP-Cs respectively in
contrast to the absorbance data. Asymmetric PL shape with a shoulder at longer wavelength
region is evident in both the RP-FA and RP-MA where the FWHM values are 16 nm and
27 nm respectively, whereas a more symmetrical PL is obtained for the RP-Cs, with
FWHM of 27 nm. The discrepancy between the absorbance and PL spectra across the three
systems is accrued to the higher sensitivity of the PL measurement in detecting trace
populations of high-m domains; a result of the energy funneling mechanism*>. In case of
RP-FA and RP-MA, although the majority of the domains are m = 2 as observed by the
absorbance spectra, presence of trace amounts of higher-m domains in the film could
explain the PL tail at longer wavelengths. On the other hand, a higher fraction of
intermediate m domains in RP-Cs provides an explanation for the dual excitonic

absorbance peak and red-shifted PL despite the reduction of B — X — B angle.

The effect of employing low solubility A-site cation to form intermediate m domain is
clearly noted on comparing anti-solvent treated samples. Employing high solubility FA™
resulted in a wide distribution of m domains as seen in the PL spectra of RP-FA film where
multiple peaks ranging from 405 to 525 nm corresponding to m = 1 and m values
approaching oo are observed. Multiple PL peaks with narrow peak distribution ranging from
405 to 474 nm, tentatively assigned to m = 1 and m = 4, are produced when less soluble
MA" cation (relative to FA™) is utilized. Further narrowing of PL peak distribution ranging
from 438 to 463 nm is obtained for RP-Cs film when Cs*, the cation with the smallest bulk
solubility, is employed. These observations can be explained by the energetically favoured
formation of m = 1 during the early nucleation stage which reduces the 2D cation reservoir,
facilitating the formation of m =1 and domains of higher m (including ) in the case of
cations with high bulk solubility, such as FA". The highly soluble FA" is slowly
incorporated into the low m domain, resulting in higher m domains and therefore a larger
PL peak distribution. For the low solubility Cs*, the situation is reversed and rapid
incorporation of Cs results in RP-Cs films with intermediate domains. In addition to

composition, variations to the nucleation and growth kinetics during film preparation also
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influences the distribution of m-domains in mixed-dimensional MHP. Deposition methods,
involving fast and slow super saturation processes, are also investigated by employing the

anti-solvent assisted and conventional spin coating procedures.
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Figure 7.5 Absorbance and PL spectra of RP-Cs (PEABr) prepared with and without anti-solvent

Pprocess

Employing the anti-solvent technique to induce fast supersaturation state results in a
smaller PL FWHM due to narrower m distribution across all systems regardless of the
choice of A-site and L cations (Figure 7.4-7.5). This is in line with the LaMer burst model®
15 where a high rate of nucleation within a short period of time followed by slow rate of
growth over a longer growth period promotes the formation of more monodisperse colloids
and vice versa. Hence, aside from employing the compositional engineering strategy, anti-
solvent is shown to be a crucial processing step to achieve a narrower mixed-dimensional
MHP domain distribution regardless of A-site cation and 2D cation size. The m domain
distributions and signature of high band gap to low band gap domain charge carrier transfer

is further investigated using transient absorption spectroscopy.
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Figure 7.6 Transient absorption spectra of (a) RP-FA, (b) RP-MA and (¢) RP-Cs. (d) The kinetics
of photo-bleaching in RP-Cs.

Presence of photo-bleaching signatures around 435 nm and 432 nm for RP-FA and RP-
MA films respectively (Figure 7.6 (a)-(b)), indicate carrier filling upon excitation above
band gap at m = 2. Multiple photo-bleaching peaks are observed for RP-Cs at 427 nm, 455
nm, 471 nm, and 480 nm (Figure 7.6 (¢)), tentatively assigned to the signatures of m =2 —
5. This is in agreement with the absorbance and PL spectra where features of higher
intermediate m domains are observed for the RP-Cs. The kinetics of photo-bleaching in the
RP-Cs are illustrated in Figure 7.6 (d). Instant buildup of excited states is observed on
photo-bleaching at 427 nm followed by a fast decay. A progressively slower photo-
bleaching rise time and a slower photo-bleaching decay are observed with increasing

photo-bleaching wavelength. This provides strong evidence of the charge carrier transfer
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process and accumulation of excited states in low band gap domains (photo-bleaching at

480 nm).
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Figure 7.7 Transient photoluminescence decay of RP-Cs. (a) PL decay profile of RP-Cs and (b)

rise time comparison at probed wavelengths of 465 nm, 475 nm and 485 nm.

Charge carrier transfer and accumulation signatures are also apparent from the transient PL
spectra; where on increasing the probed wavelength, the PL decay becomes progressively
longer whereas the rise time becomes progressively slower (Figure 7.7). As fast charge
carrier funneling is observed, complete elimination of 3D domain is an important criterion

to obtained pure blue EL devices.

7.2.4 Influence of A-site cation substitution on morphology

Topological studies are also carried out to assess the influence of cation substitution on

film morphology and roughness.
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Figure 7.8 Topological mapping of (a) RP-FA, (b) RP-MA and (c) RP-Cs for roughness analysis

(left column), surface morphology (middle column) and thickness verification (right column).

A-site cation variation does not appear to affect the roughness (~ 2 nm) and thickness of

the resulting RP-FA, RP-MA and RP-Cs films (~ 30 nm) (Figure 7.8).
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7.2.5 Electrical characterization of RP PeLEDs based on different A-site cations

The suitability of intermediate m domains formed from low solubility A-site cation for

blue light emission is put to the test by fabricating PeLEDs.
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Figure 7.9 Energy band alignments of the various layers in a PeLED device

The choice of hole transporting layer (HTL: Poly(3,4-ethylenedioxythiophene )polystyrene
sulfonate / Pedot:PSS) and electron transporting layer (ETL : (1,3,5-triazine-2,4,6-
triyl)tris(benzene-3,1- diyl))tris(diphenylphosphine oxide / POT2T) are standardized for

easy comparison (Figure 7.9).
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Figure 7.10 (a) Current density-luminance against voltage curves, (b) EQE against luminance and

(c) electroluminescence spectra taken at various voltages for RP-FA, RP-MA and RP-Cs.

Due to the lowest proportion of poor conductivity m = 1 domains, RP-Cs shows the lowest

turn on voltages (Vin ~2.9V), signifying the best charge injection of the three systems
(Figure 7.10 (a)). The Vi increases to 3.3 V and 4.2 V for RP-MA and RP-FA respectively,

supporting the hypothesis that the increased proportion of low m domains is facilitated by

employing more soluble A-site cations. The energy cascading process can be modulated

by varying the ratio of high band gap to low band gap domains, where efficient charge

carrier transfer results in a boost to the EQE. On the other hand, a larger proportion of high

band gap to low band gap domains results in inefficient energy cascade to the low band

gap domains which manifests in the form of multiple emission peaks with low EQEs'®.
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Multiple EL peaks (Figure 7.10 (c)) are observed for both RP-FA and RP-MA systems due
to the larger proportion of high band gap to low band gap domains, which is in agreement
with the PL data. On increasing bias application, the EL spectra blue shifts, signifying
incomplete charge transfer to the lowest band gap domains due to the low concentration.'®
The blue shifting of EL is prominent in both RP-FA and RP-MA system where the EL peak
at longer wavelength start to shift with increasing bias application from 4.5 V and 5 V
respectively, due to the smaller proportion of low band gap domain concentration in the
system. Spectrally stable devices can be achieved with the RP-Cs system as narrower m
distribution offers an ideal high band gap to low band gap domains ratio in the system

which guarantees high efficiency.!®
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Figure 7.11 Normalized (a) PL spectra of RP-Cs prepared with and without anti-solvent process
and (b) EL spectra for RP-Cs prepared without anti-solvent process

The importance of the anti-solvent process for formation of narrow intermediate m domain
distribution is evidenced by the PL and EL spectra (Figure 7.11). During device operation,
the EL spectra of RP-Cs devices made with conventional spin coating methods shifts
towards the blue region with increasing bias application, unlike RP-Cs prepared with the
anti-solvent process. This signifies the sub-optimal ratio of the high band gap to low band
gap domains in the former which arises due the slow nucleation process afforded by the
conventional spin coating process. These findings are well-aligned with the EQE trend

(Figure 7.10 (b)) where devices with optimum high band gap to low band gap domains
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ratio produce high EQE (i.e. RP-Cs system ~ 1.29%) whereas an inadequate high band gap
to low band gap domains ratio results in low EQE (i.e. RP-FA system ~0.002%).

On confirming that employing low solubility Cs* cation promotes formation of
intermediate m domains from optical and electrical characterization, further refinement of

the PBA and Cs concentration is done to tune the emission colour within the blue region.

7.2.6 Influence of A-site, B-site and L-cations ratios on RP film properties
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Figure 7.12 (a) Absorbance and (b) normalized PL spectra on varying PBA/Pb and PBA/Cs ratios

in the precursor solution.

Despite the use of <m> = 2 solution where PBA/Pb and PBA/Cs ratios are set at 1.5 and
3.3, the emission comes primarily from m = 4 — 5, with the EL peaking at 486 nm. It is
proposed that both PBA/Pb and PBA/Cs ratios play significant roles in controlling the
proportion of intermediate m domains in the film. For deep blue emission (~460 nm),
narrow spread of lower intermediate m domains (m = 3 —4) can be achieved by increasing
PBA/Pb ratio precursors slightly. Meanwhile, although lowering Cs content enables the

tuning of PL emission, sufficient Cs* supply is needed to maintain high PL intensity as low
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band gap domain concentration grows with Cs incorporation into low m domains. This
prediction is in good agreement with the observed systematic blue shift of the PL peak and
absorbance onset when PBA/PD ratio is increased up to 1.7; due to the preferred formation
of lower intermediate m domains (Figure 7.12). Increasing the PBA/Cs ratio to 5.0 on the
other hand, results in a lower proportion of low band gap domains as compared to the high
band gap domains, which manifests in the form of multiple PL peaks regardless of the
PBA/Pb ratio. Lowering the PBA/Cs ratio on the other hand, slightly red shifts the PL and
enhances the PL intensity of film regardless of PBA/Pb ratio due to the more efficient
energy cascade process with higher concentration of low band gap domains. The

corresponding positions of the PL on the CIE chart are shown in Figure 7.13.
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Figure 7.13 The corresponding positions of the PL with varying PBA/Pb and PBA/Cs on the CIE
chart

Devices are subsequently fabricated to assess the device performance of RP-Cs prepared
from varying ratios of PBA/Pb and PBA/Cs. The corresponding cation ratios (PBA/Pb and
PBA/Cs) for compositions 1, 2, 6 and 9 in the devices, are as indicated in Figure 7.13.
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7.2.7 Electrical characterization of RP-Cs-based PeLEDs with varying precursor

stoichiometry
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Figure 7.14 (a) Current density — luminance against voltage curves, (b) EQE as a function of
luminance curves, (c) normalized EL spectra and (d) photos of device under operation for PBA/Pb

(PBA/Cs) ratios of 1.67 (5.0), 1.67 (3.3), 1.50 (2.5) and 1.33 (2.0) respectively.

Indeed, by tuning both the PBA/Pb ratio and PBA/Cs ratio, PeLED with EL emission
ranging from violet (~437 nm) to cyan (~495 nm) can be fabricated. In general, Vi, and
maximum luminance (Lmax) varies with EL wavelength with higher Vin and lower Limax
seen for blue shifted EL devices (Figure 7.14 (a)). This can be explained by the fact that
blue shifted devices contain higher concentration of low m domains which is generally less
conducting as charge transport is perturbed by insulating organic layers. Overall, maximum
EQEs of 2.34%, 4.34%, and 4.8% can be achieved with EL peak at 465 nm, 486 nm, and
493 nm respectively (Figure 7.14 (b)-(c)). Uniform EL emission is observed from the
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working PeLED (Figure 7.14 (c)-(d)).
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(e) 1.3. EQE as a function of luminance for PBA/PDb ratios of (b) 1.7, (d) 1.5 and (f) 1.3.
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Figure 7.16 EL stability of various PBA/Pb and PBA/Cs ratios at different voltages

High Vu, low efficiency, and blue shifting of EL with increasing bias application are

obtained for devices with PBA/Cs ratio of 5.0 due to the large proportion of high band gap

to low band gap domains in the film (Figure 7.15 and 7.16). On lowering PBA/Cs ratio to

169



Tailoring the distribution and spread of m domains for stable blue emission Chapter 7

3.3 and below, the higher low band gap domain concentration realizes spectrally stable EL
despite high bias application (Figure 7.16). Higher EQEs are achieved with lower PBA/Cs
ratio regardless of PBA/Pb ratio (Figure 7.15).

7.2.8 Device and film stability
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Figure 7.17 (a) Normalized luminance as a function of time and (b) the spectral stability of device

6, corresponding to PBA/Pb and PBA/Cs ratios of 1.50 and 2.5 respectively

The device also shows spectral stability throughout the lifetime measurement which is set
at an initial luminance of 12 ¢d m* and is shown to have a decay time (Tso) of 232 s (Figure
7.17). It is postulated that the short device lifetime stems from the instability of the emitter
with the interfacial layers. To validate the hypothesis, RP-Cs film prepared with PBA/Pb

and PBA/Cs ratios of 1.50 and 2.5 is subjected to continuous illumination.
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Figure 7.18 Film stability on exposure to continuous light illumination for 30 min

On exposure to constant illumination for 30 min, although the PL intensity increases
slightly, the PL spectra remains unchanged (Figure 7.18) suggesting that the device

efficiency and stability are limited by the interfacial issues rather than material instability.

171



Tailoring the distribution and spread of m domains for stable blue emission Chapter 7

Table 7.1 Comparison of fabricated device performance with state-of-the-art blue PeLEDs

Type of . EL Vi Lmax EQE
halides Emitter (nm) V) (cdm?) (%)  Ref
480, 494
2-phenoxyethylamonnium 5’08 | ~85 | 19.25 1.1 .
bromide : CH;NH3Br : PbBr, 462 ~6.2 1.26 0.06
Ethylammonium  bromide 5
CH3NH,Br : PbBr, 43 24 200 2
Phenethylammonium bromide 410 55 0.04 g
: PbBr,
Phenylethylammonium
Bromide |bromide : isopropylammonium ,
bromide : CsBr : CH;NH;Br : 490 >4 2480 15
PbBr,
Butylammonium bromide :| ~440, 460, -5 1 54x =
CH3NH,Br : PbBr, 475 103
Phenylethylammonium 475 ~3.8 100.6 1.35 :
bromide : CsBr: RbBr : PbBr, 466 ~3.8 28.9 0.15
2.4
CH;NH5PbBr; nanocrystals 456 ~5.6 2 10_;( 7
Butylammonium  bromide 8
CsBr : PbCl, 487 45 3340 6.2
Phenylethylammonium o
bromide : CsX(Br,Cl) : PbBr, 0 — b Sl
CsPbX(Br,Cl); nanocrystals 463 2.9 318 1.2 10
Bromide |CsPbX(Br,Cl); nanocrystals 452 5.1 742 0.07 1
— chloride
Cs(Pb,Mm)X(Br,Cl)s 466 | ~42 | 245 | 212 | »
nanocrystals
ChgNEsPDX(Br,Clls 445 ~78 | 2673 | 138 |
nanocrystals
CH3NH;PbX(Br,Cl), 490 3 35 119 i
nanocrystals
436,461 3.2 16.7 0.042
. 465 2.8 144.9 2.34
SIS | OUEWar 486 29 | 6438 | 4.34
493 2.7 1371 4.8

To date, this is the highest reported EQE for pure bromide-based blue-emitting RP PeLEDs
in the field (Table 7.1) with high efficiency and spectral stability maintained across the

blue region (i.e. deep blue to cyan).
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7.3  Conclusion

Although mixed-dimensional MHPs have yielded excellent results in high performance
green and red PeLEDs; their applicability for blue emission has been hampered due to the
tendency for energy cascade phenomenon to shift emission to the multi-dimensional MHP
domains with the lowest band gap. High concentrations of the large 2D cation forming low
dimensional LyAm-1BmX3m+1 MHP provide an opportunity for realization of blue emission,
however the low conductivity of the 2D cation limits the high luminescence desired.
Relying on a triptych of 2D and A-site cation concentrations, solubility limit of A-site
cation, and nucleation kinetics; a methodology enabling the tailoring of structural
landscape to deliver a narrow distribution (m = 2-5) of MHP domains allows efficient blue
emission to be achieved. High concentrations of the 2D cation have been shown to be
necessary to eliminate 3D domains, whereas the low solubility A-site cation curbs the
formation of undesired 2D domains. This is further compounded by the absence of 2D and
3D emissions in the EL and PL spectra, and the efficacy of charge carrier transfer;
evidenced by the increasing rise and decay times at longer wavelengths, which confirms
the suppression of non-radiative losses at low m domains. Control over MHP structural
landscape allows record efficiencies of 2.34 and 4.8% corresponding to spectrally stable
deep blue (~ 465 nm) and cyan (~ 493 nm) emissions to be achieved. The single halide
system utilized in this study also circumvents issues relating to halide segregation. This
strategy is readily applicable to other material systems and would lead to significant
advancements in blue emissions and offer new avenues for tunability across the CIE colour

spectrum.
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Chapter 8

Conclusion and Future Work

This chapter presents an overall summary of the work presented in this
thesis on managing non-radiative recombination in metal halide
perovskites through defect passivation and implementation of the energy
cascade concept to mitigate the influence of defects via an energetically
engineered landscape. The importance of defect management via defect
suppression or mitigation of non-radiative recombination losses through
efficient charge carrier funneling, is reiterated. The future work
proposed stems from the lessons drawn from the studies conducted in this

thesis.
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8.1 Contribution and Summary of Work

MHPs have been identified as wonder materials for optoelectronic applications. This is
hardly surprising owing to the unique range of properties offered by this class of materials
such as low defect density, balanced long-range carrier diffusion lengths and narrow
photoluminescence emission. However, despite the advantage of cheap solution-based
processing, the propensity for defect formation with this technique necessitates mitigation
of these non-radiative recombination sites. With the goal of achieving efficient PeLEDs in
mind, this thesis presents the investigation into the alleviation of defects through material
processing. It is also shown here that influence of non-radiative recombination process on
light emission can be effectively managed through fine control of emitter composition and
crystallization kinetics, enabling best-in-class chloride-free blue-emitting PeLEDs with

maximum efficiency of 4.8% at peak emission wavelength of 493 nm, to be achieved.

The summary of the work done for this thesis is presented in the following sub-sections.

8.1.1 Passivation of surface defects through post-deposition treatment

The presence of defects in solution-processed MHPs is further exacerbated by the tendency
for degradation or phase segregation during post-deposition annealing. The consequent
under-coordination of surface lead atoms act as sites for non-radiative recombination and
further expedite degradation process due to the increased susceptibility towards adsorption
of other charge neutralization species. Surface defects arising from the non-stoichiometric
ratio of Pb: Br is addressed through an inexpensive and facile post-deposition treatment
process using branched alkyl ammonium cation species. The simultaneous grain size
modulation and realignment of interfacial energy levels on incorporation of tetra ethyl
ammonium bromide onto the surface of CH3NH3PbBr; films contributes favourably
towards the enhancement in overall PeLED device characteristics, achieving Vi,

luminance and EQE values of 2.4 V, 11,000 ¢d m? and 0.16% respectively.
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8.1.2 Additive engineering for suppression of grain size modulated defects

Aside from suppressing effect of non-radiative recombination in the emitter to improve the
resultant device performance, improved device efficiency can also be attained through
enhanced radiative recombination process. This has been shown to be successful through
adoption of grain size modulation techniques such as nanocrystal pinning and the
dispersion of emitting species in a polymer matrix, where light emission is augmented due
to the spatial confinement of the injected charge carriers. However, to utilize spatial
confinement for improved radiative recombination, the size of the emitting grain needs to
be reduced. This translates to a corresponding increase in grain boundary density which is
undesired as grain boundaries and surfaces present sites for non-radiative recombination
(i.e defects and traps). Thus, to fully harness the advantages offered by small grains for
efficient photon generation, a method to form small passivated grains need to be developed.
Here, it is shown that by incorporating bathophenanthroline (Bphen) into the perovskite
emitter during the anti-solvent process, small grains can be formed in-situ during solution
processing, enabling improved performance corresponding to Vi, luminance and EQE

values 0f 2.3 V, 19,627 c¢d m and 0.78 % respectively, to be achieved.

8.1.3 Molecular design of two-dimensional perovskite cation for energy cascade

Although 3D MHPs exhibit remarkable properties, the inherent limitations in terms of low
exciton binding energy, moisture instability and propensity for light degradation, hamper
the development of high efficiency devices. This has driven research towards the use of 2D
MHPs, which are layered analogues of 3D MHPs due to their potential for high PLQY's
arising from high exciton binding energies. Amalgamation of 2D and 3D MHPs has
brought about improvement to efficiency through the process termed as “energy cascade”.
This involves the rapid transfer of energy from high band gap to low band gap domains,
enabling efficient light emission in the latter. Formation of multiple domains with different
band gaps in the emitter, arising from the varying degree of 3D cation incorporation creates
an energetic landscape where carriers injected into high band gap domains funnel to the

energetically favoured, low band gap domains. Outcompeting of non-radiative
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recombination process (in the high band gap domains) by the energy cascade process,
coupled with effective radiative bimolecular recombination facilitated by high carrier
density in the low band gap domains, explains the lower power thresholds required for
efficient light emission, relative to pristine 3D MHPs. Here, three molecules with different
aromatic molecules adopting phenyl (PEA), pyridinium (PyrEA) and imidazolium (ImEA)
cores respectively are investigated to understand the influence of aromatic molecular
design on templating an efficient energetic landscape in the emitter for the energy cascade
process. It was found that the least distorted 2D3D PEA yielded the best performance with
Vin, luminance and EQE values of 2.1 V, 20 380 ¢d A-! and 3.2 % respectively.

8.1.4 Tailoring the distribution and spread of m domains for stable blue emission

Rapid efficiency strides for PeLEDs seen thus far have been noted only for green and red
emission, with the efficiency for blue emission still wanting. Although wide band gap
MHPs are achievable by employing chloride as the halide anion, the increased tendency
for deep trap states formation, translates to an increase in undesired non-radiative
recombination'?. Attempts to yield blue emission through partial substitution of bromide
with chloride ions are mired in issues pertaining to low efficiency and colour instability
due to reduced PLQY and electric field-induced halide segregation'!. Therefore, it is
imperative that an alternative strategy to halide mixing be devised to obtain spectrally
stable PeLED spanning the cyan-deep blue region of the visible light spectrum (band gap
> 2.48 — 2.56 eV). One possible approach to attain larger band gaps is through the
substitution of A-site cation with bulky spacer molecules which results in the formation of
mixed-dimensional MPs!2. The formation of multiple domains with different band gap
characteristics within the same film facilitates the energy cascade process which drives the
high PLQY and device efficiencies seen in mixed-dimensional MHPs. Here, it is shown
that by introducing excess 2D cation together with a low solubility A-site cation (and
therefore a fast nucleation rate), a narrow, monodispersed distribution of intermediate m
domains centered about the desired emission peak can be attained. The narrow spread of
m domains increases the efficacy of the energy cascade process; repressing non-radiative

recombination losses at the low m domains thereby allowing high PLQY and device
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efficiency to be achieved at lower power densities. Furthermore, the use of a pure bromide
system ensures that not only is phase segregation mitigated, deep trap-induced losses are
also curbed with the elimination of chloride as a conduit for blue emission. In utilizing this
strategy, highly efficient, spectrally stable blue PeLEDs spanning the entire blue region
ranging from 437 to 495 nm with EQEs of 2.34 %, 4.34 %, and 4.8 % at EL peak
wavelengths of 465, 486, and 493 nm respectively, are achieved.

8.2  Overall Conclusion

Although 3D MHPs have shown great promise for light emission applications, PeLEDs
based on the pristine materials have been hampered by low efficiency due to inefficient
radiative recombination. In this thesis, it is proposed that through defect management, non-
radiative losses can be effectively mitigated thereby giving rise to enhanced radiative
recombination and in turn higher electroluminescence. The issue is addressed via two ways;
(a) passivation of defects via processing and (b) suppressing the effect of non-radiative
recombination pathways through the introduction of an energetically engineered landscape.
In the former, spin coated films are treated post-deposition with a branched alkyl
ammonium cation (TEABr") to passivate the under-coordinated Pb atoms. Surface analysis
of the treated films reveals surface Br: Pb ratio approaching 3.0 on increasing TEABr
concentration, confirming the effectiveness of the treatment process. Although presence of
lower dimensional phase is detected in the XRD patterns of the treated films, the absence
of secondary PL peaks corresponding to emitting multi-dimensional phases eliminates the
energy cascade process as a cause for PL enhancement. It can thus be deduced that the
passivating nature of TEABr, coupled with simultaneous grain size reduction of the
treatment process, provide a more dominating influence over the PL and PLQY
enhancement. The device characteristics too improved with TEABr concentration up to 15
mg mL"! beyond which efficiency drops and threshold voltage increases. This is explained
by the greater proportion of less conducting lower dimensional secondary phase formed in
the film which hinders charge injection and effective radiative recombination during device

operation, despite the higher PLQY.
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The low exciton binding energies of 3D MHPs can be circumvented through geometric
and/or electronic confinement. Geometric confinement involves imposition of spatial
constraints to facilitate bimolecular recombination process. However, the simultaneous
increase in grain boundary density necessitates effective passivation at the grain boundaries
for the full advantage of geometric confinement to be maximized. By incorporating BPhen
into the emitter layer via the anti-solvent process, higher PL, luminance and efficiency are
attained due to the formation of smaller grains which enhances radiative recombination.
This is possible due to the passivating nature of Bphen which enables small grains to be
formed without detriment to film properties. The controllable alteration of the MHP’s
energy bands via simple variation of the BPhen concentration in the anti-solvent too allows
for efficient injection of charge carriers into the emitter as seen by the reduction in threshold
voltages. The champion device is made with 0.500 mg mL"! of BPhen, resulting in a ten-
fold increase in luminance and fifteen-fold improvement in current efficiency and EQE
compared to the reference. Excessive BPhen (> 0.500 mg mL-"), however, resulted in the
decline of device performance, attributed to the reduction of charge carrier mobility at high
additive concentrations. Although substitution of the small molecule inclusion (BPhen)
with PBD and TPBi also brings about improvement to PL intensity, the negligible change
in device efficiency indicates that molecule selection is critical for improved film properties

to be translated into efficient PeLED devices.

PL improvement on post deposition treatment and additive engineering of emitter is
testament to the importance of defect passivation to improve film optoelectronic properties
and subsequent device performance. Alternatively, enhancement to radiative
recombination can also be attained through defect mitigation such as in the case of the
energy cascade phenomenon. The inability of bulky 2D cation to fit into the network of
corner sharing metal halide octahedra results in the formation of layered MHP structure
with the formula LoAn.1PbBr3m+1, where L and A are the 2D and A-site cations respectively.
By varying the amount of 2D cation incorporation into the 3D network, multiple band gap
domains acting as mini quantum wells, are formed in the emitter layer, providing electronic
confinement to the charge carriers. On injection of charge carriers into the high band gap

domains, the charge carriers funnel sequentially to the low band gap domains. The
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energetically favourable process occurs within such short time scales that non-radiative
recombination process within each domain is superseded. This, in tandem with the
increased rate of radiative recombination with high localized charge carrier density, enables
high PLQYSs to be achieved with low power intensities. Though numerous reports on
energy cascade for light emission have been published, a guideline for the design of suitable
2D cation to template the formation of an energetic landscape to promote energy cascade
is still lacking. Three 2D aromatic cations (PEA), (PyrEA) and (ImEA) are investigated to
understand the influence of aromatic core on efficacy of the energy cascade phenomenon.
Despite the potential for improved charge transport with bi-cationic PyrEA and ImEA, their
corresponding 2D3D films showed higher degree of distortion as evidenced by the XRD
analysis. Not only were the PL intensities across varying fluence lower than 2D3D PEA,
the weak PL emission from the high band gap domains too appears to suggest either (a) the
presence of insufficient low band gap domains or (b) the occurrence of inefficient radiative
recombination, either of which are detrimental to the energy cascade process. The PL
excitation spectra, provides further evidence of 2D3D PEA efficiency for charge carrier
funneling. The implication of inefficient energy cascade process in 2D3D PyrEA and 2D3D
ImEA is the increased susceptibility towards non-radiative losses due to the outcompeting
of the former process by the latter. It is proposed that high PL of the 2D film is crucial for
templating of an efficient energy cascade landscape. As the charge transfer process in the
energetically engineered emitter landscape initiates at the high band gap domains, a 2D
cation with high PL in thin film form will ensure that high quality (low defect density) high
band gap domains will form on incorporation of the 2D cation into the 3D framework. This
promotes efficient charge transfer across the various band gap domains as this process will
not be impeded by non-radiative recombination process (defect filling) at the high band
gap domains. Hence, while mixed-dimensional perovskites provide a platform for high
efficiency devices to be attained, judicious selection of 2D cation is crucial to enable

effective mini quantum wells to form without detriment to charge funneling kinetics.

Despite the success of energy cascade in yielding high performing green and red PeLEDs;
their applicability for blue emission has been hampered due to the penchant for emission

to shift to the multi-dimensional MHP domains with the lowest band gap. High
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concentration of the 2D cation provide a means for the realization of blue emission however,
the low conductivity of the 2D cation limits the high luminescence desired. Relying on a
triptych of 2D and A-site cation concentrations, solubility limit of A-site cation, and
nucleation kinetics; tailoring of the structural landscape to deliver a narrow distribution (m
= 2-5) of MHP domains is made possible, allowing efficient blue emission to be achieved.
High concentration of the 2D cation is necessary to eliminate 3D domains, whereas the role
of low solubility A-site cation is to curb the formation of undesired 2D domains. Control
over MHP structural landscape allows record efficiencies of spectrally stable deep blue (~
465 nm) and cyan (~ 493 nm) emissions to be achieved. The single halide system utilized

in this study also circumvents issues relating to halide segregation.

8.3  Future Work and Possible Directions

The work presented in the thesis has exemplified the importance of defect management,
either through passivation; as a means for defect suppression or through the energy cascade
phenomenon; where the effect of non-radiative recombination process is mitigated due to
the rapid charge carrier funneling, towards improving MHP films’ optoelectronic

properties and the resultant devices.

8.3.1 Merging defect passivation with energy cascade

The thesis has been focused primarily on either passivation or charge carrier funneling to
manage defects in the emitter. However, the implementation of both to address the two
issues simultaneously have not yet been discussed. This offers another route for
exploration as non-radiative recombination losses at the interfaces increases as the device
architecture becomes more complex with the presence of more layers such as the injection
and transport layers to improve device efficiency. While the energy cascade concept
facilitates radiative recombination process in the smallest band gap domains through
mitigation of non-radiative losses in the larger band gap domains, losses in the former are
not addressed. Hence, it is not impossible that efficiency can pushed further through

suppression of defects in the smallest band gap domains. This can be made possible through
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post deposition treatment process with Lewis bases such as pyridine and thiophene which
can preferentially bind to the Pb atoms due to their electron donating capabilities.!? Figure
8.1 presents an example of mixed-dimensional MHP exhibiting enhanced device

performance with post deposition treatment.?

Not only does the post deposition treatment process enable the passivation of surface
defects, the choice of molecule can also be functionalized for enhanced moisture resistance
through use of ligands and hydrophobic polymers. An example would be the use of
hydrophobic ligands for increased moisture resistance®. In selecting suitable ligands, due
consideration ought to be placed on the length of the aliphatic chain which can be impede
charge transport in the device. Moreover, as shown in Chapters 4 and 5, any inclusions into
the emitter will affect the interfacial energy alignment and in turn the injection of both
types of charge carries through the charge selective contacts. Further optimization of the
type of interfacial material used would then be required to ensure that charge carrier

injection into the emitter is not compromised.
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Figure 8.1 Device performance of mixed-dimensional perovskite based on FA-PEA with post

deposition treatment of trioctylphosphine oxide.’ (a) Device architecture, (b) summary of device

data and (c¢) luminance and current efficiency against voltage plots.
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8.3.2 Graded emitter for high efficiency PeLEDs

From Chapters 5 and 6, it has been shown that energy level alignment at the interfaces and
the energy cascade process are beneficial for charge carrier injection and radiative
recombination processes, respectively. This concept can be further expanded towards the
development of a graded emitter such as shown in Figure 8.2. Here, the layers closest to
the charge selective interfacial layers act as confinement layers restricting recombination
process to the graded region which function as multi quantum wells.> Although the
engineered energetic landscape of the energy cascade process has been shown to be a
successful method for the localization of charge carriers for increased radiative
recombination, the poor control over the spatial distribution of the varied band gap domains
(either laterally or vertically next to the emitting domains) suggests that modifications to
processing would be necessary to drive efficiency further. As such a graded emitter is
proposed; where the radiative recombination zone or the multi quantum well active region
is sandwiched between two confinement layers parallel to the contacts and away from the
charge transport layers. This serves three functions: (a) to electronically confine the charges
within the multi-quantum well region for more efficient radiative recombination, (b) to
minimize leakage of charge carriers and (b) to suppress non-radiative losses at the charge
selective layers by shifting the recombination away from the interfaces. This in turn
enhances the overall efficiency and stability of the device due to the effective discharge of

injected charge carriers via radiative recombination, leading to less localized heating effect.

One way to ensure the formation of the graded emitter shown in Figure 8.2 is through
thermal evaporation. By controlling the base pressure, evaporation rate and evaporating
species during the evaporation process, the composition and band gap of the deposited
films can be finely tuned and a graded emitter be achieved. The controlled manner of film
growth offered by the thermal evaporation process would also offer MHP films of greater
electronic quality as compared to solution processed films. The resultant lower defect
density and graded emitter stack would synergistically enable high efficiency devices to be

fabricated.
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Figure 8.2 An example of a graded emitter structure in an inorganic LED.’

8.3.3 White light emission for lighting applications

The influence of A-site and 2D cations relative solubilities on crystallization kinetics as
shown in Chapter 7 provide an interesting perspective on uncovering the underlying reason
for undesired multiple emissions in mixed-dimensional MHPs. Not only does it offer a
more stringent degree of control over processing, but also opens up new avenues for
tunability across the CIE colour spectrum. The higher colour purity of the emission allows
for wider gamut of colours to be attained when incorporated with other emitters. For
example, a 470 nm blue emitter enables white emission to be achieved when coupled
together with ~ 570 nm emitter or alternatively, a 490 nm cyan emitter with a 600 nm
orange emitter as shown on the CIE spectrum in Figure 8.3. From Chapter 7, it is shown
that by simply changing the composition of PBA/Pb and PBA/Cs, emission from the blue

region spanning from 465 nm to 493 nm can be achieved, suggesting that all that is needed
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are complementary colour emitters. One possible candidate is CsPblz, which enables red

emission to be attained through quantum confinement (nanoparticles).
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Figure 8.3 CIE spectrum showcasing the emission combination allowing for white light emission®

It is proposed that by employing the blue emitter with other materials with complementary
colour emission in tandem devices, white emission can be effectively achieved®. For
example, blue emitting MHP films can be deposited on the transparent conducting substrate
whereas the complementary colour emitters be placed on top, sandwiching interlayer
materials 2,2'-(4,4'-(Phenylphosphoryl)bis(4,1-phenylene))bis(1-phenyl-1H -
benzo[d]imidazole) (BIPO) and Poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine
(Poly-TPD) which act as electron and hole transporting materials, respectively. The
presence of the interlayer facilitates charge transport between the two emitting species due
to their well-matched energy levels with the MHPs. Moreover, use of insulating capping
material to suppress chemical reaction between the two emitters can be avoided thus

eliminating issues pertaining to charge transport.
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