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Abstract

Quantum dots (QDs) have garnered significant attention as promising materials for
next-generation flat panel displays due to their unique luminescence properties. These
properties, such as an impressive photoluminescence quantum yield (PLQY) of nearly 100%,
narrow emission spectra, and the ability to finely adjust emission wavelengths, have captured
the interest of the scientific community. In comparison to state-of-the-art organic light emitting
devices (OLEDs) that rely on organic emitting materials, QDs offer the potential to deliver
displays with heightened color purity and significantly enhanced color saturation. This has led
to endeavors to incorporate QDs into display technologies, initially starting with conventional

liquid-crystal displays (LCDs) and OLED displays.

Notably, Samsung has introduced commercial displays that leverage QDs in color
conversion layers for both LCDs and OLED displays. These implementations have contributed
to improvements in color purity and color gamut. However, these devices have yet to fully
harness the complete advantages of QDs. As a result, current research endeavors are centered
around incorporating QDs into the emission layer of self-emissive devices, allowing them to
harness their electroluminescence (EL) properties beyond their function as color conversion
layers. Unlike LCDs and OLEDs, where a considerable portion of light output is absorbed by
color conversion layers, QDs integrated into the emission layer of LEDs (referred to as QLEDs)
offer the potential for enhanced luminance, broader color gamut, and heightened color purity

due to their sharper emission spectra, all without requiring additional conversion layers.
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Over the last decades, substantial efforts have been dedicated to improving QLED
performance. Recent advances have resulted in device efficiencies exceeding 20% in red, green,
and blue QLEDs. However, significant challenges still stand in the way of their
commercialization. The critical breakthrough needed for QLED commercialization revolves
around enhancing their stability. While progress has been made and potential solutions have
been proposed for achieving highly stable QLEDs using specific materials and conditions,
challenges persist due to the complexity of pinpointing the exact causes of device degradation
under diverse external conditions during prolonged operation. Thus, a comprehensive
understanding of degradation mechanisms and the factors that limit device lifespan remains

imperative.

The central focus of this thesis is twofold: first, to highlight a notable enhancement in
QLED stability through novel modification techniques applied to the ZnO electron transport
layer (ETL); and second, to unravel the degradation mechanisms intrinsic to QLEDs and the
constraints imposed by the ZnO ETL. The overarching goal of this research effort can be

summarized in two main objectives:

A. Explores novel approaches for altering the ZnO to improve device stability. This
involves two primary approaches: (i) incorporating polymer additives into ZnO to
modulate charge distribution within the QLED, and (ii) using chemical treatments,

involving plasma and wet processes, to manipulate stoichiometry and defect



distribution in the ZnO, addressing issues related to oxygen vacancies and charge trap
states.

Explores how the introduced modifications to the ZnO layer influence device stability.
This entails examining the effects of different additives within the ZnO ETL on
overall device performance. Various investigative techniques are employed,
encompassing aspects such as charge distribution estimation, analysis of charge
carrier accumulation and annihilation within the QLED, probing recombination
centers, measurement of exciton lifetime, and evaluation of the chemical and

electronic states of materials.

This research centers on ZnO modifications achieved through the integration of a

ZnO-polyethylenimine nanocomposite (ZnO:PEI), ZnO treated with carbon tetrafluoride

plasma (FZnO), and ZnO infused with iodine and ferric chloride (I>:ZnO and FeCl3:ZnO).

These modifications represent innovative pathways to bolster the electroluminescence stability

of QLEDs. Through extensive investigation, two primary mechanisms responsible for

enhancing device stability emerge:

l.

ZnO:PEI and FZnO modifications impact charge distribution and electron
concentration across the QLED, mitigating the accumulation of holes at the interface
of QDs and the hole transport layer (HTL). The typical scenario in QLEDs involves
holes accumulating at this interface, which can lead to device degradation.

Experimental measurements, including delayed electroluminescence and transient
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photoluminescence measurements under bias, capacitance-voltage-luminance
analyses, and electroluminescence characteristics assessments involving luminescent
marking layers, collectively demonstrate that ZnO:PEI and FZnO treatments lead to
an increased presence of electrons at the QDs/HTL interface, thus decreasing hole
accumulation and consequently enhancing device stability.

The incorporation of I> and FeCls into the ZnO ETL suppresses the formation of
positively charged ZnO species during QLED operation. This is corroborated through
X-ray photoemission spectroscopy (XPS) studies and an analysis of changes in
electroluminescence and photoluminescence characteristics. These investigations
reveal that extended QLED operation leads to a higher concentration of ZnO species
with oxidative states, and a direct correlation between the magnitude of
electroluminescence loss and the concentration of these species is established.
Ultimately, the application of halide treatment to ZnO materials demonstrates its

potential for enhancing the stability of green, blue, and red QLEDs alike.
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Chapter 1 Introduction

1.1 Introduction to Display Technology

1.1.1 State-of-the-art Display Devices

The display market has witnessed remarkable success with liquid crystal displays
(LCD) and organic light emitting diode (OLED) displays, outperforming various other display
devices.! LCDs gained significant traction in the early 2000s, successfully overcoming the
technological limitations of cathode ray tube (CRT) displays. LCDs showcased distinct
advantages, including high luminance, relatively low operating voltage, and affordability
compared to their predecessor displays. LCDs operate by polarizing light through the
arrangement of liquid crystals via bias application. This requires a backlight unit (BLU),
through which light passes, interacting with the specific liquid crystal orientation and
additional color conversion layers that achieve the desired colors. However, LCDs face certain
operational drawbacks, including slow response times due to molecular motion limitations,
compromised color purity and contrast due to challenges in achieving a complete 'dark’ state,
inefficiencies due to light waste at the color conversion layer, and the necessity of a BLU that
hinders the manufacturing of thin display products. On the other hand, OLED displays entered
the market with notable advantages that address several of the LCD's drawbacks. OLEDs
incorporate a self-emissive layer, offering significant benefits in terms of color quality and
streamlined processing for creating thin and large display products, eliminating the need for a
BLU. OLEDs have found applications across a wide spectrum of display use cases. Currently,
these two display types command the largest market share in various domains of display

products, spanning television, computer screens, and smartphone screens.

Technological convergence leads to the transformation of traditional linear media into
highly interactive formats, causing visual content to become pervasive in society as an
everyday element.? In the context of this widespread visual display environment, the

imperative to establish connections between humans and machines through visual information
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has elevated the significance of high-performance luminescent devices. These devices play a
central role in realizing present and future display technologies, including innovations like
VR/AR devices, window and outdoor screen displays, wearable display units, and holography
displays. These technologies essentially create ubiquitous scenarios for visual information.
Among these pioneering display devices, the reliance on OLEDs and LCDs is pronounced
today. As the bedrock of electronic visual displays, the growth of these advanced display
technologies hinges on attributes such as high resolution, efficiency, stability, and a wide color
gamut in light emitting devices. To achieve a vibrant visual environment, substantial
improvement in color purity is essential, surpassing the capabilities of current state-of-the-art
display devices. While contemporary OLEDs can provide respectable color purity (with a full
width at half maximum of EL wavelength spectra < 50 nm), there is still room for
enhancement.® Furthermore, device stability during operation poses another formidable
challenge. Given the increasing duration of display device usage, attaining exceptionally high
device stability is of paramount importance. OLEDs have encountered stability concerns,

exemplified by issues like burn-in, attributed to the inherent limitations of organic materials.

To overcome these challenges, inorganic quantum dots (QDs) have been actively
researched as a prominent material for display devices. Capitalizing on their distinct
luminescence properties, which encompass nearly 100% photoluminescence quantum yield
(PLQY), narrow emission spectra, and the flexibility to adjust their emission wavelength, QDs
have captured considerable attention within the scientific community. In comparison to state-
of-the-art OLEDs that employ organic emitting materials, QDs present a remarkable potential
for significantly enhanced color purity and a substantial expansion in color gamut and
saturation. As a result, endeavors have been made to integrate QDs into display technologies,
commencing with traditional LCDs and OLED displays. Samsung, for instance, has brought to
market displays that leverage QDs in color conversion layers for both LCDs and OLEDs,
enhancing color saturation due to the precisely tuned emission spectra of QDs.* However, these

devices have yet to fully exploit the comprehensive advantages offered by QDs. Consequently,
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ongoing research is concentrated on leveraging QDs within the emission layer of self-emissive
devices, utilizing their electroluminescence (EL) characteristics, rather than confining their
role to color conversion layers alone. Unlike LCDs and OLEDs, where a substantial portion of
light output is absorbed by the color conversion layer, QDs within an LED emission layer
(QLED) can deliver heightened luminance and color purity, accompanied by a broader color
gamut. This is achieved through their sharper emission spectra, all without necessitating

supplementary conversion layers.
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Figure 1.1 Evolution of display technology.



1.2 Introduction to QLED

1.2.1 Characteristics of QDs

The luminescence mechanism of QDs is governed by the excitation and subsequent
relaxation of carriers within the QDs through external energy input. The creation of excitons
within the QDs dictates the radiative recombination process. The prevailing explanation for
excitons in inorganic QD materials is the Wannier-Mott exciton model,>” which
conceptualizes an exciton as an electron-hole pair held together by Coulombic attraction.
Complementary insights into the exciton system are provided by the Bohr model. The exciton
radius, signifying the distance between the electron and hole within the exciton, can be
understood in a manner analogous to the Bohr radius within the hydrogen atom model. The

exciton Bohr radius 75 is described by’

4-mwoe-h2 1 1
Ry S (1.1)
q* me  my

where ¢ is an elementary charge, ¢ is a dielectric constant of the material, f# is a reduced
Planck constant. m. and my, are an effective mass (mey) of electron and hole, respectively. The
most fascinating property of the QDs stems from the quantum confinement effect resulting
from their dimension reduction. As the crystal size (often consider the radius, ) diminishes
and approaches the rp, the material's energy state becomes quantized. This quantization of
energy state is governed by the Schrodinger equation within a spherical, three-dimensional
infinite potential well system. Further elaboration on the detailed solution can be found in the
referenced source’. The confinement energy state for the ground state (r = 1) is then described
by

q? 72 - K2

—~ +
2615 2Mgpp rT?

(1.2)

En=1 = Eg

where E; is energy band gap. This equation delineates the alterations in the energy states as

the material’s radius undergoes change. The quantum confinement effect (i.e., 73 > r) governs
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the density of states (DoS) within the material, leading to quantization of electronic states. As
depicted in Figure 1.2 (a), the relationship between DoS vs. energy takes on a delta-function-
like form as dimensions reduce. Consequently, each energy state is accompanied by a wave
function bearing resemblance to atomic behavior. Consequently, QDs possess quantized
energy states at their band edges, thus manifesting atomic-like traits. This characteristic
facilitates the adjustment of emission wavelengths through size variations, as illustrated in
Figure 1.2 (b). Additionally, the atomic-like structure relaxes the momentum conservation rule
within QDs due to the broken translational symmetry, alongside intensified Coulombic
interaction between charge carriers. This heightened interaction enhances the probability of
energy relaxation via Auger recombination. Auger recombination is delved into further in

Chapter 2, given its involvement in various phenomena within QDs.



(a)

[~ 7 o

3D (bulk) 2D (sheet) 1D (wire) 0D (dot)
&% & i & g
o o 2 H
2 c s w
w w

Density of States Density of States Density of States Density of States
Conduction Band

Energy

Valence Band

Bulk

1
C
&

QD size

Figure 1.2 (a) Changes in density of states by reduction of material dimension. (b) Changes in energy

band structure of QDs by reducing their size.

1.2.2 Charge Transport and Injection

The accurate transport and injection model must be taken into consideration to
estimate and analyze carrier transport and injection during QLED operation®'?. The electrical
conduction of the material is elucidated by the Drude model, which delineates the connection

between current density (J) and electric field (E)®
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J= (%Z'T) E (1.3)

where n is a charge concentration, ¢ is an elementary charge, 7 is a mean free time between

collisions during charge transport, and m is a mass of electron. The conductivity ¢ is then®
g=anH (1.4)

where u is a carrier mobility. Utilizing equation (1.4) as a basis, the conductivity is dictated by
the concentration of charge carriers and their mobility. In the context of typical QLED
materials like organic semiconductors, nanoparticles (NPs), and QDs, intrinsic charge
concentrations are usually negligible. Instead, the injection of charges from electrodes plays a
predominant role in determining the charge concentration. Consequently, both the carrier
mobility of the materials and the charge injection from electrodes become pivotal elements in
characterizing charge carrier conduction during QLED operation. The charge carrier mobility
of these materials is notably influenced by interatomic and intermolecular interactions. When
atoms approach one another, their orbital wave functions begin to interact, culminating in the
formation of molecular orbitals. A multitude of atomic or molecular orbital interactions, giving
rise to a significant number of orbital splittings, results in the emergence of energy levels. In
the case of inorganic semiconductors (e.g., Si and Ge), atomic distances are sufficiently small
(< 3A) to evoke potent interatomic interactions. This leads to the splitting of energy levels and
the formation of conduction and valence bands where electrons and holes can move freely, as
depicted in Figure 1.3 (a). Similarly, in organic materials characterized by extensive -
conjugation and close intermolecular distances, robust molecular interactions lead to the
creation of a continuous energy band, akin to the situation in inorganic semiconductors. On the
contrary, polycrystalline and amorphous materials with larger intermolecular distances (> 10
A) exhibit discontinuous molecular energy levels due to weak intermolecular interaction,
illustrated in Figure 1.3 (b). These non-continuous energy states function as trap sites for
charge carriers, where carriers can reside for a relatively extended duration. Consequently, the

mechanism governing carrier transport shifts to the hopping mechanism, as elucidated by the
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Poole-Frenkel model.>!” This model involves carriers literally hopping and transitioning
between discrete energy states amidst molecules. This process necessitates surmounting an
energy barrier (4E) through a thermally activated trapping and de-trapping process. Compared
to band transport mechanisms, the hopping transport exhibits relatively low carrier mobility (<
10° cm? V! 5. For materials with disorder, such as those incorporated into the QLED
structure (e.g., organic semiconductors, QDs, and NPs), the transport mechanism is likely to

align with the hopping mechanism.
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Figure 1.3 Electronic structure of solids (a) with small interatomic distance (< 3A) enough to induce
strong interatomic interactions and (b) with large intermolecular distances (> 10 A). The structure
shown in (b) is abbreviated as depicted in (c). The abbreviated structure is used to describe the energy

levels of materials in QLEDs in this thesis.

The charge injection mechanism constitutes another important factor for assessing the
QLED operation, as the concentration of charges within the QLED is dictated by the charges
introduced from electrodes.!! The Schottky-Mott rule governing the metal/semiconductor
interface serves as the foundation for understanding the injection characteristics at the
electrode/charge transport layer (CTL) interface.!! Therefore, the interfacial barrier height for
electron injection, @.(and @, for hole injection), hinges on the energy level disparity between
the electron affinity 4. (or ionization potential, /,, in the case of hole injection barriers) of the

CTL and work function of the metal (WF), illustrated in Figure 1.4.%
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(pe =WF_Ae (1.5)
and for the hole injection barrier®

Charge carriers are introduced through various mechanisms, encompassing field-assisted

thermionic injection, Fowler-Nordheim tunneling, and thermoactivated hopping injection.
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Figure 1.4 An example of energy level diagram of metal/semiconductor interface. The diagram

includes work function, ionization potential, electron affinity, and band gap.
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1.2.3 QLED Architecture and its Working Principle

The operational mechanism of QLEDs primarily follows these steps:

1. Electrons and holes are introduced from the cathode and anode, respectively, into the
ETL and the HTL.

2. Electrons and holes then traverse through the ETL and HTL to reach the QD emission
layer (EML).

3. Within the QD EML, Coulombic interaction between electrons and holes leads to the
formation of excitons.

4. Subsequently, excitons undergo radiative recombination, emitting photons.

The architecture of a QLED is composed of material stacks with distinct functionalities:
Anode/HTL/QD EML/ETL/cathode. The mode of charge carrier transport is contingent on the
characteristics of both HTL and ETL. Fundamentally, the operational principle shares
similarities with OLEDs. The majority of distinguishing traits of QLEDs originate from the
unique characteristics of the QD EML, as the electroluminescent behavior is substantially
shaped by the luminescence properties of the QDs. Furthermore, QLEDs benefit from a
broader selection of charge transport materials compared to OLEDs. Unlike bulk
semiconductors where electrons and holes behave as statistically independent entities,
diffusing and injecting into the EML to form excitons, the process of exciton formation in QDs
can be influenced by intermediate states of the QDs (either negatively or positively charged
QDs). These states promote the injection of opposite carriers through their electrostatic
forces.'?"!5 Consequently, QLEDs exhibit a higher tolerance for charge imbalances within the
EML. This attribute offers a diverse array of options for charge transport materials, such as

combinations of organic and inorganic semiconductors for CTLs.
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1.2.4 QLED architecture and its Evolution

Device structure evolution with respect to charge transport materials

The device structure has evolved and undergone modifications based on the selection
of ETL and HTL material types for high-performance QLEDs, as illustrated schematically in
Figure 1.5. The first QLED was demonstrated in 1994, comprising a polymer HTL (PPV,
poly(p-phenylene vinylene)) and a QD EML flanked by two electrodes.!® Although this simple
device structure exhibited low device efficiency, it marked a significant milestone as the first
EL device incorporating a QD EML, heralding the advent of QLEDs. The primary drawback
of the initial generation device structure was limited electron injection due to the absence of
ETLs. To address this, organic ETLs were introduced on the opposite side of QD EMLs,
leading to the emergence of the HTL/QD EML/ETL structure, commonly known as 2nd-
generation QLEDs.!” While this enhanced the device performance to some degree compared
to the Ist generation structure, the efficiency of organic CTLs still fell short, remaining under
1% in external quantum efficiency (EQE) and significantly below their theoretical limit. This
low EQE was ascribed to inadequate injection at the heterojunction between organic materials
and the QDs. While the introduction of organic ETLs addressed the electron injection issue,
the charge imbalance problem within the QD EML persisted, resulting in substantial efficiency
reduction. Subsequently, attempts were made to employ inorganic materials for both ETL and
HTL, aiming to circumvent the challenges posed by organic CTLs.!® However, the use of
inorganic CTLs did not yield a sufficiently notable improvement in device efficiency. This was
attributed to the high intrinsic carrier concentration of inorganic semiconductors, which
triggered exciton quenching in the QD EML through inter-/intra-energy transfer, particularly
at the QD EML/CTL interface. This interaction among a large number of carriers in inorganic
semiconductors led to the loss of radiative recombination energy. Additionally, the limited
selection of inorganic hole transport materials posed an additional challenge. The merits and
limitations of both organic and inorganic transport materials culminated in the development of

the current predominant QLED architecture, termed a hybrid QLED structure.!® This 3rd
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generation device architecture integrates an inorganic ETL and an organic HTL with a QD
EML. Inorganic ETLs exhibit superior electron transport/injection properties along with
chemical stability. On the other hand, organic HTLs demonstrate favorable hole transport
capabilities and can be reliably deposited using state-of-the-art OLED technology. The
combination of these advantages from both CTLs yields highly efficient QLEDs, achieving
optimal EQE levels exceeding 20 % for red-,**! green-,”>*} and blue-QLEDs.>?

Cathode
OrEanic ETL
QD EML
Organic HTL
! Anode \ Cathode
Cathode Inorganic ETL
QD EML QD EML
Organic HTL / \ Organic HTL
Anode _ Cathode Anode
Inorganic ETL
QD EML
Inorganic HTL
Anode
1t generation 2n generation 3 generation

Figure 1.5 Schematic diagrams describing the evolution of QLED architecture.

Upright vs. Inverted device architecture

The deposition order also serves as a key criterion in determining the device
architecture. Given that QLEDs are thin-film devices fabricated on supportive substrates, layer
arrangement and deposition commence from the substrate side. Typically, indium tin oxide
(ITO) is the initial coated layer, acting as an electrode. The standard LED structure follows the
order: ITO/CTL1/EML/CTL2/Al (or Ag). CTL represents the first-deposited carrier transport
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layer (either HTL or ETL) directly placed on the ITO, while CTL> denotes the second carrier
transport layer deposited on the EML, functioning as the counterpart to CTL; (either ETL or
HTL). The conventional configuration, known as the upright architecture, entails an HTL
deposited on ITO (i.e., CTL; is an HTL), as depicted schematically in Figure 1.6 (a).
Conversely, the inverted architecture involves an ETL deposited on ITO (i.e., CTL is an ETL),
as illustrated in Figure 1.6 (b). The inverted architecture offers the benefit of ETLs connecting
to n-type thin film transistors within the circuit, streamlining the fabrication sequence for
active-matrix LED circuits.’® Moreover, the inverted architecture affords flexibility in

engineering ETLs while preventing any potential damage to the QD EML and HTL.

(a) (b)

| Al or Ag | Al or Ag
Inorganic ETL Organic HTL
QD EML gD EML
Organic HTL Inorganic ETL
| ITO/glass substrate | ITO/glass substrate
Upright architecture Inverted architecture

Figure 1.6 Schematic diagrams of (a) upright and (b) inverted QLED architecture.

1.2.5 Materials in QLED

Since the operation of LEDs hinges on the conversion of electrical energy into light,
the meticulous choice of materials for QD EMLs and CTLs becomes paramount. The

advancement of materials for QDs and charge transport/injection elements has yielded
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significant strides in enhancing QLED performance, hand in hand with the evolution of QLED

architecture. This section outlines the materials employed in the hybrid QLED architecture.
Core-shell QD materials

In addition to the limitations of the discussed device architecture above, the core-only
QD structure is prone to losing carrier confinement, resulting in a significant reduction of
device efficiency. In 1997, Schlamp et al. published their findings showcasing the use of
CdSe/CdS core/shell QDs as an EML in the 1st generation device structure, effectively
enhancing device efficiency compared to core-only QDs.?” Core/shell structures can generally
be categorized into two primary types based on the energy level offset between the core and
shell materials, which dictates the nature of their heterojunction. The type-I structure features
a straddling gap at the core-shell heterojunction, as illustrated in Figure 1.7 (a). Conversely,
when the core and shell materials create a staggered gap at their heterojunction, the structure
is classified as type-Il, as shown in Figure 1.7 (b). Consequently, the type-I QD structure is
more efficient in confining electrons and holes compared to type-II. For instance, CdSe/ZnS
QDs possess a type-I structure and are primarily explored for LEDs that necessitate exciton
formation. Conversely, the type-II structure might find more utility in other device applications
such as solar cells and photodetectors, which require efficient exciton dissociation.
Recognizing the significance of shell materials, the development of core-shell QD structures
emerged. Among these, II-VI material-based QDs have garnered widespread adoption for
EMLs, attributed to their high photoluminescence quantum yield (PLQY) and extensive
developmental history. CdSe core paired with ZnS and CdS shell materials has been
extensively investigated for EMLs in QLEDs.
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Figure 1.7 Basic energy structure of (a) type-I, and (b) type-II core-shell QD structure.

Organic hole transport materials

The selection of appropriate hole transport materials is a pivotal aspect of device
design to ensure efficient hole transport and injection during QLED operation. In the realm of
organic HTLs, materials such as 4.,4'-Bis(N-carbazolyl)-1,1’-biphenyl (CBP)?® and tris(4-
carbazoyl-9-ylphenyl)amine (TCTA)* for small molecules, and poly(9,9-dioctylfluorene-alt-
N-(4-sec-butylphenyl)-diphenylamine) (TFB)** and polyvinylcarbazole (PVK)?*! for polymers
have found extensive application in QLEDs. The mobility of holes within these materials plays
a pivotal role in achieving effective hole transport through the HTL. The highest occupied

molecular orbital (HOMO) level is another critical consideration, ensuring efficient hole
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injection at both the HTL/anode interface and the QD EML/HTL interface. Meanwhile, a
shallow lowest unoccupied molecular orbital (LUMO) level can prove advantageous by
increasing the energy barrier for electrons at the QD EML/HTL junction. Hence, an ideal hole
transport material should exhibit high hole mobility in conjunction with deep HOMO and
shallow LUMO levels.

ZnO electron transport materials

Ever since its advantageous impact on QLED efficiency was demonstrated,?> ZnO and
its derivatives have garnered almost universal preference as the material of choice. ZnO, a
semiconductor material with a wide band gap (Eg) of 3.37 eV,**3 inherently exhibits n-type
properties,>*3637 the precise origin of which is still a subject of debate. ZnO materials offer
compelling advantages, encompassing their adaptability to solution-based processing and
commendable electron transport characteristics. Furthermore, ZnO's wide E; ensures minimal
absorption of visible light, rendering it suitable for application in LEDs. The utilization of ZnO
ETL in QLEDs has consistently yielded superior performance compared to other electron
transport materials. This can be attributed to the well-aligned conduction band minima (CBM)
between ZnO and CdSe, which facilitates efficient electron injection into the QD EML. ZnO's
exceptional electron transport properties, compatibility with the QD EML, and transparency
collectively establish it as an optimal choice for ETL in QLEDs.

Figure 1.8 illustrates the energy levels of selected materials that have found

widespread usage in QLED:s.
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Figure 1.8 Energy levels of materials examples used in QLEDs. The energy levels of the materials are

discussed in the references.?8-313%39

1.3 QLED Performance Metrics

To gauge the EL performance of QLEDs, several metrics come into play. These
encompass gauging the efficiency of exciton formation and radiative recombination that lead
to photon emission outside the QLED, alongside evaluating the endurance and consistency of
the photon emission process during device operation. In this context, two primary performance
metrics take the spotlight for evaluating QLED performance: (1) EL efficiency and (2) EL
stability. This section provides an overview of the performance assessment related to
luminance, EL efficiency, and stability.

Luminance
17



Luminance pertains to the luminous intensity radiated by a light source within a
specific direction, per unit area, and within a unit solid angle. This fundamental metric gauges
the perceived brightness of a light source to human eyes, taking into account the eye's
sensitivity to varying wavelengths of light. Luminance serves as a means to approximate the
intensity of both EL and PL emitted by a light source. The unit of luminance is candela per
unit area (cd m?). The candela (cd) quantifies the intensity of light radiation, which is also
quantified in terms of luminous power (lumen, Im), a unit of power associated with light

radiation.
EL efficiency

The EL efficiency can be quantified through external quantum efficiency (#exiernai,
EQE), which measures the quantity of photon emissions from the QLED relative to the number
of injected carriers. This includes internal quantum efficiency (#inernas, IQE), a parameter that
characterizes the effectiveness of charge carrier injection and exciton generation. The IQE is
described by factors encompassing exciton generation, charge balance ratio, and the PLQY of

the emission material.
Ninternal = €Xciton generation factor - charge balance factor - PLQY (1.7)

Out-coupling efficiency (#our-coupiing) refers to the proportion of photons extracted from within
the device structure, typically ranging from 20 % to 30 %. This encompasses the interactions
of photons within the device structure, including phenomena like cavity effects, reflection and
refraction of light across the multi-stacked layers. Overall, EQE can be defined as a

combination of factors including:
Nexternal = MNinternal ° Nout-coupling (18)

Current efficiency (CE) and power efficiency (PE) serve as additional metrics for
assessing device efficiency. These metrics are derived from measurements of device luminance,

current, and voltage. Current efficiency (CE) is characterized by the radiative recombination
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within the current flow and is expressed in candelas per ampere (cd A™'). On the other hand,
power efficiency (PE) quantifies luminance efficiency relative to power consumption and is

represented in lumens per watt (Im W), calculated as the product of current and voltage.
EL stability

Next, device stability is a measurement of how effectively and consistently QLEDs
uphold their EL efficiency throughout their operational lifespan. EL stability is determined
through the EL lifetime, gauged by changes in luminance during actual device operation
involving applied bias or current flow. Typically, the 50 % lifetime projection is utilized,
indicating the duration for the relative luminance to decline to half of the initial luminance (Lo).
This specific point in time is represented as LT50 and follows the established accelerated

40

Coulombic degradation scaling rule,”™ a principle established through empirical research

across the history of LED development.
LT50 - Lo" = constant (1.9)

where 7 is an accelerator factor determined by degradation mechanisms. The parameter n is
introduced to adjust the projected LT50 value, which can vary within the range of 1.5 to 2.5,
contingent on the degradation mechanism. This correlation is applicable to the LT50 estimation
for QLEDs. By employing this correlation, the projected LT50 can be extrapolated across
various Lo and thereby facilitate direct comparisons of LT50s among diverse QLEDs featuring

different efficiencies.

1.4 Challenges

Significant efforts have been devoted to enhancing QLED performance over the past
three decades, achieving notable advancements. However, challenges persist in terms of their
commercial viability. Current research advancements in QLED technology have yielded high

device efficiencies, surpassing 20 % EQE in red-,>*?! green-,>*? and blue-QLEDs.?"® Yet,
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for successful commercialization, addressing the issue of QLED stability remains imperative.
Despite notable progress and proposed solutions for achieving highly stable QLEDs using

41-49 clear solutions remain elusive due to the intricate

specific materials and conditions,
challenge of pinpointing the precise factors causing device degradation over extended
operational periods and under varying external conditions. Consequently, achieving a
comprehensive understanding of degradation mechanisms and the determinants influencing
device lifespan is crucial. This thesis predominantly centers on introducing a significant
enhancement in QLED stability through novel modification techniques applied to the ZnO
ETL, as well as comprehending the mechanisms underlying QLED degradation and the

restricted EL lifetime attributed to the ZnO ETL.

1.5 Thesis Overview

This thesis comprises eight chapters.

Chapter 1 serves as an introduction to QDs and their applications in LEDs. This
chapter covers the operational mechanisms of QLEDs, their structural components, and how
they have evolved concerning material selection and deposition order. Additionally, major
performance metrics of QLEDs including luminance, EL efficiency, and stability are
introduced. The chapter concludes by discussing the challenges associated with the stability of

QLEDs.

Chapter 2 presents a comprehensive literature review on QLED stability issues,
categorizing them according to the layers within QLEDs, along with the proposed potential

solutions.

Chapter 3 outlines the research objectives and methodology employed in this work.
The research aims, experimental methodologies, device architecture, fabrication process, and

characterization techniques are all described in detail.
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Chapter 4 delves into novel strategies for enhancing QLED stability through ZnO
modifications. This section presents experimental outcomes showcasing significant
improvements in EL stability through techniques such as the use of ZnO:PEI nanocomposites,
carbon tetrafluoride plasma treatment on ZnO (FZnO), and the incorporation of I> and FeClz

dopants into ZnO (I2:Zn0O and FeCl3:ZnO).

Chapter 5 explores the underlying mechanisms behind the improved EL stability
achieved via ZnO:PEI and FZnO modifications. The chapter primarily focuses on experimental
findings concerning the reduction of accumulated charges at the interface between the QD

EML and HTL.

Chapter 6 continues the investigation into the mechanisms enhancing EL stability,
specifically those resulting from the incorporation of I; and FeCls into ZnO. Experimental

results highlight the reduction of positively charged ZnO species and their implications.

Chapter 7 delves into the EL characteristics of green- and blue-QLEDs treated with

halide-modified ZnO materials.

Chapter 8 concludes the thesis by summarizing its key points and outlining directions

for future research.

In order to ensure clarity regarding authorship, the convention of using "we" rather
than "I" will be employed throughout the remaining chapters. Furthermore, the contributions

made will be acknowledged at the outset of each respective chapter.
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Chapter 2 Comprehensive Literature Review on the Stability Issues

of QLEDs and the Proposed Solutions

The advancement of QD EML and CTL has yielded remarkable progress in enhancing
device efficiency. This progress is rooted in a deep understanding of the emission process
within QD EMLs and the intricate interplay of charge transport and injection across QLEDs.
However, while strides have been made in boosting device efficiency, the parallel development
of device stability has faced some lag. Despite achieving impressive lifetimes in red- and
green-QLEDs that occasionally rival those of OLEDs (LT50 at 100 c¢d m of 3,000,000
hours®?), these achievements often require intricate fabrication processes involving specially
designed substrates,’! and carefully controlled synthesis methods for QDs and organic
materials.?? Understanding the intricate mechanisms of device degradation remains a challenge
due to its gradual occurrence over prolonged operational periods, influenced by diverse
external conditions.*'*3* EL stability is influenced not only by factors related to emission,
charge transport, and injection but also by changes in material properties and the degradation
of individual materials through processes such as phase transitions, corrosion, decomposition,
and redox reactions. These material changes can be triggered by various external factors,
including oxygen, moisture, photoexcitation, and electrical excitation. In this chapter, a
comprehensive review of selected issues concerning QLED degradation is presented, with a
specific focus on QD EML, organic HTL, and ZnO ETL. Additionally, proposed solutions for

addressing these stability challenges are discussed.

2.1 Photoluminescence Stability of QD Emission Layer

One critical issue that affects the stability of QLEDs is the PL stability of QDs. As a
light-emitting device, maintaining the stable luminescence of QDs is paramount for the
operational stability of QLEDs. While many publications have reported achieving nearly 100%
PLQY of QDs, the luminescence stability of QDs is often hindered by unstable PL
characteristics, most notably PL blinking.’?>> Specifically, PL blinking refers to an unstable
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luminescence characteristic exhibited by QDs. It manifests as intermittent fluctuations in PL
intensity, where the emission intensity randomly alternates between higher intensity (bright
state) and lower or zero intensity (dark state). This phenomenon is frequently observed in
single-dot or isolated QD samples. One widely accepted explanation for this behavior is the
formation of a trion within the QDs. A trion is an entity consisting of an excess charge in
addition to an electron-hole pair, which can exist in negatively or positively charged states.
Trions provide an alternative PL decay channel through the Auger recombination process. The
formation of trions can arise from an uneven distribution of electron and hole wavefunctions
within the QDs, as well as an imbalance in charge carriers within the QDs. This section delves

into mechanistic explanations for the unstable PL properties of QDs from various perspectives.

2.1.1 Auger Recombination in QDs

Auger recombination is a process in which the recombination energy of an electron-
hole pair is transferred to a third particle, and this energy is predominantly released through
non-radiative recombination. In bulk materials, both energy and momentum conservation rules
must be satisfied for Auger recombination to occur. However, in the case of QDs with an
atomic-like structure, as described in sub-section 1.2.1, the translational symmetry is broken,
and thus the momentum conservation rule is relaxed. This relaxation enables the efficient
transfer of energy to the third particle. In the context of QDs, the presence of trions can lead to
a higher probability of energy relaxation via Auger recombination. The Auger recombination
process, when involving trions, contributes to the loss of photon energy and has been identified

as a key factor in the occurrence of PL blinking in QDs.

In 1996, Brus et al. were the first to propose that ionization of CdSe QDs contributes
to PL blinking through Auger recombination®. They conducted experiments to investigate the
increase in the occurrence of 'dark states' in sparsely-packed CdSe QDs by raising the

excitation intensity. To achieve this, they embedded the QDs in a polymer matrix (e.g., PMMA
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and polyvinylbutyral) by blending a diluted QD solution. The results suggested that ionized
QDs undergo non-radiative energy relaxation via Auger recombination, which leads to the
phenomenon of PL blinking that depends on the excitation intensity. Subsequent studies further
corroborated their findings and provided more evidence for PL blinking caused by Auger
ionization. Since then, researchers have commonly employed a single-dot experimental
spectroscopy setup and fluorescence lifetime-intensity correlation to investigate the
characteristics of PL blinking. Galland et al. utilized fluorescence lifetime-intensity analysis
along with an electrochemical approach to explore the relationship between PL intensity and
PL lifetime.>* By measuring the PL of both 'bright' and 'dark’ states individually, they revealed
the charging and discharging behavior resulting from Auger recombination in CdSe/CdS QDs.
Yuan et al. successfully explained the charging and discharging process in CdSe/CdZnS QDs
through the application of lifetime scaling and the analysis of PL fluctuation trajectories
combined with lifetime-intensity distributions.®® By using the PL fluctuation trajectory
alongside the extracted PL lifetime values of zx (bright state) and zx= (dark state) (where zx-and
7y indicate the radiative lifetimes of each state), the radiative lifetime scaling factor of these

fluorescence states can be determined>®

=2

xr _ Ix Iy @.1)
Txer  Txe Ix
The extracted factor of ‘two’ indicates that two electrons (or holes) recombine with one hole
(or electron) in the PL mechanism, implying the involvement of trion recombination.>” Their
model effectively elucidates the mechanism behind QD PL blinking through the Auger process

mediated by trions.

Given that the overlap of the electron-hole wavefunction across the energy structure
of QDs significantly influences the interaction of charge carriers, the energy structure of core-
shell QDs has been investigated to understand the loss of charge carriers in QDs. Resonant
tunneling from core materials to surface states through shell materials has been proposed as a
potential cause of the 'dark state' observed in PL blinking. The substantial surface-to-volume
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ratio and incomplete passivation of surface states facilitate the overlap of wavefunctions within
these states. This can result in charge carriers within the core materials being expelled and
trapped by the surface states, ultimately leading to a reduction in PL intensity. The occurrence
of the 'dark state' attributed to resonant tunneling can be predicted using the fluorescence
lifetime scaling factor.’¢

= = 0.96
Ty Txe Iy

Txr Tx IX* (22)

Unlike the scaling factor observed in the relaxation of the trion (2.1), the factor is close to one,
indicating a distinct relaxation channel. This factor elucidates an alternative potential
relaxation pathway involving non-radiative recombination through the escape of charges into
surface trap states. This can be attributed to inadequate charge carrier confinement arising from

an incomplete core/shell structure and inadequate passivation of surface states.

2.1.2 Environmental Factors affecting PL stability of QDs

The unstable PL characteristics of QDs can be influenced by ambient conditions, such
as the presence of Oz and H20, due to their potential impact on the ionization of the QD
material. Xiaogang Peng group has extensively studied the effects of environmental factors on
the PL characteristics of CdSe-QDs. Their research has explored how O> and H>O affect the
stability of PL in CdSe/CdS QDs.’® In their study on O; effects, they compared single-dots and
ensembled QDs under both O-rich and inert (Ar-filled) conditions. The results showed that
02 has a stabilizing effect on the PL intensity trajectory of QDs. Specifically, the ratio of bright
states in the PL trajectory of QDs increased in the presence of O. This phenomenon can be
explained by O>'s strong electron-accepting property, which effectively deionizes negatively
charged QDs, including the relaxation of negative trions. The results indicated that Oz does not
have a detrimental impact on the PL intensity of QDs; instead, it stabilizes the PL by reducing
photo-redox reactions within the QDs. Subsequently, the same group investigated the impact
of H,O molecules on the PL of the QDs.*” Through systematic experiments controlling the

conditions of H20O and O, they supported the idea of a photochemical process occurring in the
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QDs due to the presence of both Oz and H>O molecules. Interestingly, H>O acted as an electron
donor, contrary to the electron-accepting property of Oz, and drove a photo-reduction process
in the QDs. Overall, O, and H>O were found to have complementary effects on inducing photo-
redox reactions in QDs. Specifically, H>O induced ionization, resulting in dark states, whereas
O; deionized the QDs, leading to bright states. While this work provides valuable insights into
the possible mechanisms underlying the unstable PL blinking of QDs caused by environmental
factors, their model is currently limited to single dots or QD films. Further investigation is

necessary to understand the behavior of QD EML in QLED operation.

2.2 Charge Transport Materials
The stability of the EL process in QLEDs is heavily influenced by the properties of

the charge transport materials. The efficient and stable generation of excitons within the QD
EML relies on the stable injection of charges, which in turn contributes to stable luminescence.
If the injection of electrons and holes is not balanced, it can lead to the formation of trions in
the QD EML. Therefore, achieving balanced charge injection into the QD EML during device
operation is contingent on optimizing the charge transport and injection characteristics of each
CTL. Additionally, accumulation of charges at heterointerfaces between different layers can
lead to non-uniform charge distribution and affect the device performance. Loss of charge
carriers through recombination within the CTLs can further exacerbate these issues. In this

section, the stability issues in QLEDs related to the HTL and ETL will be introduced.

2.2.1 Charge Imbalance in the QD EML by Uneven Injection Rate of Electron and Hole
Energy barriers at the interface between the CTL and the QD EML are inevitable due
to the disparity in their energy levels. In the case of CdSe QDs, holes generally require more
energy to overcome the energy barrier at the QD EML/HTL interface compared to electrons at
the ETL/QD EML interface. This discrepancy arises primarily from the lower energy barrier
at the ETL/QD EML interface. As depicted in Figure 1.9, the conduction band minimum (CBM)
of ZnO exhibits a better energy level alignment with the CBM of CdSe, while the highest
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occupied molecular orbital (HOMO) levels of most organic materials are shallower than the
valence band maximum (VBM) of CdSe. This energy level mismatch leads to an uneven
charge injection into the QD EML, resulting in diminished QLED lifetime and efficiency.®
Additionally, the higher electron mobility of ZnO (2x10° cm?V-'s™!) compared to that of most
organic hole transport layers (typically < 1x10* cm?V-'s) can result in imbalanced charge

transport and injection into the QD EML.

2.2.2 Degradation of Organic Materials

Organic materials are inherently susceptible to degradation caused by factors such as
UV excitation, electrical stress, radical species, moisture, and oxygen. Additionally,
interactions with charges can initiate various degradation reactions in organic materials.**:61-2
The degradation of organic HTLs can therefore emerge as a prominent contributor to device
deterioration. An investigation into UV-induced exciton-induced degradation of organic HTLs
has been reported.*? This study examined changes in the PL intensity of QDs when in contact
with different HTLs (CBP, NPB, spiro-CBP, mCP, and 2,6-DCzPPy) under UV excitation.
The PL vs. time curves exhibited the gradual energy transfer of excitons from the HTL to the
QDs over time, along with exciton quenching in the QDs due to exciton-induced degradation
of the HTL. Particularly, the presence of an exciton quencher near the QD EML/HTL interface
led to the loss of recombination energy of the excitons in the QDs. Spiro-CBP was found to be
vulnerable to exciton-induced degradation, potentially explaining the shorter lifetime of
QLEDs employing spiro-CBP compared to CBP. This outcome provides insight into a device
degradation mechanism associated with exciton formation within the HTL due to leaked and
accumulated charges. Another study delved into the consequences of electron leakage into the
HTL.% This experiment observed two distinct stages of degradation patterns. In the initial
hours of device operation, the QLED exhibited reduced EL efficiency due to negative charging
of QDs caused by an excessive influx of electrons from the ETL. Concurrently, the organic
HTL underwent damage during extended device operation due to electron leakage stemming
from an excess of electrons in the QD EML. A cross-sectional transmission electron
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microscope (TEM) image of a QLED after 90 hours of operation revealed alterations in the
morphology of the HTL material CBP, which could result in the loss of its electrical properties.
The diminishment of the HTL's electrical properties was observed to directly lead to EL loss
in QLED operation. Arakawa et al. established a connection between the mobility of hole
transport materials and QLED lifetime, suggesting that the degradation of hole transport and
injection ability significantly contributes to EL loss in their QLEDs.* While the exact cause
of the reduction in hole transport properties may be debated, these studies imply potential
reactions occurring within the HTL during device operation that have a substantial impact on

the stability of the device's electroluminescence.

The degradation of organic materials is not limited to the organic HTL; it also extends
to the organic ligands attached to the QDs. Specifically, the organic ligands that are loosely
bound to the surface of the QDs are susceptible to undergoing a decomposition process.’*¢’
When these organic ligands decompose and lose their functional properties, the QDs become
susceptible to various reactions that lead to irreversible changes in their material characteristics.
Pu et al. conducted research into the instability of the EL in QLEDs featuring CdSe/CdS QDs,
attributing the issue to the carboxylate ligands on the QDs' surface.%* The authors identified
the weakly bonded carboxylate ligands as the primary cause of the low EL stability. These

carboxylate ligands can become detached during electrical stress, thereby exposing the QDs to

subsequent electrochemical reactions.

2.2.3 Accumulation of Charges at Heterointerfaces

The intrinsically shallower HOMO level of organic hole transport materials (typically,
5 eV~6 eV below the vacuum level) compared to the VBM of the QD materials (6.2 eV~6.5
eV below the vacuum level for CdSe QDs) creates a substantial energy barrier. This barrier
leads to the accumulation of holes at the interface between the QD EML and the organic HTL.
The presence of accumulated holes at this interface significantly increases the probability of
interactions with organic materials, including the organic HTL and the organic capping ligands

surrounding the QDs. For instance, a material like CBP exhibits a redox potential close to its
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HOMO energy level, suggesting that accumulated holes possess sufficient energy to facilitate
redox reactions.®® Furthermore, these accumulated charges can generate radical species
through interactions, a phenomenon that has been observed before.®® Radical species are highly
reactive entities capable of self-decomposition or reacting with nearby organic molecules or

atoms.

Song et al. investigated the effects of interfacial interactions on the degradation of
QLEDs.*! Their findings suggested that the differing degradation patterns observed in red and
blue QLEDs could be linked to the accumulation of charges at distinct interfaces. To assess
this, they employed an electro-absorption (EA) measurement to quantify the voltage drop
across individual layers within the devices. Interestingly, their results highlighted a significant
voltage drop across the ZnO ETL in the blue QLED, while both red and blue QLEDs exhibited
the emergence of positively charged hole transport materials. These observations indicated that
the degradation of QLEDs could be linked to the accumulation of charges at interfaces between
the QD EML and HTL, as well as between the ZnO ETL and QD EML. Although their findings
provided evidence of device degradation due to the accumulation of charges throughout
QLED:s, further investigations are necessary to uncover the precise mechanisms operating at

these heterointerfaces.

2.3 Intrinsic Defects in ZnO Electron Transport Materials

Several potential factors can contribute to the degradation associated with ZnO
materials. Firstly, ZnO's high electron mobility and small energy barrier with QDs can result
in an excessive influx of electrons into the QD EML. Additionally, the presence of
stoichiometric and structural defects within ZnO creates various sub-bandgap states,
complicating the precise estimation and optimization of charge injection at the interface.?-3>
In this section, potential mechanisms that govern the stability of QLEDs arising from ZnO and

1ts derivatives are reviewed.
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2.3.1 Defect-mediated Charge Trapping and Exciton Quenching

The presence of sub-bandgap states stemming from stoichiometric and structural
defects in ZnO materials can significantly impact the QLED stability. The ZnO structure
encompasses various forms of structural defects, e.g., oxygen/zinc vacancy, oxygen/zinc
interstitial, and hydroxyl groups. These defects offer charge carriers favorable energy states
and pathways for electronic transitions, as illustrated in Figure 2.1. Notably, the exciton can
split into the electron and hole and these defect states can capture these charges. Particularly,
Wannier-Mott type excitons in the QDs are especially susceptible to dissociation due to the
electric fields, influenced by the high dielectric constant that reduces the Coulombic interaction
between electrons and holes.”” Multiple studies have observed a substantial decrease in the
photoluminescence quantum yield (PLQY) of QDs upon interaction with a ZnO film.*>7!72
Although the exact type of defect responsible for the PLQY reduction remains uncertain,
oxygen vacancies (Vo) are believed to be a major contributor among the array of defect
states.*®* These Vo can act as both electron and hole trap states. Fundamentally, oxygen
vacancies create unpaired zinc ions with positively charged states (i.e., Zn' or Zn?"), attracting
electrons.>”*73 On the other hand, singly charged oxygen vacancies (i.e., Vo) can serve as
trapping sites for holes.”*7® Noticeably, the energy required to trap holes through oxygen
vacancies aligns closely with the VBM of CdSe, suggesting accessible states for holes within
the CdSe. In either scenario, the energy states associated with oxygen vacancies can lead to

exciton quenching and subsequent charge trapping at the ZnO/QDs interface.
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Figure 2.1 Energy level diagram showing some of the principal defect levels in ZnO. Reproduced with

permission. Copyright 2012, Springer Nature’.

2.3.2 Formation of Charged Species in ZnO

The ZnO can be significantly affected by charge accumulation and its interaction with

charges. Various studies have reported the presence of charged species within ZnO and

ZnMgO materials during the operation of QLEDs. More recently, a transient EL experiment

was conducted to examine the capacitive charging behavior across QLEDs.”” In the experiment,

a DC offset voltage (Vogse) was applied before the driving voltage (Vp) to explore the impact

of' the voltage pulse profile on the EL process. The delay time of EL onset (¢4) vs. Vogser followed

the relationship’’
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where u is the carrier mobility, d is the distance of carrier transverse, and Vi, is applied voltage
for initiating electron injection. The first term generally represents the delay time between a
square pulsed bias and the onset of EL, mainly due to the time it takes for carriers to reach the
QD EML. The second term indicates the capacitive charging behavior of the QLED during the
measurement. The author attributed the charging process during device operation to the
penetration of Zn species into the QDs either during or after the fabrication. Another study
observed a resistive switching behavior of ZnMgO.*’ Hysteresis in the J-V characteristic was
observed in the ZnMgO-device, indicating an ionic process involving the migration of ions
during QLED operation. This suggests electrochemical reactions within the ZnMgO caused by
external bias, indicating an interaction with injected charge carriers. The author explained this
resistive switching behavior as an electroforming process, which releases active oxygen
species due to a redox reaction. The off-lattice oxygen can gradually migrate toward the anode
under external bias, resulting in higher conductivity. The reverse bias deactivates the off-lattice
oxygen ions, restoring the normal state with lower conductivity. A similar process can be
anticipated in the case of ZnO due to the structural and compositional similarities. Positive
charging of ZnO is also suspected to contribute to QLED degradation. Chen et al. observed the
transfer of holes from the QDs to the ZnO, promoted by surface-bound ethanol species.’”® Their
transient absorption (TA) measurements revealed long TA kinetics from the QDs/ZnO with
surface-bound ethanol, suggesting slow absorption bleaching in the QDs due to hole
depopulation. This could result from the extraction of holes by the ZnO with the surface-bound

ethanol.

In summary, numerous reports have indicated the presence of charging processes
associated with the ZnO ETL and their impact on QLED operation. Therefore, effectively
managing the charging processes originating from the ZnO is crucial for achieving highly

stable QLED performance.
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2.4 Proposed Solutions

2.4.1 Core-shell engineering

Modifying the core-shell structure of QDs is a critical step in altering the energy level
landscape across the QDs, thereby exerting control over charge carrier dynamics within the
QDs. This energy landscape essentially dictates the electron and hole wavefunctions within the
QDs. Typically, shell materials possess a larger bandgap compared to the core materials,
ensuring efficient confinement of charge carriers within the core (especially in the case of type-
I structures). In such core/shell structures, the overlap of electron and hole wavefunctions
governs processes like exciton formation, dissociation, and recombination. Furthermore, the
effective carrier volumes, considering wavefunction overlap, dictate the rate of Auger
recombination, often characterized by a volume scaling rule. The manipulation of core-shell

structures has emerged as a predominant strategy in the pursuit of stable QDs.

Lattice mismatch between core and shell materials is a crucial factor to take into
account when undertaking successful core-shell engineering. An established guideline for
achieving optimal luminescence efficiency dictates that the lattice mismatch should not exceed
15 % to prevent excessive strain effects.” For instance, CdSe material typically exhibit a small
lattice mismatch with ZnS (10.6 %)%, ZnSe (6.3 %)%!, and CdS (3.9 %)%, making these shell

materials commonly utilized in core-shell engineering for the CdSe.

The Klimov research group has been dedicated to studying the PL characteristics of
CdSe/CdS QDs and meticulously engineering the shell materials to mitigate the Auger
recombination.®®> Noteworthy contributions by this research group include the implementation
of gradient shell structures within the QDs (e.g., CdSe/CdSeS/CdS*-34+86 CdSe/CdZnS?’, and
CdSe/CdZnSe/ZnSeS'>#8%). The introduction of such shell structures theoretically leads to the
suppression of the Auger recombination, a phenomenon predicted by Cragg et al.”’ The
potential shapes of a core-shell structure play a pivotal role in determining the Auger process

rate, as described by Fermi’s golden rule’"
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where k4 and 74 indicate the Auger process rate and lifetime, respectively, and M;r indicates
the transition matrix. The Mjr is expressed through an integral involving the initial state
wavefunction winira, final state wavefunction yyna, and the potential V, as depicted in equation
(2.5). By solving this equation through Fourier transformation, the final state wavefunction
takes on different forms based on various potential confinements. In cases of abrupt potential
confinement, the solution of the final state wavefunction is proportional to (ks - a)~2, where
kr represents the wavenumber of the final state and a denotes the width of the potential box.
On the other hand, for a parabolic potential shape, the wavefunction of the final state is
proportional to exp (— kfz -a?/2) . Consequently, a gradient potential profile with a
parabolic shape across the core-shell structure yields an exponentially smaller M compared
to an abrupt potential profile. The overall rate of Auger recombination is determined by |M ¥ |2,
indicating that a core with a gradient shell structure exhibits a lower rate of Auger
recombination than a conventional core/shell structure. This theoretical prediction proposes

the utilization of a gradient shell structure as an approach to achieve stable PL characteristics

of QDs.

Another approach involves the implementation of a thick shell structure to address the
loss of PL stability caused by resonant tunneling of charge carriers through the shell.® This
approach was suggested to mitigate the loss of PL stability via the resonant tunneling of charge
carriers through the shell. Mahler et al. proposed an adjusted synthesis procedure for CdSe/CdS
QD structures. In their approach, they first synthesized a CdSe core and subsequently grew
multiple layers of CdS sequentially. After multiple iterations of shell growth, a thick CdS shell
was developed, covering the CdSe core. The increase in shell thickness effectively reduced PL
blinking by decreasing the probability of resonant tunneling. The significance of shell
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thickness was also observed in other QDs, such as InP/ZnSe/ZnS QDs. According to a
Samsung’s publication, the thickness of the ZnSe shell in InP/ZnSe/ZnS QDs was shown to
strongly impact the EL lifetime of QLEDs.”? Their study unveiled that a thick shell inhibits
energy transfers between QDs as well as Auger recombination. The selection of an appropriate
shell material is also crucial for achieving the optimal energy structure of core-shell quantum
dots. Some reports have indicated that a smaller bandgap (Eg) of ZnSe shell can offer better

alignment with CdSe than ZnS with a larger Eg, potentially facilitating carrier injection.’?

2.4.2 Ligands engineering for QDs

Optimizing the physicochemical properties of the surfaces of QDs is crucial due to
their substantial surface-to-volume ratio. Ligands are artificially introduced onto the QD
surfaces to create steric hindrance, which serves to stabilize the colloidal state of the QDs by
suppressing intermolecular reactions and passivating dangling bonds. Each ligand consists of
an anchoring group and a functional tail, as schematically depicted in Figure 2.2. The
functional tail, along with a hydrophilic segment, enhances the dispersibility of QDs in a
colloidal state, rendering the QD surface hydrophilic for stable dispersion in nonaqueous media.
Ligands also reduces electronic coupling in densely packed QDs. The presence of ligands
reduces the loss of recombination energy via Forster energy transfer among the QDs. Therefore,
ligands play a crucial role in both ensuring a stable emission process in QDs and the formation

of a stable structure.
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Figure 2.2 Schematic illustration of the core-shell QDs with ligands. The ligand structure is also

represented.

Numerous ligand structures have been proposed to ensure the stable luminescence of
QDs. For achieving stability in QLEDs, it is essential that the ligands are electrochemically
stable. Pu et al. demonstrated that the appropriate ligand choice could enhance the QLED
lifetime.®* As previously discussed in subsection 2.2.2, CdSe/CdS QDs with carboxylate
ligands are vulnerable to ligand termination under electrical stress. By substituting carboxylate
ligands with fatty amine ligands, Pu and colleagues increased the bonding strength between
ligands and the CdS surface, mitigating termination of the bond due to electrical stress.
Consequently, utilizing QDs with fatty amine ligands extended the EL lifetime of the QLED.
Other studies have emphasized the significance of ligand resistance to Joule heating. QLEDs
can be susceptible to Joule heating during operation, given the presence of non-radiative
recombination processes that may dissipate energy as thermal energy. This thermal energy can
potentially decompose organic materials within the QLED. To address this issue, I-
dodecanethiol (DDT) ligands were employed for their resilience against Joule heating.”*

Implementation of DDT ligands in the QD EML improved the operational stability of the
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QLED. Additionally, alkylthiol materials, like 1-octanethiol, have been suggested to enhance
PL stability.” Alkylthiol-induced surface reconstruction led to a reduction in residual surface
traps.”® Inorganic ligands such as halides and metal complexes have also been considered for
QDs.*?7% These inorganic ligands typically exhibit high conductivity, unlike organic
ligands.” For example, the utilization of chloride ligands with CdSe/ZnS QDs facilitated
charge carrier injection, minimizing hole accumulation and suppressing the Auger
recombination.”® However, introducing inorganic ligands to QDs in QLEDs poses challenges

100,101

due to their strong electronic coupling with the QDs, which can significantly impact

radiative recombination within the QDs.

2.4.3 HTL engineering

The challenges posed by relatively lower carrier mobility of organic hole transport
materials compared to the electron transport materials, along with their intrinsic instability, are
significant hurdles to overcome. As a result, the strategies for engineering the HTL primarily
focus on two key approaches: (1) achieving a balanced charge injection rate into the QD EML

and (2) enhancing the material stability and robustness.

The first approach involves the careful selection of appropriate materials based on their
energy levels and hole mobility. In order to achieve efficient hole transport and injection into
the QD EML, certain materials like CBP and TFB are commonly employed in inverted and
upright QLED structures, respectively. These materials are chosen due to their favorable hole
transport and injection characteristics. However, to address the issue of QLED lifetime,
additional modifications are often necessary. Small molecule organic HTL materials, e.g., CBP
and TCTA, are widely utilized in inverted QLED structures due to their excellent hole transport
and injection properties, attributed to their deep HOMO levels.*>**¢31:12 Nonetheless, the
operational stability can sometimes be constrained by CBP's relatively low glass transition
temperature (Tg) of 62 °C and susceptibility to material degradation caused by excessive
charges. To solve this issue, the co-deposition of CBP and 2,2'-bis(4-(carbazol-9-yl)phenyl)-

biphenyl (BCBP) to form a mixed HTL was proposed.'®> The BCBP possesses a relatively
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shallower LUMO level and a higher T of 173 °C in comparison to CBP. The mixed HTL takes
advantage of both materials, facilitating efficient hole injection from CBP while benefiting
from the electron blocking capability and resistance to joule heating provided by BCBP. This
approach demonstrated a substantial extension in QLED lifetime, with a LT70 of over
2,000,000 hours at 100 cd m™. Another innovative approach involved the implementation of
cascaded HTLs to mitigate the accumulation of holes near the interface between QDs and the
HTL. The large hole injection barrier between QDs and CBP can lead to the build-up of holes
at this interface. This accumulation of holes not only affects the electrical characteristics of
CBP but also has potential repercussions on QD stability through various processes. To address
this challenge, a cascaded HTL configuration was proposed, featuring layers of CBP, TCTA,
and NPB. This design creates heterojunctions within the HTL, effectively distributing the
accumulated holes across the entire HTL structure.'” By introducing such a cascaded HTL
into the QLED device architecture, the QLED demonstrated a remarkable 25-fold increase in
LT50 at 100 cd m™ compared to the control device, which employed a QLED with CBP as the
HTL material. Researchers have explored the implementation of step-wise HTLs composed of
various material combinations, e.g., poly-TPD/PVK,!™ TCTA/NPB,!%1%  and
CBP/mCP.'%:1% These structures capitalize on the synergistic effects arising from the optimal
combination of mobility and HOMO level of each constituent material, leading to enhanced
hole injection and transport processes. For instance, the use of poly-TPD in combination with
PVK offers a strategic approach to leverage the higher mobility of poly-TPD (10 cm?V-'s™)
compared to PVK (10 cm?V-!s™!), along with the deeper HOMO level of PVK (5.8 eV) as
compared to poly-TPD (5.4 eV). Likewise, the pairing of TCTA and NPB in the step-wise
HTL structure serves to overcome energy barriers between QD EMLs and HTLs, courtesy of

TCTA's deep HOMO level (5.8 €V), while NPB contributes to a high hole current density.

The polymeric TFB stands out as a favored choice for the HTL in the upright QLED
configuration due to its high hole mobility.?*’%!% However, its suitability can be affected by

factors such as the substantial hole injection barrier resulting from its HOMO level and limited
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chemical robustness. Researchers have put forth various strategies to enhance the stability of
QLEDs utilizing TFB, and some notable approaches are proposed. One effective strategy
involves chemical treatments applied to the HTL or HTL/HIL (hole injection layer) interface.
For instance, the treatment of TFB with 2,3,5,6-tetrafluoro-7,7,7,7,-tetracyanoquinodimethane
(F4TCNQ) has been proposed.!!? This treatment enhances hole conductivity by increasing hole
concentration and diminishing the hole injection barrier, thus addressing charge imbalance
within the QD EMLs. Ionic liquid treatments at the PEDOT:PSS/TFB interface have also been
explored for enhancing hole transport and injection.!!! By introducing AgTFSI and LiTFSI
modifications, the charge balance within the QD EML is improved through enhanced hole
injection, aided by the role of these ions in increasing hole concentration. In light of potential
limitations associated with the polymeric nature of TFB, alternative materials have been
investigated. The polymeric structure of TFB may contribute to electron leakage due to its
energetic disorder.” Poly((9,9-dioctylfluorenyl-2,7-diyl)-alt-(9-(2-ethylhexyl)-carbazole-3,6-
diyl)) (PF8Cz) has been found to successfully extend the lifetime of green and blue QLEDs
compared to TFB-based counterparts by suppressing electron leakage.>* Another promising
alternative  is  9,9-Bis(4-((4-ethenylphenyl)methoxy)phenyl)-N2,N7-di-1-naphthalenyl-
N2,N7-diphenyl-9H-fluorene-2,7-diamine (VB-FNPD), which boasts greater chemical
robustness compared to TFB, potentially offering improved stability for QLED applications.!*’

Numerous studies have focused on addressing the limitations of organic HTLs in
QLEDs to achieve longer device lifetimes. Approaches include selecting appropriate materials,
modifying HTLs for stability, and utilizing cascaded or step-wise structures. Chemical
treatments and alternative materials have also been explored to enhance QLED performance.
These strategies collectively aim to improve QLED stability and ensure their viability for

practical applications.

2.4 4 ETL engineering

Compared to organic HTL, less attention has been given to the stability issues

stemming from electron transport materials like ZnO, owing to the perception of ZnO's high
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thermodynamic stability.>>!!>!13 Nevertheless, there have been instances of QLED stability
enhancement through ZnO modifications. General strategies for ZnO modifications include:
(1) Tailoring the electron transport and injection properties of ZnO to achieve improved charge
balance within the QD EML, similar to HTL engineering. (2) Mitigating exciton quenching
caused by trap states within ZnO.

An effective approach involves incorporating insulative buffer layers between the ZnO
ETL and QD EML to diminish electron injection efficiency. The first instance of success was
the use of a poly(methyl methacrylate) (PMMA) layer as a buffer at the ZnO/QDs interface,

1.2! Since then, various

which greatly improved device efficiency as demonstrated by Dai et a
materials such as polyvinylcarbazole (PVK),!'"* ALOs,!'>!"® and polyethylenimine
(PEI),'7117:118 haye been proposed as buffer layers to enhance QLED performance. These
buffer layers serve to decrease electron injection into the QD EML and to passivate interfacial

trap states at the ZnO/QDs interface.

Doping ZnO is another effective strategy for tuning the electrical properties of ZnO.'"”
Various materials, such as Y,'?° Li,!?! and Mg,'?? have been explored as dopants for ZnO. Y
doping in ZnO reduces electron mobility, enhancing charge balance within the QD EML.
Similarly, introducing Li into ZnO can alter electron mobility, leading to extended QLED
lifetime. Mg-doped ZnO is widely used as an electron transport material in QLEDs. ZnMgO

offers better charge injection rate balance with organic HTLs due to lower electron

0123-125 126,127

concentration. Mg doping widens the Eg of the Zn and reduces defect states,

thereby improving radiative recombination within QD EML, boosting device efficiency and

stability. Various modifications to ZnMgO, such as using materials, e.g., Rb,COs,'?

spiro-
OMeTAD!® and TBS-PBO,' have been proposed to further enhance QLED lifetime..
Strategies like incorporating Li into ZnMgO"! and alloying ZnO with ZnMgO'3? have also
been suggested. These ZnO-related strategies primarily focus on reducing electron transport
and injection properties of ZnO materials to attain improved charge balance within the QD
EML.
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Ligand engineering for ZnO NP has also been suggested as a strategy.’® The presence
of surface-bound ethanol in ZnO NPs can act as a hole scavenger, readily capturing holes. To
enhance QLED lifetime, LiAc ligands were introduced onto the surface of ZnO NPs. This
approach effectively decreased the surface-bound ethanol species, preventing the build-up of

positive charges within the ZnO, thus contributing to improved device stability.

Other metal oxides, e.g., Sn0»,'3*!3* Zr0,,'3% and Ti0O,,'*® have also been suggested as
potential alternatives to ZnO for QLED applications. SnO> has demonstrated comparable
QLED lifetime and efficiency to that achieved with ZnO ETL. However, surpassing the
successes of ZnO materials requires further research and development, encompassing
advancements in synthesis techniques, property enhancements, and device structure

modifications, all while considering their electron transport properties.

2.5 Summary

Many research studies have presented strategies to achieve highly stable QLEDs.
Core-shell QD structures and their ligand engineering have proven successful in improving the
PL stability of QDs, effectively reducing PL blinking and enhancing the luminescence property
of QDs. Engineering organic HTLs is another avenue to enhance QLED stability. Due to their
susceptibility to degradation from various factors like interaction with charges and radicals,
and electrical stress, significant efforts have been dedicated to developing organic hole
transport materials, improving their properties, and using dopants to enhance their electrical

characteristics.

The role of ZnO ETLs in QLED stability has often been overshadowed by the
emphasis on QD structures and organic HTLs. However, some studies have shown promising
results by modifying the ZnO ETL, including the introduction of buffer layers, surface
treatments, and doping, leading to increased QLED lifetimes. A common thread in many
investigations is the association of charge imbalance within the QD EML with limited QLED
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stability. As a result, numerous ZnO modification strategies focus on improving charge balance
within the QD EML. Nevertheless, finding a definitive solution to address limited EL stability

remains a challenge.
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Chapter 3 Research Objectives and Methodology

3.1 Research Approaches and Aims

The overarching objective of this work is two-fold: (1) exploring new approaches for
modifying the ZnO ETL to improve device stability and (2) understanding the role of chemical
treatments of ZnO in influencing device stability. Toward this goal, this PhD work does the

following:

(a) Explores new approaches for modulating charge transport across the ZnO and passivating
the defects in it with the purpose of improving device stability. The following approaches will
be pursued: (i) adding polymer additives to the ZnO to change charge distribution across the
QLED, and (ii) using chemical treatment to alter the stoichiometry and defect distribution via
plasma and wet processes. These treatments address oxygen vacancies and/or charge trap states

in the ZnO.

(b) Determines how the ZnO treatments impact device stability, ultimately elucidating how
ZnO limits device stability. It studies the impacts of different additives in the ZnO ETL on
device stability. Various investigation techniques are used to understand the role of dopants,
e.g., estimating charge distribution, accumulation, and annihilation of charge carriers within
QLED, probing recombination center, measuring exciton lifetime, measuring chemical and

electronic states of materials across QLED.

3.2 General Methodology in the Experiments

3.2.1 Device Architecture and its Fabrication Process

This work uses the inverted hybrid QLED structure for systematically investigating
the impact of ZnO modifications. The fabrication procedure, therefore, is designed to solely
modify ETL while avoiding any impact on the QD EML and HTLs. Indium tin oxide (ITO) is

pre-patterned on a glass substrate (Kintec) for providing 4 mm? of active device region. The
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schematic image of the ITO substrate is depicted in Figure 3.1 (a). The ITO substrate is
thoroughly cleaned by Micro 90 cleaning solution (Cole-Parmer), acetone, and isopropanol by
using a cleanroom level swab (TX758B, AlphaSeries). The possible organic contaminants are
then further removed by a plasma treatment. The substrate is treated by using oxygen plasma
with 20 sccm of O gas injection, and generated by 50 W for 300 seconds (Phantom RIE, Trion
technology). ZnO ETL is deposited on the ITO substrate, followed by the modification process.
QD EML and HTL are sequentially deposited following the ZnO ETL deposition. The overall
fabrication sequence is in order : (i) ETL deposition/modification — (ii) EML deposition —
(ii1) HTL/HIL deposition — (iv) electrode deposition — (v) device characterizations. The ETL
modification is done in either the step (1) or a solution preparation step before ETL deposition.
This provides a great latitude in various ETL modifications without the constrains of possible
damaging the QD EMLs and HTLs. The effect of the ETL modification can be systematically
investigated by comparing the QLEDs with ZnO vs. modified ZnO. The inverted QLED

architecture used in this work is schematically shown in Figure 3.1 (b).
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Figure 3.1 (a) Layout of the device substrate used in this work. (b) A schematic image of the inverted

QLED.

CdSe/ZnS core/shell QDs for Emission Material
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CdSe/ZnS core/shell QDs are selected for providing a consistent quantum yield and
luminescence to exclusively investigate the effect of ETLs on device performance.
Commercialized QD product from Mesolight Inc. (630 nm emission wavelength and 75 %
PLQY) is chosen for providing an EML. This QD structure includes CdSe/ZnS core/shell and
1-octanethiol for a ligand material. The long chain structure of the 1-octanethiol provides

efficient steric hindrance, providing a stable colloidal state and a smooth film on the substrate.
ZnO for Electron Transport Material
Mainly two different types of ZnO materials are used to provide ETL.

1) Sol-gel synthesized ZnO thin film

Sol-gel synthesized ZnO is used as an ETL. Sol-gel method is widely used chemical
synthesis of metal oxide thin films. The synthesis includes the intermediate step of a colloidal
solution (sol) and semi-solid (gel) states, and its chemical reactions based on the transformation
of molecular precursors into metal oxide nanoparticles via hydrolysis and condensation
processes. For ZnO synthesis, zinc acetate (Zn(CH3COO);-2H,0) is a precursor material. The

chemical process is described by>?
Zn(CH;COO0),-2H,0 — Zn(CH3COO0); + 2H,0
Zn(CH3COQ); + 2H>0O — 2CH3COOH + Zn(OH),
Zn(OH), + 4NH,CH>CH20H — (Zn(NH2CH2CH20H)4)%* + 20H-
Zn(OH), + 20H" — (Zn(OH)4)*
Zn(OH); — ZnO + H:0

Zinc acetate (Zn(CH3COO),-2H20) undergoes hydrolysis to form zinc acetate dihydrates
(Zn(CH3COO),), and be stabilized in a sol-state by ethanolamine (4NH>.CH>CH>OH) in
ethanol solution. Solution phase Zn(OH); is thermally decomposed at low temperature (150 °C)
into ZnO. In the final process, H>O is vaporized by heating. The hydrolysis is strongly sensitive

to humidity. For example, low humidity slows down the hydrolysis rate. This provides an
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insufficient hydrolysis reaction, causing large trap density and oxygen deficiency. On the other
hand, high humidity condition increases the hydrolysis rate, which does not provide enough
time for packing nanoparticles. This causes a high surface roughness and an uncontrollable
thickness. The humidity control during sol-gel process is, therefore, critical for the ZnO and
QLED performance in the experiments. The effect of the humidity level during the fabrication
process on the QLED performance is shown in Figure 3.2. Each red dot indicates current
efficiencies at 20 mA cm current flow of QLEDs fabricated in the different humidity. The
film depositions of the QD EML and the HTL are performed inside the glove box where the
moisture and oxygen levels are kept consistent and low. The humidity value in this plot
indicates the lab humidity during sol-gel synthesis for ZnO. Therefore, a major factor of the
scattered performances is the sol-gel synthesis process in the different humidity. Accordingly,
it is required to control the humidity under 30 % during the sol-gel synthesis. Since the sol-gel
process does not require high temperature process, it is used for the modification via polymeric

materials that is not compatible with the high temperature processing.
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Commercialized ZnO NP product (SkySpring Nanomaterials, Inc.) is another option
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Figure 3.2 The current efficiency of QLED at 20 mA cm™. Each device is fabricated in different

for providing ZnO ETL in the experiments. The product provides 8 ~ 12 nm particle size of

ZnO dispersed in an ethanol solvent. The ZnO NP solution can proceed to solution-coating



without complex synthesis process that may be vulnerable to atmospheric conditions. The
solution-coating of ZnO NP is done in the glove box where the O, and H>O levels are kept low
(< 0.1 ppm). This ZnO NP requires a post-annealing process above 200 °C. Based on the
optimization sequence, it was figured out that the post-annealing process largely impact on the
current efficiency and driving voltage as can be shown in the Figure 3.3. This is well agreement
results with the previous reports suggesting thermal annealing effect on electrical property of
the ZnO NP'37. The ZnO NP is used for plasma treatment and wet treatment with halides that

has endurability to the thermal decomposition.
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Figure 3.3 Current density and driving voltage dependence on post-annealing temperature of ZnO NP

solution coating.
CBP/MoOs for HTL/HIL

For hole transport and injection, a CBP/Mo0QO3/Al structure is used in the inverted
QLED. Carbazole-based materials, e.g., CBP and TCTA, have good hole transporting

properties and a deep HOMO level'®

, which makes them a popular choice for QLEDs. The
deep HOMO energy level of CBP allows a relatively low energy barrier with the QDs
compared to other HTLs. MoQOs is directly deposited onto CBP to enhance hole injection into

CBP. MoOs can induce a strong electric dipole, improving hole injection from Al into CBP.
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The CBP/Mo0Os3/Al structure provides consistent hole injection into the QD EML throughout

repeated fabrications, thereby providing consistent device performance.
Solution Deposition Processes for ETL and QD EML

Sol-gel ZnO solution is prepared by mixing 0.197 mg of zinc acetate and 54 pL of
ethanolamine in 6 mL of ethanol by using magnetic stirring bar on a 50 °C hotplate for 40
minutes. Sol-gel synthesized ZnO is then deposited by solution-coating process in a clean room
at room temperature. The sol-gel ZnO solution is spin-coated at 1,000 rpm and followed by
baking on a 120 °C hotplate for 30 minutes. On the other hand, solution-coating for the ZnO
NP is performed in a N»-filled glove box. The concentration of ZnO NP solution is diluted to
30 mg mL! in an ethanol solvent. The ZnO NP solution is then spin-coated by 3,000 rpm,
followed by 30 min annealing at 400 °C. The modifications are performed during ZnO solution
preparation or after ZnO ETL deposition, avoiding any impact on the following EML and HTL.
CdSe/ZnS QDs (12.5 mg mL") dispersed in octane (Sigma-Aldrich) are spin-coated on the
ZnO ETL at 3,000 rpm followed by post-baking on a 50 °C hotplate for 30 minutes. Spin-
coating and subsequent baking steps for the QD EML are also performed in a N»-filled glove

box.
Thermal Evaporation for HTL/HIL/AI anode

Angstrom EvoVac Deposition System is used to deposit HTL, HIL, and Al anode. The
system includes a nitrogen-filled glove box, a thermal deposition chamber, and a cryogenic
pump with automation system combining with a software to control vacuum, deposition rate,
materials, and thickness sensors. The chamber is opened by the nitrogen injection. A picture
of the chamber inside is shown in Figure 3.4 (a) and (b). A substrate with devices is loaded
inside the chamber with proper direction matched with a shadow mask that is installed just
below a sample holder. The deposition rate and thickness are measured by a calibrated QCM
sensor. The materials are installed inside the chamber using either aluminum oxide crucible,

tantalum box boat with perforated holes top, or graphite-coated boat. Each material boat is
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covered by shutters. The shutter is automatically opened once the deposition process initiates
by the software in the computer. In the experiments, 50 nm of CBP (the source provided by
Angstrom Engineering), 5 nm of MoO3 (Angstrom Engineering) and 100 nm of Al (Angstrom
Engineering) are sequentially deposited for HTL, HIL, and an anode electrode, respectively,

under 10"® mTorr vacuum condition controlled by the cryogenic pump.

(b)

Figure 3.4 Pictures of (a) deposition chamber inside, (b) software screen that controls source/sample

shutters.
3.2.2 Experimental Characterization

In this section, characterization tools used in this project and the purposes are

introduced with a brief explanation of the techniques.
Nitrogen-filled test box

During the measurements, a sample is loaded in a home-built test box with N> gas
flowing inside. Pictures of the test box are shown in Figure 3.5. The test box is made to keep
a sample inert during the measurement in order to minimize the effects from atmosphere or

any undesirable factors. The test box consists of 14 pins that make electrical contact with each
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device when a switch is turned on, as well as a gas inlet for filling with N»>. A position of the
pins is located to fit with the pre-patterned ITO on the glass substrate. The test box is then
connected with a power source and a semiconductor analyzer by using a BNC cable for

electrical connection.

o (b)
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Figure 3.5 (a) A picture of N»-filled test box used in this work and (b) inside of the box where the

device substrate is placed.

Current density-voltage-luminance (J-V-L) measurement

The relationship between J, V, and L is a representative characteristic of EL of QLEDs.
The device sample loaded in the test box is connected to an Agilent 4155C semiconductor
parameter analyzer (Figure 3.6 (a)). A silicon photodiode (Figure 3.6 (b)) is connected to the
analyzer to measure EL intensity. The software (ICS Interactive Characterization Software,
Metrics Technology, Inc.) controls measurement parameters, voltage ranges, and sweeping
modes. The silicon photodiode detects photocurrent from the device during the voltage sweep.
The luminance value is first manually measured by using Minolta CS-100s under 20 mA c¢cm™

current flow. The measured luminance is then used to convert the photocurrent value obtained
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by the photodiode into the luminance value. The J-V-L characteristics are used to investigate

charge transport across the device, and extract current efficiencies and EQEs of QLEDs.

(b)

v

Si photodiode
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Figure 3.6 A picture of (a) Agilent 4155C semiconductor parameter analyzer and Agilent 15462A

electrical channel and (b) silicon photodiodes connected to the electrical channel.

Emission spectra measurement

The photon energy is a result of radiative recombination of excited electrons by either
photoexcitation (PL) or electrical pump (EL). The PL and EL spectra are measured to
investigate the luminescence characteristics of materials and QLEDs. The emission spectra
contain all the emissive photons of a sample. It can be used to evaluate color purity,
recombination center, and luminescence quenching. In the experiments, the EL spectra of
devices installed in the test box are measured under current flow using an Ocean Optics
QE65000 spectrometer. The PL spectra are measured by the same spectrometer with a Newport
67005 200W HgXe arc lamp and monochromator as an excitation source. The samples are

installed on a sample stage while kept in the N»-filled test box. The lamp and the sample stage
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are aligned on an optical table for guiding the excitation light to the sample surface. The

experimental setup is shown in Figure 3.7.

Figure 3.7 A picture of an experimental setup on optics table for EL/PL measurements.

Device lifetime measurement

The device luminance vs. time characteristics measured in this work are recorded using
a M6000 PLUS OLED lifetime test system. The equipment consists of 8 test boxes as shown
in Figure 3.8 (a). The test box has pins for electrical contacts designed for the substrate
dimension described in Figure 3.1 (a). The measurement modes include constant current

54



flowing, constant voltage applying, pulsed current/voltage, etc. The software automatically

record time, relative luminance, current density, and driving voltage.

(b)

McScience Inc.

Figure 3.8 A Picture of M6000OPLUS OLED lifetime tester: (a) device lifetime test boxes, and (b) the

test box inside.

Time-resolved photoluminescence measurement (TRPL)

TRPL can be used to investigate transient PL characteristic of the materials within the
nanosecond range. It detects PL decay in the material. The PL decay provides information on
the transition of electronic states, including both radiative and non-radiative recombination,
luminescence quenching, and exciton lifetime. In the experimental setup, pulsed laser source
(375 nm wavelength) is used to produce electronic transition in a sample, followed by
deactivation of the excited states. The decay of PL is measured by time correlated single photon
counting (TCSPC). It measures the time difference between the excitation of the sample and
the released photon energy. This cycle is repeated multiple times, providing the PL intensity
decay profile. The number of photons (intensity) exponentially decreases by the deactivation

of the molecules. The raw data is required to be analyzed numerically by extracting parameters.
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In general case, the intensity (/(z)) decay has a form of single- or multi-exponential decay,

expressed by
n
=3 ae =
i=1

with 4; indicates weighing constants and 7; indicates the characteristic lifetimes. The 7; may be
the most important because it expresses the recombination rate and can be used to determine

the factor for the specific recombination.
Capacitance-voltage (C-V) measurement

Based on a classical electrostatic correlation of capacitance and voltage with charges
o=cCcr (3.2)

The capacitance measurement is used to investigate the charge accumulation and annihilation
across the QLED. The QLED structure consists of CTLs and QD EML placed between two
electrodes, which can be considered as a typical parallel capacitor. In QLED operation,
electron and hole are transported through the CTLs and eventually injected into the QD EML.
During the process, energy barriers at the CTL/QD EML interfaces induce charge
accumulation, which reduces effective thickness of the capacitor, increasing the capacitance
value. Charge carrier recombination in the QD EML or other layers reduces the number of

charges, thereby sudden decreasing in the capacitance value.
Delayed Electroluminescence (delayed EL) Measurement

Delayed EL measurement is used to estimate charge distribution by capturing parasitic
EL after termination of an electrical excitation'*®. It can be used to investigate the location of
charge-trapping and slow EL components due to energy transfer and exciton diffusion. The
delayed EL signal is due to (1) late recombination from charges that are de-trapped from
termination of bias, and (2) slow emission stimulated by an energy transfer by triplet-triplet

annihilation (TTA) process in phosphorescence materials. The measurement requires a
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specialized setup, schematically shown in Figure 3.9. The setup mainly consists of bias pulse
generator (Stanford Research Systems, DG535 digital pulse generator), optical fiber, and an
optical chopper (ThorLabs MC1000A). The optical fiber is capturing both prompt EL signals
and delayed EL signals. A digital phosphor oscilloscope (Tectronix, TDS5054) records the
measured EL signals. During the measurement, the QLED is driven by a 500 us forward bias
square pulse of magnitude equivalent to the driving voltage required to achieve a current
density of 20 mA cm™ and allow the prompt EL to reach steady state. Modulating the forward
bias voltage to obtain the same current density ensures that the number of charges injected
during the forward bias pulse is similar in all devices. The chopper is open to allow the optical
fiber to capture the delayed EL signals. Reverse bias pulse can be applied during the delayed
EL capturing in order to further understand the charge distribution.

open

Spectrometer
Shutter
2 closed

1 Forward
]

i

Bias Pulse Zero

Reverse

« Delayed EL -
Electroluminescence

Time

\
Optical Fiber \\-: «

Shutter
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Figure 3.9 A schematic image of delayed EL experimental setup.

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)

TOF-SIMS is a technique to measure the composition of a species. It uses pulsed ion

beam to destroy from the outermost surface of a layer and detect the secondary ions detached
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from the surface. It, therefore, investigates the distribution of chemical composition across the

entire film depth.
X-ray Photoelectron Spectroscopy (XPS)

XPS is to detect a chemical composition and chemical states on the surface by using
photoelectric effect. The energy of X-ray produces core-level electron emission in chemical
bonds in the material and the electron binding energy is measured by kinetic energy of ejected
electron. The XPS is performed to characterize the valence state of the material and estimate

chemical composition by characterization of binding energy of each chemical species.
Atomic Force Microscopy (AFM)

AFM is a scanning probe microscopy that can directly measure a surface topography.
It is commonly used to characterize the surface roughness of deposited films, which is a critical
factor affecting device performance. A rough film surface can create partially short channels
for electrons, which can lead to non-uniform emission and increased electrical stress on the
short channel region. This can result in the formation of dark spots and device failure due to
shorting and Joule heating. Therefore, AFM is a useful tool for evaluating surface
characteristics and estimating the film structure required for stable QLEDs. There are mainly
two different modes for AFM measurements: contact mode and non-contact mode. The contact
mode involves the direct contact of the probe with the surface, which can result in surface
damage during the measurement. On the other hand, non-contact mode uses a probe that
oscillates close to the surface, and the interaction between the tip and the sample is measured.
This mode is widely used to measure soft materials, such as organic materials, and thin films
because of minimal surface damage during the measurement. In this work, the non-contact

mode AFM is used to investigate surface characteristics.
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Chapter 4 Approaches to the ZnO Modification for QLED Stability

Improvement

This work has been published in DS Chung et al., Nanoscale Advances, 3 (20), 5900-5907, 2021,
DS Chung et al., Nano-Micro Letters, 14 (1), 212, 2022, and DS Chung et al., Advanced Optical

Materials, 2300686, 2023. It has been reproduced in part with permission from the publisher.

In this Chapter, two approaches for ZnO modification are discussed: (i) adding polymer
additives to the ZnO and (ii) using halogen treatment on ZnO via plasma and wet processes. In
Section 4.1, the ZnO:PEI nanocomposite is introduced as a new form of ETL. The EL
characteristics of the QLED with the ZnO:PEI are then discussed and compared with those of
both the conventional ZnO and ZnO/PEI double layer. In the Section 4.2, the halogen treatment
on ZnO is introduced and their effects on the EL characteristics of the QLED. The sub-section
4.2.1 discusses the modification of ZnO via the CF4 plasma treatment whereas the sub-section

4.2.2 focuses on the chemical doping of I and FeCls into ZnO.
4.1 ZnO:PEI Nanocomposite Thin Films

4.1.1 Blending sol-gel ZnO and PEI for New Form of ETL

Polymers containing aliphatic amine groups, such as polyethylenimine (PEI) and its
ethoxylated derivative (PEIE), are often used for the purpose of enhancing QLED
efficiency!?”!'7-!18 ‘While the influence of PEI interfacial layers on QLED efficiency has been
well studied, their impact on stability has received much less attention, with only one recent

study suggesting that they had a limited effect’?

. They also need to be used in the form of
ultrathin (< 10nm), pin-hole free layers which is challenging for solution coating. Instead,
mixing the PEI into the ZnO in the form of a ZnO:PEI blended ETL instead of a separate layer
has therefore been recently proposed'*’. In the only report applying a ZnO:PEI(E) ETL to

QLEDs, Shi et al. showed that using a ZnO:PEIE blended ETL can improve the efficiency of
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inverted blue QLEDs but its effect on stability was not addressed'*!. In this section, the effect
of using ZnO:PEI blended ETL compared to a neat ZnO and a bilayer ZnO/PEI ETL structure

on QLED performance is investigated.

4.1.2 Results and Discussion

Device fabrication

ZnO solution is prepared by the sol-gel synthesis as described in the sub-section 3.2.1.
PEI solution is prepared by stirring branched-PEI (Sigma-Aldrich) in ethanol or 1-propanol
(Sigma-Aldrich) at 700 rpm overnight in N> filled glove box. 1 mL of PEI solutions in ethanol
with different concentrations are then mixed with 1 mL of ZnO solution at 700 rpm for 1 hour
to make solutions of the different ZnO:PEI ratios. ZnO solutions are spin coated at 1000 rpm
on the cleaned ITO substrates followed by 150°C baking on a hotplate for 30 minutes. ZnO:PEI
blended solution is deposited by solution coating at 2,000 rpm followed by 120°C baking on a
hotplate for 30 minutes. For ZnO/PEI bilayer ETL, 0.5 mg/mL of PEI dissolved in 1-propanol
is spin coated at 5000 rpm followed by 120°C baking on a hotplate for 20 minutes on top of a
ZnO film. 4 mg/mL CdSe/ZnS QDs dispersed in octane is deposited on ETL at 500 rpm and
baked on a 50°C hotplate for 30 minutes. CBP, MoO3, and Al are then deposited by thermal
evaporator (Angstrom Engineering) under 5x10° Torr for HTL, hole injection layer (HIL) and

anode. Film thicknesses are measured using a Dektak-150 profilometer.

First, the effect of using a ZnO:PEI blended ETL vs. a ZnO/PEI bilayer ETL vs. a ZnO-
only ETL on the EL characteristics of the QLEDs is compared. For this purpose, four groups
of QLEDs of the general structure are fabricated and tested : ITO/ETL (~32nm) /QD (30
nm)/CBP (50 nm)/MoQOs3 (5 nm)/Al, with the ETL made of ZnO:PEI with 0.1% or 0.3% PEI
by weight, (denoted as ZnO:ETL with different concentration 0.1 wt% and 0.3 wt% as
ZnO:PElp.1 and ZnO:PElo3, respectively.) ZnO/PEI or only ZnO, the last one to serve as
control. The thickness of the ETL in all devices was ~32 (£3nm), which included the additional
thickness of the neat PEI layer (~8 nm) in case of the bilayer ETL. Figure 4.1 (a) depicts the

general QLED structure, whereas Figures 4.1 (b-d) present the JVL, EQE and EL spectra of
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the devices, respectively. As can be seen from the J-V characteristics, the devices with the
ZnO/PEI and ZnO:PEI ETLs all have a higher threshold voltage (Vi) and a lower current
density at any given voltage in comparison to the control device. One can also see that
increasing the PEI concentration from 0.1 wt% to 0.3 wt% in the ZnO:PEI ETL reduces the
current at any given voltage. The higher Vi, and lower current density suggest that the PEI
makes electron injection and transport more difficult, an effect that can be attributed to its low
conductivity. An examination of the EQE vs. current density characteristics in Figure 4.1 (c)
shows that using the PEI brings about a significant increase in EQE, increasing the maximum
value from 7.7% (in case of the ZnO control device) to 11.2%, 11.0% and 12.1% for the
ZnO/PEI, ZnO:PElo.1, and ZnO:PElo3 devices, respectively. With the J-V characteristics in
perspective, the EQE enhancement can be attributed, at least in part, to the role of the PEI in
reducing the charge imbalance in the QD EML produced by the asymmetric carrier injection
barriers. The passivation of ZnO surface defects by the PEI may also be contributing to this
efficiency enhancement. While this passivation effect has only been studied in devices with
ZnO/PEI in the past, we may expect a similar effect in case of the ZnO:PEI blends. The EL
spectra (Figure 4.1 (d)) show a single emission band with peak at wavelength 632 nm,

indicating that the majority of radiative recombination happens in the QD EML in all devices.
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Figure 4.1 (a) Schematic diagram showing the general structure of the QLEDs and the different ETLs
investigated in this work. (b) J-V-L characteristics, (¢c) EQE vs. current density, and (d) EL spectra of
the QLEDs.

Next, the EL stability of the devices under constant current driving at 20 mA cm is
tested. Figure 4.2 (a) and (b) show the normalized luminance (relative to the initial luminance,
Lo) and changes in the driving voltage (driving voltage at time, t, minus the initial driving
voltage) vs. time plots of the devices, respectively. The LT50 of the ZnO ETL and ZnO/PEI
devices is 46 hours and 62 hours, respectively (from an Lo of 2,500 and 3,030 cd m,
respectively). In contrast, the LT50 of the ZnO:PEI devices is markedly longer, amounting to

140 hours in case of the ZnO:PEly.; device and 292 hours in case of the ZnO:PEly3 device
62



(from an Lo of 3,000 and 3,250 cd m™, respectively). Using the lifetime scaling rule
(L3LT 50 = onsont ) and the widely used value of 1.8 for the scaling coefficient, these
values correspond to LT50 values of 15,100 hours, 28,773 hours, 65,630 hours and 153,735
hours, respectively for an Lo of 100 cd m™. Introducing the PEI into the ZnO layer, instead of
having it in a separate layer, leads to a significant enhancement in the EL stability of QLEDs,
leading to ~10 times longer LT50 at Lo of 100 cd m™. Table S4.1 summarizes the LT50 values
of the devices and their EQEs. There is a distinct difference between the trends of the control
device and the PEI containing devices in the driving voltage trends of Figure 4.2 (b), with the
latter all experiencing an initial decrease in the driving voltage initially before beginning to
rise over time. In general, an increase in driving voltage during electrical driving can be
attributed to the formation of space charges within the device layers that create internal electric
fields of opposite direction to the field produced by the external bias which require an increase
of the external bias to offset their effect and maintain the same current flow. As the difficulty
of injecting holes into the QD EML arising from the large energy difference between the
HOMO of the HTL and the valence band of the QD is a bottleneck for current flow in QLEDs
in general, one can expect the increase in voltage to be associated with hole accumulation and
the build-up of hole space charges in the HTL near the QDs/HTL interface. The fact that the
presence of the PEI alters the trend of the driving voltage initially therefore suggests that it
may be slowing down the formation of these hole space charges. One also notes the different
curvature (i.e., trajectory) of the driving voltage trends of the PEI devices where the increase
in voltage seems to accelerate in the longer term. Surprisingly, this effect seems to be most
significant in case of the ZnO:PElp3 which exhibits the fastest increase in driving voltage
despite it having the highest EL stability. That this increase in driving voltage does not seem
to negatively affect device efficiency (as inferred from the stable EL) suggests that it may be

arising from space charges that are formed far away from the QD EML.
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Figure 4.2 (a) Relative luminance and (b) changes in driving voltage vs. time trends of the QLEDs with

the different ETLs under 20 mA c¢m™ constant current driving conditions.

4.2 Halogen-incorporating into ZnO Nanoparticles

In this work we investigate the influence of halogen treatment on the ZnO NP ETLs on
QLED performance. First, fluorine is incorporated into ZnO NPs. While the use of F for
passivating ZnO oxygen vacancies has been pursued in thin film transistors!4>'** and

photovoltaic devices!#+!43

, it has not yet been investigated for QLEDs. Here we demonstrate
the first F-incorporation into ZnO for ETL of QLED and find that incorporating F into the ZnO
ETLs of QLEDs significantly improves their electroluminescence stability. Via the use of
carbon tetrafluoride (CF4) plasma treated ZnO (FZnO) NP ETLs, we successfully fabricated
highly stable QLEDs. Second, we investigate the effect of adding other halide dopants, i.e., I
and FeCls, to ZnO ETL on QLED stability. By incorporating I> and FeCls as halide dopants

into ZnO ETL, the LT50 of red QLEDs increases compared to neat ZnO ETL.
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4.2.1 CF4 Plasma Treatment on ZnO Nanoparticles

Doping by F has been found to modify ZnO properties in the past!*¢'4’. The ionic radius
of F is comparable to that of oxygen, making it possible to neutralize oxygen vacancies without
causing significant lattice distortions'#>!4%14% 7nO NP films are subjected to a F plasma using
a parallel plate reactor with a CF4 source gas. In a conventional parallel plate reactor, the
sample to be treated is typically placed on a stage on one of the two electrodes. The high
potential gradients near the electrodes however lead to the acceleration of charged plasma
species and their collision with the sample surface at high kinetic energies resulting in bond
cleavage and damage to the sample!>’. Therefore, to avoid this effect, the samples are placed
in the middle of the plasma chamber where the potential gradients are smaller and ion
bombardment effects are minimal, as schematically depicted in Figure 4.3 (a). Chemical
modification of the ZnO NPs by the CF4 plasma treatment is verified by X-ray photoelectron
spectroscopy (XPS). Figure 4.3 (b) depicts the XPS spectra of F 1s core level electrons for
FZnO and non-exposed ZnO films. To remove any surface contamination, Ar sputtering for
30 seconds is conducted on the film surface before the XPS measurement. A distinguishable F
1s spectrum emerges in the plasma treated film (i.e., FZnO) that is not observed in the untreated
ZnO film. The emergent F 1s spectral peak can be deconvoluted into two bands with maxima
at 685.9 eV and 687.6 eV'*. The 685.9 eV band can be ascribed to Zn-F bonding whereas the
687.6 eV band may be attributed to elemental fluorine or to F-C species'! (with C present in
the surface ligands of the ZnO NPs, for example). Fluorine, zinc and oxygen ion depth profiles
in ZnO and FZnO films are further investigated through time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) in Figure 4.3 (c). The peak intensities of the detectable species in
Figure 4.3 (c) are normalized to the intensity of the indium oxide ions. Clearly, negative
fluorine ion species are detected throughout the entire FZnO film thickness but not in the ZnO
film. This observation confirms that the plasma treatment leads to F incorporation across the
entire bulk and is not limited to the film surface. Figure 4.3 (d) and (e) show XPS band spectra

of O 1s core level electrons in ZnO and FZnO films, respectively, again collected after a 30s
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Ar sputtering to remove any surface contaminants. The highest (O;) and lowest (Oii) energy
bands correspond to hydroxyl groups and ionized oxygen ions, respectively, whereas the
middle one (Oj) can be attributed to electronic states associated with oxygen vacancies in the

lattice!4®

. Quite notably, the relative intensity of the O;i band decreases in case of FZnO film.
This suggests that the fluorine atoms passivate the oxygen vacancies in the ZnO lattice,
possibly by bonding with unbonded Zn?" states. Steady state PL spectra under 330 nm UV
excitation for the ZnO and FZnO films were also collected and are shown in Figure 4.3 (f).
There are two distinguishable bands at 2.3 eV and 3.1 eV, which can be ascribed to emission
from Shockley-Read-Hall (SRH) recombination at sub-band gap states®>!>2, and originating
from oxygen vacancies and other defects such as zinc interstitials which lead to different states
in ZnO films, respectively!>*!1>>. The PL intensity of both bands becomes lower in FZnO, an

effect similar to that observed in Mg-doped ZnO'%¢, suggesting that the presence of the fluorine

passivates the sub-band gap states and reduces radiative electron-hole recombination.
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Figure 4.3 (a) Schematic diagram of the plasma treatment setup. (b) XPS spectra of F 1s core level
electrons in ZnO and FZnO films and (¢) F-and ZnO™. All intensity values of TOF-SIMS are normalized
by intensity of InO" signal. O 1s core level electrons in (d) ZnO film and () FZnO film. (f) Steady-state
PL spectra under 330 nm UV excitation collected from the ZnO and FZnO films.
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Seeing that the F incorporation may be passivating the sub band-gap states in the FZnO
NP film, one can expect the use of FZnO as ETL in QLEDs may improve device performance.
FZnO NP films are therefore incorporated as ETLs in inverted red QLEDs to investigate their
effect on the electroluminescent (EL) characteristics. The structure of the QLEDs is
schematically shown in Figure 4.4 (a), and consists of, in order: ITO/ETL (40 nm)/QD EML
(30 nm)/ CBP (50 nm)/MoOs3 5 nm/Al. Two groups of QLEDs of this general structure but
with different ETLs are fabricated: ZnO (control device, ZnO-QLED) and FZnO (CF4 plasma
treated, FZnO-QLED). The EL characteristics of the QLEDs are shown in Figure 4.4 (b-d).
The shown characteristics represent typical values from among a set of 9 devices from each
group fabricated on different days. The J-V-L characteristics in Figure 4.4 (b) show that the
FZnO-QLEDs have similar threshold voltage (Vi) and turn-on voltage (Von) to the ZnO-
QLEDs. The current density at any given voltage is however lower indicating that electron
transport is affected by the treatment. Another notable point is the reduction in current density
below Vi in case of the FZnO-QLEDs. The sub-threshold current reduction can be explained
in terms of the current flow mechanism in the low electric field regime, which for a junction-

based diode structure, will be dominated by carrier recombination and described by®!'>

q . n . t
Jrec = — 4.1
Ty

where J.. represents the recombination current density, and g, ni, tw«r, and 7 represent the
elementary charge, intrinsic carrier density in the material, the width of space charge region in
the junction, and recombination lifetime, respectively. Since the recombination process
involves both band-to-band recombination (Tpang to pana) @nd SRH recombination (tgzy ), 7

will be given by®!’

1 1 1
1 + (42)

Ty Thand o band TsrH

where Ty is given by®!’
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(4.3)

with aszy and N; representing the SRH recombination coefficient and trap density of states,
respectively. The N; of the QLEDs are further discussed and calculated in Appendix A. Since,
based on the PL results, SRH recombination must be less in case of the FZnO-QLED, the lower
current density at voltages below Vi can be ascribed to the lower trap density, in line with
Wiirfel'>7 et al. and Anderson et al®. The small difference between Vi, and Vo, indicates that
carriers are efficiently injected for exciton formation and radiative recombination in the QD
EML. EL spectra of the ZnO- and FZnO-QLEDs are shown in Figure 4.4 (c). Both devices
exhibit strong QD emission at 630 nm without any discernable parasitic emission from the
other layers. The EQE vs. current density characteristics of the QLEDs are shown in Figure
4.4 (d). The FZnO-QLED shows a maximum EQE of 15.3 %, a 15 % enhancement relative to
the ZnO-QLED control device. Given that the PLQY of the QDs used in this work is 75%, and
based on a 20 % out-coupling efficiency, the EQE of FZnO-QLEDs approaches the theoretical
limit for a device with these QDs pointing to optimal charge balance and minimal exciton
quenching conditions. With the decrease of sub-bandgap states in ZnO by the fluorine
treatment, the efficiency improvement may be attributed at least in part to the passivation effect

on ZnO trap states which can act as quenching centers.
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In addition to the improvement in EQE, the FZnO-QLED has been found to exhibit a
significantly higher EL stability over the ZnO-QLED control. Luminance and driving voltage

10°

evolution versus time under constant current at 20 mA cm™ are presented in Figure 4.5 (a) and

(b), respectively. The initial luminance (Lo) is 3,320 cd m™ and 3,910 c¢d m? for the ZnO- and

FZnO-QLEDs, respectively. The LT50s of ZnO-QLED and FZnO-QLED are found to be 65
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hours and 516 hours, respectively. In addition, both QLEDs show negligible difference in
driving voltage evolution in Figure 4.5 (b). Different from some of the other reports for highly
stable QLEDs via ETL modification where an exponential-like increase in driving voltage is
sometimes observed*®, the FZnO-QLED shows a more linear trend which is more
advantageous for long-term device operation. For a more accurate comparison between the
lifetime of the devices, the LT50 equivalent values for Lo of 100 cd m™ is calculated using the
lifetime scaling equation (1.20) ( L3LT50 = onsont , where n is an accelerator coefficient).
The value of n is calculated to be 1.9 and 2.3 for QLED with ZnO and FZnO, respectively,
based on stability tests on different devices at various Lo values as depicted in Figure 4.5 (c).
The different lifetime scaling coefficient values suggest that there may be an underlying
difference in the degradation mechanisms of ZnO- and FZnO-QLEDs. The projected LT50 for
Lo = 100 c¢d m? of the FZnO-QLED corresponds to 2,370,000 hours, a QLED lifetime
improvement of 47 times over the 50,000 hours for the ZnO-QLED. To the best of our
knowledge, this represents the longest LT50 for QLEDs utilizing conventional core/shell QDs
obtained by ETL modification, suggesting that further stability enhancements may be possible
if customized core/shell QDs or HTL materials are used with this ETL?*!, Table S4.2
summarizes data from previous reports of QLEDs with improved stability achieved via ETL

modifications.
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Figure 4.5 (a) Luminance decay vs. time and (b) driving voltage vs. time of ZnO- and FZnO-QLEDs
operated at a constant current density of 20 mA c¢cm™. (¢) Measured LT50 values for different devices

with operated at different Lo values. The slopes correspond to the accelerator coefficients.

4.2.2 Introducing l. and FeCl; dopants into ZnO Nanoparticles
Here we investigate the effect of adding I and FeCls dopants to ZnO ETL on QLED

stability'*®. Halides have been exploited as additives in various nanomaterials for modifying
their electronic properties'>®. For example, the electrochemical potential of Au and TiO>
nanoparticles can be effectively modified by metal-chloride additives'®®!%!. Similarly, adding
iodine to ZnO nanoparticles can form charge transfer complex species'®?. Therefore, one can
expect incorporating halides into the ZnO ETL of QLEDs may influence device performance.
To investigate this possibility, three groups of QLEDs utilizing ZnO as ETL, with or without
halide dopants, of the following general structure are fabricated and tested: ITO/ETL (40
nm)/QDs (20 nm)/ CBP (50 nm)/MoOs3 (5 nm)/Al. In the first group, undoped ZnO is used
whereas in the other two groups, the ZnO is doped with > or FeCls. For the doped ZnO ETLs,
0.3 mg of I or FeCl; are added into 1 mL of ZnO and the solutions are used for making the
ETLs by spin coating. The ETLs are referred to by ZnO, 12:Zn0O, and FeCl3:ZnO, respectively
and the corresponding devices by ZnO-QLED, ©[:ZnO-QLED, and FeCl;:ZnO-QLED,
respectively. The general structure of the QLEDs is schematically depicted in Figure 4.6 (a)

whereas their EL characteristics are presented in Figure 4.6 (b-d). The shown data represents
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typical characteristics collected from a set of 14 devices from each group fabricated on
different days. As can be seen from Figure 4.6 (b), the J-V-L characteristics show very similar
threshold (Vi) and turn on (Von) voltages for all QLEDs. This suggests that charge injection
barriers are hardly changed by the use of dopants. In contrast, the currents at high voltages
show some differences suggesting that the dopants may be affecting charge transport properties
across the ETL, especially for [>:ZnO-QLEDs where the current density at any given voltage
is non-negligibly lower in comparison to their ZnO counterparts. From Figure 4.6 (c) one can
see that the dopants had some but limited effect on current efficiency, with all devices
exhibiting very similar current efficiency at 20 mA cm, the current used for the lifetime
measurements and later experiments in this work. From the EL spectra in Figure 4.6 (d), one
can see that all devices have a strong emission at 630 nm without any discernable parasitic
emission from the other layers. Given that the same QD EML and HTL are used, the similar
current efficiency at 20 mA cm™? implies comparable exciton formation and radiative

recombination efficiencies in the three groups of QLEDs, at least at this current.
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Next, we test the EL stability of the devices under 20 mA ¢cm constant current driving.

We measure LT50, the time for EL to reach 50 % of the Lo intensity and commonly referred
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to as device EL lifetime, to compare the EL stability among the QLEDs. Figure 4.7 (a) shows
the EL lifetime and the current efficiency of 14 devices from each group. As can be seen, while
the devices generally exhibit only minor differences in their current efficiency, incorporating
I> and FeCls into ZnO results in a significant increase in their EL lifetimes. The FeCl3:ZnO-
QLEDs have the longest EL lifetimes (average value 206.1 hours), followed by the 1,:ZnO-
QLEDS (average value 124.3 hours). In contrast, the ZnO-QLEDs have the shortest EL
lifetime (average value 56.9 hours). It should be noted that all devices have comparable initial
EL values, consistent with their comparable initial current efficiencies at this current density.
One notable additional observation is that the QLEDs with the doped ETLs, especially the
FeCl;:ZnO ETLs, exhibit a larger variation in their LT50 values (a relatively larger standard
deviation). This might be due to the high chemical reactivity of halides which makes them
more easily affected by external factors. The increase in EL lifetime upon using the dopants
however clearly well exceeds these variations. We also found no strong correlation between
the current efficiencies and the EL lifetimes of devices within each group, as can be shown in
Figure S4.1, which indicates that the variations in the lifetimes of devices within each group
are not primarily driven by differences in radiative e-h recombination efficiencies in them.
Representative EL vs. time traces of the QLEDs are shown in Figure 4.7 (b). The Lo at 20 mA
cm? values are 3,200 cd m?, 3,260 cd m™, and 3,310 cd m™ for the ZnO-, 1,:ZnO-, and
FeCl3:ZnO-QLEDs, respectively. The measured LT50 values are 71 hours, 124 hours, and 237
hours for the QLEDs with the ZnO, 1;:Zn0O, and FeCl3:ZnO ETLs, respectively. Driving
voltage vs. time traces during the electrical aging time are shown in Figure 4.7 (¢). The driving
voltage of all QLEDs generally decreases pointing to an increase in charge conduction across
the devices. The ZnO-QLED shows the largest decrease in driving voltage over time, which
also happens rapidly within the first two hours. The driving voltages of the [:ZnO-QLED and
FeCl3:ZnO-QLED also decrease but to lesser extents and at slower rates, especially for the
latter. These observations suggest that the electrical aging-induced changes in device
conductivity are significantly affected by the presence of the I and FeCls. We further

investigate the differences in the EL loss rates among the QLEDs by calculating the first
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derivative of the EL vs. time data in Figure 4.7 (b). Figure 4.7 (d) shows the resulting EL
change rate vs. time. As seen from the Figure, the rate of EL loss is much faster in the initial
30 hours in case of the ZnO-QLED relative to that in the other two devices. Interestingly, all
QLEDs exhibit similar rates after 50 hours. This observation suggests that the loss in EL occurs
via different processes in the short (i.e., the initial 30~50 hours) and long (> 50 hours) terms.
Given the slower EL loss rate in the 12:ZnO- and FeCl3:ZnO-QLEDs in the first 30 hours,
investigating the changes within the initial 30 hours and any differences in them among the

devices can provide insights into the causes of the faster device degradation in case of the ZnO-
QLED:s.
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of representative QLEDs from each group (i.e., with ZnO, 1,:Zn0O, and FeCl;:ZnO) under 20 mA c¢cm™

constant current driving.
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4.3 Chapter Summary

The research discussed in this chapter proposes new approaches for ZnO modification
for improving QLED performance, generally focused on the EL stability. Blending PEI and
ZnO to form a ZnO:PEI nanocomposite ETL improves device efficiency by more than 50 %
compared to QLED with only ZnO ETL. The ZnO:PEI ETL has a significant advantage in
terms of improving device stability. A device with a ZnO:PEI ETL containing 0.3 wt% PEI
exhibits an LT50 of 153,735 hours (for Lo of 100 cd m), almost 10x longer than a ZnO ETL
control device. Chemically treating the ZnO NP ETLs of QLEDs by F plasmas, using carbon
tetrafluoride (CF4) as a source gas, leads to significant improvements in EL lifetime,
demonstrating an LT50 at 100 cd m™ of 2,370,000 hours QLED, 47x longer than untreated
ZnO. Introducing other halogen species, i.e., I> and FeCls, into ZnO ETL also brings about the
increase in LT50 of QLEDs. I>:ZnO and FeCls:ZnO increase the LT50s for Lo of 3,000 cd m™
by 2.2x and 3.6%, respectively, demonstrating 124.3 hours and 206.1 hours instead of only
56.9 hours in devices with undoped ZnO.

In QLEDs, charge concentrations and their build-up in the layers bulk and at interlayer
interfaces directly influence excitonic phenomena and the efficiency of the radiative processes.
As discussed in the Chapter 2 and Section 2.4, most of the approaches for modifying and
optimizing electrical properties of the ZnO and the ZnO/QDs interface have attempted to
improve the charge balance within the QD EML by reducing the charge transport property of
the ZnO and injection efficiency at the ZnO/QDs interface. As also discussed, solution-
processed ZnO ETLs have structural and stochiometric defects that can act as exciton
quenching sites at the ZnO/QDs interface and thereby affect EL of the QLED. The lack of a
complete and accurate understanding of these interfacial phenomena, however, often leads to
contradictory findings when attempting to resolve performance issues in QLEDs. In Figure 4.8,
the statistical results depicting the relationship between LT50 and the charge balance factor of
the QLEDs are presented. These QLEDs are fabricated using different dopant treatments of

ZnO. The dopants are introduced into ZnO solution. As seen, the experimental results indicate

77



that improved charge balance can enhance the EL stability in a low charge balance state.
However, when a full QLED reaches a high enough efficiency and therefore a high charge
balance state via the ZnO modifications, the correlation between the charge balance state and
the EL stability may no longer hold. This suggests that other factors may become dominant in
determining EL stability. Therefore, it is important to gain a better understanding of the role

of ZnO in limiting device stability and of the mechanisms behand the stability improvement.
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Figure 4.8 The LT50s of QLEDs with various ETLs vs. charge balance factors extracted from EQEs
of the QLEDs.
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Chapter 5 The Influence of ZnO Modifications on Positive Charge
Accumulation at the QD EML/HTL Interface

This work has been published in DS Chung et al., Nanoscale Advances, 3 (20), 5900-5907, 2021,
and DS Chung et al., Nano-Micro Letters, 14 (1), 212, 2022, and DS Chung et al., Organic and
Hybrid Light Emitting Materials and Devices XXVI, 12208, 23-28, 2022. It has been reproduced

in part with permission from the publisher.

In the previous Chapter 4 and the Section 4.1 and 4.2, the significant device stability
improvements by the ZnO modifications are discussed. First, the ZnO:PEI ETL has a
significant advantage in terms of improving device stability, as discussed in the Section 4.1. A
device with a ZnO:PEI ETL containing 0.3 wt% PEI shows the LT50 of 153,735 hours (for Lo
of 100 cd m™), almost 10x longer than a ZnO ETL control device. Second, the Section 4.2
discusses the significant device stability improvement by CF4 plasma treatment on ZnO.
Chemically treating the ZnO NP ETLs of QLEDs by F plasmas, using carbon tetrafluoride
(CF4) as a source gas, results in significant improvements in the EL lifetime, demonstrating an
LT50 at 100 cd m? of 2,370,000 hours QLED. This represents the 47x increase in lifetime
compared to untreated ZnO. In this Chapter, the impact of these ZnO modifications on device
stability improvement is discussed. In the Section 5.1, the changes in charge distribution across
QLED by using ZnO:PEI and its impact on the hole accumulation at the QDs/HTL interface
are discussed. In order to investigate the charge distribution, delayed EL measurements, the
analysis of J-V characteristics in the electron-only devices, and the measurements of EL
spectra of QLEDs with the marking layer are utilized. The Section 5.2 focuses on the influence
of F-incorporation on the trap state of ZnO and its consequential impact on the electron
concentration within the QD EML. For this investigation, TRPL vs. bias measurements and C-

V-L measurements as well as the EL spectra of QLED with the marking layer are employed.
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5.1 Changes in Charge Distribution across QLED by ZnO:PEI

5.1.1 Deeper Penetration of Electrons into HTL by ZnO:PEI
Delayed EL. Measurements for QLEDs with ZnO, ZnO/PEI, and ZnO:PEI

Seeing in the Chapter 4 and the Section 4.1 that the ZnO:PEI ETLs lead to a greater EL
stability, comparative delayed EL measurements on QLEDs with ZnO:PEly3, ZnO/PEI and
ZnO ETLs are carried out to try to glean additional insights into the influence of the various
ETLs on altering charge distribution within the devices. The delayed EL measurements are
performed using an experimental setup as described in the Chapter 3 and the sub-section 3.2.2
and for which a schematic is further provided in Figure 5.1%¢1¢ In the delayed EL technique,
the QLEDs are driven with a 500 ps forward bias square pulse of magnitude equivalent to the
driving voltage required to achieve a current density of 20 mA ¢cm and allow prompt EL to
reach steady state. Modulating the forward bias voltage to obtain the same current density
ensures that the number of charges injected during the forward bias pulse is similar in all
devices. It also allows for the study of delayed EL behavior for devices under the same
electrical driving conditions that the EL stability tests were conducted under. An optical
chopper system is activated to record the EL 50 pus following the end of the forward bias pulse.
This delay is sufficiently long for all allowable luminescent exciton relaxation processes to
occur and is much larger than a typical QLED electrical time constant, rendering electrical
transient effects negligible. Therefore, any measured EL signal will arise from radiative decay

of excitons that are formed after the termination of the forward bias pulse.
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Figure 5.2 depicts the delayed EL intensity signal versus time collected from the
QLED:s. In this figure, time = 0 on the x-axis corresponds to 50 us after the end of the forward
bias, the time when the optical chopper is completely open. The data is normalized to the
intensity at time = 0 to facilitate comparison. The delayed EL signal has the same decay rate
in all devices, suggesting that the mechanistic process behind the delayed EL is the same in all
of them. In general, the formation of excitons after the termination of the forward bias pulse in

72,102,164 (i) recombination of residual

QLEDs can arise from two processes
(trapped/accumulated) charges in the various device layers including the HTL that become
mobile and capable of recombination, producing luminescence after the forward bias pulse has
ended and/or (i1) triplet excitons created within the HTL that diffuse slowly and eventually
reach and excite the QDs by energy transfer either directly from those triplet states (by a Dexter
process) or by a Forster process from singlet intermediates produced by triplet-triplet
annihilation (TTA). To identify the main process behind the delayed EL, we investigate the
effect of applying a reverse bias pulse, 200 us long, applied 650 us after the opening of the
optical chopper on the delayed EL characteristics. It is known that in devices where process (i)
is the dominant mechanism behind the delayed EL, the application of a reverse bias will lead
to a permanent reduction in the delayed EL intensity and is sometimes accompanied by the
appearance of EL spikes at the beginning and end of the reverse bias pulse due to the
redistribution of charges which provides opportunities for electron-hole recombination. On the
other hand, in devices where process (ii) is more dominant, the reverse bias will result in only
a temporary decrease in the delayed EL signal due to electric-field induced dissociation of
excitons which recovers completely after the reverse bias ends. Figure 5.2 (b-d) show the effect
of applying a reverse bias pulse of two different magnitudes (5 V and 7.5 V) on the delayed
EL signal from the same set of devices. The data is normalized to the delayed EL intensity at t
= ( in order to facilitate the comparison. As can be seen, in addition to the temporary decrease
in EL intensity during the pulse, the reverse bias leads to a permanent reduction in the intensity
(observed over the 0.4-0.6 ms range on the figures) as well as a sharp delayed EL spike at the

end of the pulse (observed at 0.4 ms on the figures), indicating that the delayed EL arises
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primarily from the recombination of residual charges (i.e. process (i)). In this regard, the
reverse bias sweeps out residual electrons and holes in the device layers towards the cathode
and anode respectively, away from the QD EML. Therefore, when the reverse bias ends, some
of these charges move back towards each other, driven by diffusion and Coulombic forces,
producing new electron-hole recombination events and hence the EL spike at the end of the
reverse bias. The subsequent permanent reduction in the delayed EL intensity, on the other
hand, is due to the permanent removal of residual charges by the reverse bias. As seen, this
permanent reduction is larger in case of the ZnO and ZnO/PEI devices relative to their
ZnO:PElo 3 counterpart (and is larger, although only marginally, in the ZnO device relative to
the ZnO/PEI device). The larger reduction suggests that residual charges in these devices are
generally more mobile and thus can be swept out more easily by the reverse bias. By contrast,
the smaller reduction in case of the ZnO:PElo3 device points to the presence of a significant
number of less mobile (i.e., strongly trapped) charges. One can also see that increasing the
magnitude of the reverse bias (from 5 V to 7.5 V) does not appreciably affect the magnitude
of this reduction in case of the ZnO/PEI or the ZnO devices, again pointing to the more mobile
nature of the residual charges in them which makes it possible for even the lower reverse bias
to sweep them out as effectively. This is in contrast to what is observed in case of the
ZnO:PEly3 device where the higher reverse voltage leads to a larger reduction in the delayed
EL, reflecting the role that the reverse bias plays in de-trapping the immobile (i.e., strongly
trapped) charges that are present in this case. Although it is not possible to determine the
polarity or location of these trapped charges from the delayed EL characteristics, they may
indeed be electrons into the CBP HTL, correlating these results with those from the Flrpic
marking layer devices discussed later in this Chapter. This is also in view of the fact that
electrons have a much lower mobility compared to holes in CBP (electron and hole mobility
are3x 10* cm?-V'-sand 2 x 10 cm?-V!-s7!, respectively.!%) and hence need higher reverse
voltages to be de-trapped from their sites in the HTL bulk. This would suggest that some of
the electrons that penetrate into the HTL in case of the ZnO:PEI devices remain deeply trapped

in the HTL. This may perhaps explain the different trajectories of the driving voltage versus
83



time trends in Figure 4.2 (b) where the ETLs that lead to a deeper penetration of electrons into
the HTL (i.e., the ZnO:PElo3 and ZnO:PEly.; ) eventually lead to a faster voltage rise relative
to ZnO/PEI ETL that leads to only limited electron penetration. Because in case of the ZnO:PEI
devices the location of this electron space charge is deep inside the HTL away from the QD
interface, it does not appreciably quench the luminescence of the QDs and therefore does not
affect the EQE. By contrast, the more mobile charges in the ZnO and ZnO/PEI devices might
therefore be holes in the CBP HTL. Regardless of the specific polarity of the charges or their
location, the delayed EL results clearly show that the ZnO:PElos ETL significantly alters
charge distribution in the device (much more than the ZnO/PEI ETL) changing the nature of
residual charges that remain unrecombined from ones that are more mobile to ones that are
more strongly trapped. It is also notable to point out that the ZnO/PEI device shows an
additional delayed EL spike at the beginning of the reverse bias pulse. That only this device
shows this spike suggests that residual charges in the PEI layer may be involved in its
appearance. (For example, holes that reach the PEI layer and get trapped into it during the
forward bias pulse that then get de-trapped and pulled back towards the QD layer upon

applying the reverse bias pulse where they recombine with residual electrons.)
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Figure 5.2 (a) Delayed EL of QLEDs with different ETLs. Reverse bias with 200 ps pulse on-time was
applied at 0.2 ms. Delayed EL with increasing reverse bias of QLEDs with (b) ZnO, (c) ZnO/PEI, and
(d) Zl’lOZPEIo_3.

Electron-only Devices with ZnO, ZnO/PEI, and ZnO:PEI

To verify that the use of PEI indeed reduces the supply of electrons, and thereby the
conclusion that the deeper penetration of electrons into the HTL in case of the ZnO:PEI
devices must be the result of a higher electric field within the QLED structure we test the ETLs
in unipolar electron-only devices (EODs). The structure of the EOD was similar to the QLEDs
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except that the MoOs3 layer was replaced by a 10 nm LiF layer. The general device structure of
these EODs therefore is: ITO/ETLs/QD/CBP (30 nm)/ LiF (10 nm)/Al (100 nm) and is
illustrated in Figure 5.3 (a). Under forward bias, i.e., when ITO is at a more negative potential
relative to the Al contact, the injection of holes from the Al contact is blocked by the LiF layer.
The flow of current therefore proceeds only by electrons, which get injected in the device at
the ITO contact and collected at the Al contact. Figure 5.3 (b) shows the J-V characteristics of
these EODs, each comprising one of the four ETL configurations. As can be seen the current
at any given voltage decreases in the order (from highest to lowest): ZnO - ZnO/PEI -
ZnO:PElo.1 = ZnO:PEly 3, indicating that electron supply by the ETLs becomes harder in the
same direction which is in line with what was inferred from the changes in the J-V
characteristics of the QLEDs in Figure 4.1 (b). The deeper penetration of electrons into the
HTL in case of the ZnO:PEI ETLs must therefore be the result of a higher internal electric field
in these devices, induced by the more difficult supply of electrons. The almost parallel J-V
traces and their linearity over the voltage range suggest that electrons can be injected into the

CBP HTL from the QD layer and travel across it relatively easily.
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Figure 5.3 (a) Schematic diagram showing the general structure of the EODs. (b) J-V characteristics

of EODs with the different ETLs.
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5.1.2 Electron-hole Recombination at the QD EML/HTL Interface
Finding that the ZnO:PEI ETL devices and that the use of PEI in the ETLs significantly

affects both the J-V characteristics (Figure 5.3 (b)) and the increase in driving voltage over
time (Figure 4.2 (b)) as well as charge distribution investigated by delayed EL measurements
(discussed in Figure 5.2), we investigate if the ETLs affect the electron-hole recombination
zone or otherwise alter the distribution of electrons and holes in the HTL. The devices that
contain a thin luminescent marking layer in the HTL is fabricated, which will emit light if
excitons are created nearby. The 10 nm marking layer consisted of 10 % bis(2-(4,6-
difluorophenyl)pyridinato-C2,N) (picolinato) iridium (III) (FIrpic) by volume doped into the
CBP HTL. Flrpic is selected because of its comparable energy band structure to CBP which
minimizes altering charge distribution from that in the original devices. In addition, its high
quantum yield and luminescence in the 450-550 nm range, far from the QD emission band (at
632 nm), make it relatively easy to distinguish its EL. The marking layer was placed 10 nm
away from the QD/HTL interface in order to avoid quenching Flrpic via energy transfer to the
QD layer.!® The general device structure of these devices therefore is: ITO/ETLs/QD
EML/CBP (10 nm)/CBP:FIrpic (10 nm)/CBP (30 nm)/MoOs3 (5 nm)/Al (100 nm). Figure 5.4
(a) shows the general device structure whereas figure 5.4 (b) shows the EL spectra measured
from QLEDs incorporating the different ETLs while driven at 20 mA cm current density. The
spectrum of a ZnO device without a marking layer is also included for comparison. All the
spectra are normalized to the QD emission band peak intensity to facilitate comparison. The
ZnO:PEI devices show significant emission from the Flrpic marking layer indicating that a
significant number of electrons can penetrate into the HTL and reach the marking layer where
they recombine with holes to produce EL. In stark contrast, the spectrum of the ZnO/PEI device
shows only very weak (but discernable) emission from Flrpic, indicating that the penetration
of electrons into the HTL is much less in this case. The ZnO device shows no detectable Flrpic
emission, evident from the comparable background noise to that of the control device without

the marking layer over the 450-550nm range. For any given current density, a higher electron
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current requires that the hole current must be proportionally lower at the same device cross
sectional plane indicating that hole currents must be somewhat lower in the HTL near the QD
interface in case of the ZnO:ETL devices. A deeper penetration of electrons into the HTL also
points to a lower concentration of accumulated holes in the HTL at the QD/HTL interface,
otherwise the electrons would have been annihilated (i.e., neutralized) by recombination with
these holes. The fact that this effect is strongest in case of the ZnO:PEI devices and that these
devices also exhibit a significantly higher EL stability suggests that there is a correlation
between the two phenomena. In this regard the higher stability is possibly associated with a
lower concentration of holes in the HTL at the QD/HTL interface whose presence in high
concentrations would otherwise reduce the luminescence of the QD EML by Auger quenching
or by degrading the HTL in the vicinity of the HTL/QD by excitons.!®> While the deeper
penetration of electrons into the HTL in case of the ZnO:PEI devices may seem inconsistent
at first glance with the shifts in the J-V characteristics which suggest that these ETLs make
electron injection and transport more difficult, it is possible that restricting the electron supply
leads to higher internal electric fields within the device that facilitate hole injection from the
HTL into the QD layer and/or the penetration of electrons into the HTL, either of which would
reduce hole accumulation in the HTL at the QD/HTL interface. For example, reducing the
number of electrons in the QD layer would be expected to lead to a higher electric field across
it which may help energy band bending at the QD/HTL interface and facilitate hole injection.
The increased hole injection may, in turn, reduce the hole space charges at the QD/HTL
interface leading to a higher electric field across the HTL that can help electrons to penetrate
into it. Indeed, increasing the driving voltage has been found to alter the relative height of the
Flrpic band and not always in the same direction (for example the height of the Flrpic band
first increases on increasing the driving voltage but then the trend reverses at higher voltages,
as shown in Figures 5.4) pointing to changes in electric field distribution within the device and
the strong dependence of the extent of electron penetration into the HTL on them. In this regard,
the higher stability of the ZnO:PElo3 device in comparison to its ZnO:PElo.1 counterpart even

though the results in Figure 5.4 (b) point to a deeper penetration of electrons in case of the
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latter device may be due to differences in the internal electric field distribution in the two cases
that facilitate hole injection from the HTL to the QD in the earlier and thus lead to a lower hole
space charge in the vicinity of the QD/HTL in it. The higher EQE of the ZnO:PEly 3 device
relative to its ZnO:PEIo 1 counterpart at 20 mA cm (reflected in their Lo values of 3,250 cd m”
2 versus only 3,000 cd m™ at this current) supports this notion as it points to better charge
balance in case of the ZnO:PEl 3 device indicating that hole injection from the HTL to the QD

may indeed be greater in this device.

Figure 5.4 (c) shows that QLEDs with ZnO exhibit negligible emission from Flrpic in
entire voltage range, suggesting excessive electrons cannot reach CBP:FIrpic marking region.
In figure 5.4 (d), Flrpic emission in a QLED with ZnO/PEI slightly increases at 10V,
suggesting that excessive electrons reach CBP:FIrpic marking layer. It could be expected that
higher applying voltage will increase Flrpic emission in QLED with ZnO/PEI. Flrpic emission
greatly increases along with voltage range from 6V to 10V in QLEDs with ZnO:PEI 0.1 wt%
and 0.3 wt% as can be shown in figure 5.4 (e) and (f). On the other hand, in higher voltage
range in Figure S5.1 (a) and (b), Flrpic emission ratio decreases as voltage increases. This may
be because either electrons and holes move further toward the opposite direction, i.e., electrons
and holes drift toward anode and QD, respectively, or excitons in CBP:Flrpic layer are
dissociated by strong electric field. This result indicates electric field forces excessive electrons

to overcome the QD/HTL interface.
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Figure 5.4 (a) Schematic diagram showing the general structure of the QLEDs with the CBP:Flrpic
luminescent marking layer. (b) EL spectra from these with the various ETLs under 20 mA cm?. A
spectrum from a ZnO ETL control device without the marking layer is also included for comparison.
EL spectra from the QLEDs with the marking layer with (c) ZnO, (d) ZnO/PEIL, (e) ZnO:PEly.1, and (f)

ZnO:PEly; at various forward bias voltages.

5.2 Changes in Electron Concentration within QD EML by FZnO

5.2.1 Reducing Trap Density in ZnO by F-incorporation and its Impact on Electron
Concentration within QD EML

While the F incorporation in ZnO via the CF4 plasma treatment clearly leads to a
significant enhancement in device stability as discussed in the Chapter 4 and the Section 4.2,
it is unlikely that the enhancement is due to an increase in the chemical stability of the ETL.
This is because ZnO is already thermodynamically stable’®!'2!13:167 The effect might be
associated with changes in exciton relaxation dynamics in the QD EMLs due to the passivation
of ZnO surface defects or in charge distribution across the QD EMLs**!%2_ It is known that a
change in charge distribution in the QD EMLs could affect device stability. The electron
transport characteristics of the FZnO vs. ZnO ETLs are therefore studied and compared in
EODs. Additionally, TRPL measurements are used to study and compare the influence of
electron currents on QD exciton lifetime. Figure 5.5 (a) depicts a schematic diagram of the
experimental setup. In order to avoid the injection of holes from the Al electrode when under
bias, and, at the same time, minimize — as much as possible — perturbations that may arise from
differences in device structure between the EODs and the actual QLEDs, the same layer stack
composition is used in the EODs as was used in the QLEDs except that the MoOs layer was
replaced by a 3 nm thick LiF layer in order to block hole injection into CBP. The inset in Figure
5.5 (a) illustrates the energy levels of the QDs/CBP/LiF/Al portion of the EOD, showing the
large hole injection barrier behind the hole-blocking nature of the contact. It also should be

noted that the devices do not emit any detectable EL over the voltage range of the
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measurements proving that hole injection is indeed insignificant. Figure 5.5 (b) depicts and
compares the J-V characteristics of ZnO-EOD and FZnO-EOD. The characteristics suggest an
ohmic contact at the ETLs/QD EML interface which may explain why the threshold voltage
ofthe QLEDs (in Figure 4.4 (b)) was not significantly changed. As can also be seen, the current
at any given voltage is lower in case of the FZnO-EOD suggesting that the presence of fluorine
reduces electron conduction across the ETL, which can be ascribed to the passivation of
oxygen vacancies*® and is consistent with the changes in the J-V characteristics of the QLEDs
observed in Figure 4.4 (b). The characteristics also have somewhat different shapes pointing
to different charge transport behaviors. In case of the ZnO-EOD, the characteristics show a
well-defined inflection point at around 2 V. The FZnO-EOD characteristics, in contrast, show
what could be a much less defined inflection point at below 0.5 V, although, given the lower
current levels in this case (below 1 pA cm™) instrument limitations can make the measurements
accuracy less certain. The clear change in slope at the inflection point — at least in case of the
ZnO-EOD — points to a change in the dominant carrier transport mechanism between the low
and high voltages'®170, At voltages below 2 V, the ZnO-EOD characteristics exhibit a slope
of 1.3 suggesting trap-limited space charge limited current. In contrast, at voltages above 2 V,
the characteristics of both devices exhibit a slope of 3.1 suggesting conduction becomes

dominated by trap-filled carrier transport. In general, the transition voltage, Vzr, at which the

transition from trap-limited to trap-filled carrier transport occurs will depend on!68-17
q . Nt -t
Vg = ——— 5.1
TF 28, G-

where ¢ and &, represent the layer thickness and dielectric constant, respectively, and N;
represents the trap density, which in our ETLs scales with the density of oxygen vacancies.
The higher V7r in the ZnO-EOD relative to the FZnO-EOD implies that a larger number of
trap states (i.e., oxygen vacancies) exists in ZnO than in FZnO, and is consistent with the

defect-passivation effect of the fluorine observed in Figure 4.3 (d-f) The derived N; values of
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the EODs are 1.39 x 10'® cm™ for the ZnO-EOD and 1.61 x 10'7 ¢cm? for the FZnO-EOD,

indicating a reduction in trap states by F-incorporation.

With knowledge that the oxygen vacancies in ZnO are filled via fluorine incorporation,
the effect of electron injection on QD lifetime was subsequently evaluated and compared in
the EODs. In order to accomplish this, TRPL measurements on the QD layers in the EODs
were conducted at the QD peak emission wavelength of 630 nm via excitation with a 380.2 nm
laser pulse while a bias was simultaneously applied to the device as illustrated in Figure 4a. In
general, the decay in PL intensity over time PL(t) subsequent to the excitation can be
deconvoluted into multiple exponential decay components each having a lifetime 7, that is
characteristic of the underlying exciton deactivation process according to the curve fitting
equation:

3
PLIO= Y Anexp (t/72) C2
n=1

where A,, is a weighting coefficient. Table S5.1 gives the extracted values for the T and A
parameters assuming a tri-exponential decay rate. In QDs, the fastest exciton deactivation
process is typically dominated by non-radiative recombination at the layer interfaces'’! as well
as by negative trion decay'>!*!">173_ The 11 values are therefore the most relevant for this
analysis. In the absence of an external bias, the TRPL measurements show a lower exciton
decay rate (in Figure 5.5 (c)) and a larger 11 value (in Figure 5.5 (d)) in case of the FZnO,
evidence of a reduction in the non-radiative deactivation of excitons by defects at the ETL/QD
in the treated samples, consistent with the above results. Given its influence by negative trion
decay, one can expect 11 to also be strongly affected by electron injection. TRPL measurements,
therefore, are also done on the EODs under forward bias (i.e., with the ITO held at a more
negative potential relative to the Al contact) to investigate the effect of current flow on exciton
decay rate. The approach taken here is different from that sometimes followed in other reports

where TRPL measurements are carried out under reverse bias or with blocking contacts for the
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purpose of investigating the effect of electric fields - without any current flow - on exciton
lifetime!”*17>. As can be seen in Figure 5.5 (d), applying the forward bias leads to changes in
QD exciton lifetimes and 11 values. Notably these changes are quite different in the two devices,
with the increase in voltage leading to a progressive increase in 11 in case of the ZnO-EOD but
an opposite trend initially in case of the FZnO-EOD before the trend reverses and 1 also starts
to increase with bias although to a lesser extent than in the control device. An increase in T
with bias is opposite to what one would expect from the familiar phenomenon of electric field-
induced exciton dissociation and shows that the observed changes in 11 are indeed current-
induced rather than field-induced. It should be also noted that applying a reverse bias was
found to have a negligible effect on 11 (as can be shown in Figure S5.2), further proving that
the changes observed under the forward bias are driven by the current flow rather than by the
fields. Considering that carrier transport is trap-limited in these ETLs, filling the traps in ZnO
with electrons may contribute to the increase of 11 in the ZnO-EOD. In other words, the
continuous supply of electrons from the cathode neutralizes the oxygen vacancies in ZnO
leading to a reduction in exciton dissociation at the ZnO/QD interface. In contrast, since a large
fraction of the trap states is already passivated by the fluorine, the flow of current leads to a
more modest increase of t; in the FZnO-EOD and only at higher voltages (> 3 V) when current
levels become significant. The initial decrease, rather than increase, in 11 observed at the low
voltages in this case might stem from the presence of the faster decaying channel from negative
trions whose concentrations in the QD layer of the FZnO-EOD can be expected to be higher
due to the higher electron concentrations from the lower onset of reaching trap-filled transport
in case of FZnO. As these trions become easily dissociated at high electric fields, their
influence on 1, subsides at the higher voltages (i.e., at >3 V or 300 kV cm™)!76. The presence
of a large number of injected electrons at the higher voltages increases their electric-field
screening effects which may reduce the field-induced trion dissociation, hence the late onset
of this effect. Regardless of the specific mechanism, the different bias-dependence of exciton
lifetime in the two EODs indicates that replacing ZnO with FZnO as the ETL changes electron

distribution in the device stack possibly leading to higher electron concentrations in the QD
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layer near the QDs/HTL interface. The higher electron concentration within the QD EML when
using FZnO may be behind the significantly higher stability and efficiency of these QLEDs.
The differences in exciton quenching and carrier distribution between the FZnO-EOD and the

ZnO-EOD are schematically illustrated in Figure 5.5 (e and f).
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Figure 5.5 (a) Schematic diagram of the EOD structure and the TRPL measurements scheme. The inset
shows the energy levels of QDs/CBP/LiF/Al. (b) J-V characteristics of EODs with ZnO and FZnO. (c)
TRPL signal from the QD layer in the EODs with ZnO and FZnO without bias. (d) The t; values
extracted from the TRPL signal under the different bias levels. The error bars indicate the standard

deviation in the data collected from 6 samples in each group. Schematic images of exciton dynamics in

EODs with (e) ZnO and (f) FZnO.

5.2.2 Probing Charge Accumulation and Annihilation within QLED during Device
Operation

Capacitance-voltage-luminance (C-V-L) measurements can be helpful for probing
charge accumulation and annihilation effects within QLEDs. It is therefore used to compare
the C-V-L characteristics of the FZnO-QLEDs and ZnO-QLEDs to further elucidate the impact
of the increased electron concentration in the QDs on the interaction with holes in the QDs
and/or at the QDs/CBP interface. The C-V characteristics are analyzed with the equivalent
circuit model shown in Figure 5.6 (a). The total capacitance across the QLED can be modeled
as a set of individual capacitors connected in series, each representing one of the device layers,
such that the total reciprocal capacitance of the devices is equal to the sum of each individual
layer’s reciprocal capacitance. The geometric capacitance of each layer is calculated by the
thickness, cross-sectional area and dielectric constant of each layer using dielectric constant
values of 10.5 for ZnO'”7, 6.2 for QDs!’®, and 3 for CBP'”. Calculations give a total geometric
capacitance of 1.23 nF which is comparable to the experimentally measured capacitance of
1.38 nF at voltages below V,, in both devices as can be shown in Figure 5.6 (b), indicating that
charge injection from the contacts at these low voltages is negligible. Above Von, the
capacitance begins to increase pointing to charge injection and accumulation within the device
stack, eventually reaching a peak. The slightly lower voltage for the onset of capacitance
increase in case of the ZnO-QLED suggests that the presence of a larger number of oxygen

vacancies facilitates electron injection from ITO into ZnO. Both QLEDs reach their peak
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capacitance at around 3.8 V and have comparable peak capacitance values (1.95 nF and 2.0 nF
for ZnO-QLED and FZnO-QLED, respectively) which is close to the geometric capacitance
of CBP (1.8 nF) indicating that the electrons reach the QD/HTL interface to form a parallel
plate capacitor-like distribution across the CBP layer at this voltage in both devices (The
slightly higher peak capacitance of the FZnO-QLED might be due to the higher electron
concentration at the QD/HTL interface of this device as was concluded earlier although the
difference in capacitance is small and falls within the experimental error and therefore is
understandably unreliable to serve as a verification). At biases exceeding 3.8 V the capacitance
of both QLEDs decreases, indicating that charges are annihilated by the recombination process
therefore leading to the dissipation of the electric double layer®. Interestingly, the capacitance
decreases much faster with voltage in case of the FZnO-QLED pointing to a faster removal of
electrons at the QDs/CBP interface. The C-V-L characteristics suggest that enriching the
QDs/HTL interface with electrons facilitates a faster annihilation of charges at the interface.

The ZnO-QLED, in contrast, exhibits a slower charge annihilation process.
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Figure 5.6 (a) The equivalent circuit model used for the C-V analysis. (b) C-V-L characteristics of the
QLED:s.
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5.2.3 Electron-hole Recombination at the QD EML/HTL Interface

The conclusion that there is a greater electron concentration within the QD EML in
case of FZnO may seem at odds with the lower electron currents in the FZnO-EOD vs. the
ZnO-EOD and is also somewhat counterintuitive from the perspective of charge balance in
QLEDs considering that electron transport and injection into the QD is generally easier than
that of holes. It should however be noted that conductivity in ZnO depends on two factors; the
number of intrinsic carriers (electrons) and their mobility, both of which are affected by defect
states but in opposite fashions. Therefore, although passivating defect states will reduce the
number of electrons in ZnO, it can be expected to improve their mobility due to a reduction in
scattering events by defects which may facilitate the arrival of electrons into the QD EML and
at the QD/CBP interface. Increasing electron concentration in the QD EML can in turn help

facilitate hole injection at the QD/HTL interface by Coulombic interactions'%!#13

, and thereby
reduce the accumulation of holes at the interface due to the interdependence between the two
injection processes. One should note that the lower current density at any given voltage in the
J-V characteristics of the FZnO-device versus the ZnO-devices in Figure 4.4 (b) does not rule
out the possibility that electron concentration in the QD EML of the earlier device may be
higher, since the J-V characteristics could be more strongly governed by carrier concentrations
in the ETLs (and where the electron concentration is significantly lower in case of FZnO than
in case of ZnO) than by their concentrations in the EML especially also considering that the
ETLs are somewhat thicker (40 nm vs. 30 nm). Therefore, to investigate if the FZnO ETL can
indeed lead to a higher electron concentration in the QD EML or at the QD/HTL interface, the
ETLs in QLEDs that contain a luminescent marking layer at the QD/HTL interface are
compared. For this purpose, QLEDs containing a 5 nm thick luminescent marking layer made
of CBP doped with 5% Flrpic are fabricated and tested. The structure of these devices is shown
schematically in Figure 5.7 (a) and consists of: ITO/ETL/QDs/CBP (5nm)/ CBP:Flrpic (5
nm)/CBP (40 nm)/MoOs/Al. Flrpic was selected due to its comparable energy structure to CBP
which avoids major perturbation of charge distribution at QD/HTL but higher PLQY and thus
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a more readily detectable luminescence from any exciton recombination within the HTL.
Effectively, the marking layer probes changes in the e-h recombination zone due to changes in
charge distribution in the device stacks due to the use of FZnO vs. ZnO ETLs. Figure 5.7 (b)
shows the EL spectra obtained from these QLEDs as well as from ZnO-QLED without the
Flrpic layer to serve as a reference. As can be seen, EL from Flrpic is observed in the two
devices and is higher in case of the FZnO-QLED relative to the ZnO-QLED. The higher Flrpic
EL emission points to increased e-h recombination within the HTL in case of the FZnO-QLED
device which indicates that the electron concentration in the HTL must be higher indicating
that their concentrations in the QD EML and at the QD/HTL interface must also be higher.
One may expect the higher electron concentrations in the HTLs in case of the FZnO-QLED to
possibly induce new degradation mechanisms, a phenomenon that may be behind the different
values of the accelerator coefficients in the FZnO- vs. ZnO-device observed in Figure 4.5 (c).
The mechanism of accumulated charge annihilation for these highly stable QLEDs is

schematically depicted in Figure 5.7 (¢ and d).
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Figure 5.7 (a) Schematic diagram depicting the structure of the QLEDs with the Flrpic marking layer.
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marking layer is also included for comparison. Schematic images of device operation in QLEDs with
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5.3 Chapter Summary

In QLEDs, in general, due to the large energy barrier between the valence band
maximum of Cd-based QDs and the highest occupied molecular orbital (HOMO) energy level
of the HTL, holes accumulate on HTL molecules at the QDs/HTL interface. This accumulation
of holes can lead to device degradation through a variety of processes. It is therefore quite
possible that the increase in the number of electrons at QDs/HTL interface as a result of using
ZnO:PEI and FZnO ETL results in a decrease in the number of hole that accumulate at the
QDs/HTL interface, hence the device stability enhancement. This notion is also well supported
by the observations from the marking layer devices that showed that using ZnO ETL
modification approaches proposed here results in a more efficient e-h recombination at the
interface evident in the stronger EL intensity from Flrpic marking layer. The results here
therefore reveal and underscore the importance of properly managing charge concentrations at

the QDs/HTL interface for QLED stability.
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Chapter 6 Suppressing QLED Degradation via Reducing Positive
Charges in the ZnO

This work has been published in DS Chung et al., Advanced Optical Materials, 2300686, 2023. It

has been reproduced in part with permission from the publisher.

Seeing the significant effect of adding I> and FeCls to the ZnO ETL on the EL stability
behavior of the QLEDs as discussed in the Chapter 4 and the Section 4.2, the major factor for
the EL stability improvement is investigated in this Chapter. The incorporating I and FeCls as
halide dopants into ZnO ETL increases the LT50 of red QLEDs by 2.2x and 3.6, respectively,
demonstrating 124.3 hours and 206.1 hours instead of 56.9 hours in devices with undoped ZnO,
all tested at 20 mA cm™ and from an initial luminance of ~3,000 cd m™. In the sub-section
6.1.1, the charge transfer at the ZnO/QDs interface is investigated and compared it to the
halide:ZnO/QDs interface. Moving on to the sub-section 6.1.2, the impact of halide dopants in
ZnO on the changes in the L-J characteristics of the QLEDs by electrical aging is discussed.
In the sub-section 6.1.3, XPS studies on the QLEDs is explored to reveal the role of the halide

dopants in the changes in electronic state by electrical aging.
6.1 The Role of Halides in Nanostructures

6.1.1 Investigating Charge Transfer at ZnO/QDs Interface

Oxygen vacancies (Vo) in ZnO, the predominant type of intrinsic defects in these
materials, produce a state with energy typically 1.16 eV above the valence band maximum of
ZnO™76 (-6.3 eV, relative to vacuum level), placing them close to the highest occupied
quantum-confined orbital level of CdSe/ZnS QDs (-6.2 eV, relative to vacuum level). These
states can, therefore, act as hole traps promoting spontaneous charge transfer at the ZnO/QDs
interface and resulting in a population of holes trapped on these defects in the ZnO. The
presence of such charged defect states can reduce the efficiency of the radiative relaxation

pathway of excitons on QDs!®. Seeing that adding I, and FeCls in the ZnO ETL increases EL
103



lifetime, their effect on the photoluminescence (PL) characteristics of the QDs is investigated.
Figure 6.1 (a) shows PL spectra collected from QD films coated on ZnO, 12:ZnO, and
FeCl;3:ZnO0 films. All peak heights are normalized to the height of the PL spectrum collected
from the QDs coated on the undoped ZnO. As seen, the QDs coated on the 12:ZnO or the
FeCl3:ZnO exhibit ~ 10 % higher PL intensity than that on the ZnO. While the increase in PL
clearly shows that the presence of dopants in ZnO helps reduce exciton quenching, such
increase is smaller than that observed in a previous work where the ZnO was doped with
fluorine® which suggests that, unlike F», doping with I, and FeCl; does not completely
passivate the V, states. This may perhaps be due to the relatively large atomic radii of iodine,
chlorine, and iron atoms when compared to oxygen, which reduces their ability to occupy and
fill oxygen vacancies. The limited V, passivation effect of 1> and FeClz suggests that their role
in improving the EL stability is due to a different mechanism, possibly associated with
influencing or reducing interfacial charge transfer or their (i.e., the charges) trapping on these
defects. In order to study possible changes in charge transfer at the ETL/QD interfaces due to
the use of the dopants, and, at the same time avoid these effects becoming confounded by the
flow of current, the layers are studied in metal-insulator-semiconductor (MIS)-type devices, of
structures as schematically depicted in Figure 6.1 (b). In these devices the ETLs and QDs are
coated on ITO-coated substrates in the same fashion as in the QLEDs and then a layer of
polymethylmethacrylate (PMMA) is coated in-between the QD layer and the Al counter
electrode in order to prevent current flow and charge injection from the electrode when bias is
applied. In order to optically excite the QDs without producing a significant population of
photo-generated carriers in the ETLs, 550 nm wavelength illumination is used for excitation.
This wavelength can be absorbed by the QDs but is longer than the absorption edge of ZnO
(3.46 eV, as extracted from the Tauc plots in Figure S6.1). Figure 6.1 (c) shows the intensity
of the PL collected from the QDs in the MIS devices over time under continuous illumination,
normalized to the initial intensity. As can be seen, the PL intensity decreases by ~5 % within
10 minutes of illumination in case of the ZnO-ETL MIS but decreases much less, if any, in the

other two devices. Notably also, the decrease in the PL intensity from the ZnO MIS gradually
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subsides and plateaus after about 15 minutes. We then test the effect of applying 4V bias (both
forward (FWD) and reverse (REV), where the bias directions are as described in Figure 6.1 (b)
with forward bias corresponding to ITO being held at a more negative potential relative to the
Al electrodes) on the PL intensity. Figure 6.1 (d-f) show the PL intensity versus time collected
from the MIS-devices under bias. In these Figures, time 0 on the x-axis corresponds to the
moment the bias is applied, which is approximately 30 minutes after the illumination begins
(and exceeds the time for the PL intensity decrease in case of the ZnO MIS observed in Figure
6.1 (c) to subside and plateau). As seen, all devices show an instantaneous PL drop when the
bias is applied. Such sudden drop in PL can in general be attributed to : (i) electric field-induced
exciton dissociation, and/or (ii) Auger quenching due to the presence of charges that
accumulate in the QD layer and/or at the ETL/QDs as a result of the transient charge injection
in the MIS when the bias is applied. One notable observation is that the magnitude of QD PL
intensity drop in case of the ZnO-device exhibits a strong dependence on the bias polarity,
dropping by 11 % for forward bias and 32 % for reverse bias (seen in Figure 6.1 (d)). No such
significant polarity dependence is observed in the other two devices, with the [>:ZnO-device
exhibiting a PL drop of ~35 % PL for both FWD and REV biases (in Figure 6.1 (e)), and the
FeCl3:ZnO-device exhibiting a PL drop of both ~15 % for FWD and REV biases, respectively
(Figure 6.1 (f)). The different responses of the PL intensity to the bias and its polarity among
the devices suggests that charging (and subsequent Auger quenching) is playing a role in these
effects since one would expect electric field induced quenching effects to be similar in all
devices. This is also in consideration of the very similar J-V characteristics of the ZnO-,
[:Zn0O-, and FeCl3:ZnO-QLEDs (presented in Figure 4.6 (b)) which indicates that the
conductivity in the three ETLs must be similar, suggesting that electric field distribution, and
hence any PL quenching due to electric field-induced exciton dissociation, cannot be very
dissimilar among the devices. In this context, the gradual decrease in QD PL observed in case
of the ZnO MIS before the bias is applied (Figure 6.1 (c)) can be the result of exciton
dissociation as a result of efficient transfer of photo-generated holes from the QD layer to the

ZnO layer, i.e., interfacial charge transfer, where they will preferentially reside on V, states
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because of their favorable energy. The presence of such positively charged states in the ZnO
could lead to QD PL quenching observed in the ~ 5 % lower PL intensity observed in case of
the ZnO MIS in the longer term. When forward bias is applied and electrons are temporarily
injected from the ITO into the ZnO, some of these holes will be annihilated by e-h
recombination. Since a reverse bias would not similarly help reduce the positively charged
states in ZnO, the magnitude of the PL drop under reverse and forward bias is different. In
contrast, the similar PL drop produced by the reverse and forward in the other two devices
suggests that the effect is primarily due to electric field-induced exciton dissociation and that
charging does not play a significant role, suggesting that the presence of halides in ZnO may
prevent interfacial charge transfer at the ZnO/QDs interface and the accumulation of positive

charges in the V, states.
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Figure 6.1 (a) PL spectra of QDs deposited on ZnO, [,:Zn0O, and FeCls:ZnO. The PL peak heights are
normalized to the height of the peak of the ZnO sample (b) A schematic diagram of the structure of the
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MIS-device and the polarities for forward and reverse bias. (c) QD PL intensity changes over time with
Zn0, 1,:Zn0, and FeCl;3:ZnO without bias. QD PL intensity without bias and with FWD and REV bias
with (d) ZnO, (e) 1,:Zn0O, and (f) FeCl3:ZnO. In each case, the QD PL intensities for FWD and REV

bias are normalized to the PL intensity at no bias.

6.1.2 Changes in Electroluminescent Characteristics over QLED Aging

Seeing the significant effect of adding I, and FeCls to the ZnO ETL on the EL stability
behavior of the QLEDs, especially in the first 30 hours of electrical stress, changes in the J-V-
L characteristics of the devices with aging are studied. Figure 6.2 (a-c) show the J-V-L
characteristics before (fresh) and after electrical aging under 20 mA cm™ constant current
driving for 20 hours and after reaching LT50s (which corresponds to 100 hours, 120 hours,
and 250 hours for the ZnO-QLED, 1,:ZnO-QLED, and FeCl3:ZnO-QLED, respectively). As
can be seen in Figure 6.2 (a), the sub-threshold current (current below 2.2 V) as well as the
current at high voltages (> 3 V) both increase after 20 hours of electrical stress in case of the
ZnO-QLED. The J-V characteristics, however, hardly change after further electrical aging for
100 hours. These changes in the J-V characteristics are consistent with the increase in charge
conduction observed in Figure 4.7 (c¢) and confirm that the underlying changes occur primarily
only within the first 20 hours of electrical stress. The L-V characteristics also show changes
after the electrical aging, consistent with the decrease in the EL over time observed in Figure
4.7 (b). The changes in the J-V-L characteristics of the 1,:ZnO- and the FeCl3:ZnO-QLEDs by
aging however differ from the case of the ZnO-QLED, as shown in Figure 6.2 (b) and (c),
respectively. In these devices, the increase in the sub-threshold current after electrical aging is
much less (hardly detectable in case of the FeCl3:ZnO-QLED). Also, in contrast to the ZnO-
QLED where the J-V characteristics do not change appreciably after the first 20 hours, here
we observe an increase in current in the high voltage range (i.e., > 3V) take place in the longer
term. Since the main differences between the stability behavior among the devices seem to
stem primarily from the differences in the rate of EL loss in the short term (i.e., < 30 hours) as

opposed to the long term (from Figure 4.7 (d)), we give more attention here to the changes
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observed after the first 20 hours of electrical stress, which are primarily changes in the sub-
threshold currents. In general, sub-threshold currents correspond to unipolar transport across
the QD layer (because they occur at voltages below the onset of electroluminescence) and
therefore are dominated by leakage currents of either electrons to the HTL or holes to the ETL.
An increase in the sub-threshold current could therefore be due to increased leakage of
electrons to the HTL, however, if this is the case, a noticeable emission band in the 350 to 450
nm range, corresponding to emission from CBP that would result from e-h recombination in
the HTL would be observed, which is not the case. Barring that, the sub-threshold current at
these low electric fields can then be attributed to hole leakage and subsequent trap state-
mediated e-h recombination in the ETL as explained in equation (4.1 to 4.3), in which case the
observed increase in sub-threshold currents could be due to an increase in trap density in the
ZnO ETL. Figure 6.2 (d-f) show the L-J characteristics of the devices on a log-log scale.

Considering the power law dependence of LEDs described by'®!

Lo (6.1)

one can see that while the characteristics are generally linear (i.e., with a slope corresponding
to n = 1), they somewhat deviate from linearity at low currents, exhibiting an » > 1, and that
the value of increases further after aging at these low currents for all devices, with n becoming
~1.3,~1.15 and ~1.17 for the ZnO-QLED, I>:ZnO-QLED and FeCl3:ZnO-QLED, respectively,
after the devices are aged to LT50. Since the deviation from linearity at low currents arises

14181 that cause the EL to decrease

primarily from an increase in shunt currents
disproportionately faster than the corresponding decrease in current, the increase in the value
of n after electrical aging points to a deterioration in carrier confinement in the QD EML and

an increase in the fraction of charges (i.e., holes) that escape to the ETL without recombination.

108



—_—
o
—

10° 10°
ZnO-OLED

g n0-Q 10°
E o, 10’
< 10’ 10°
= 10°
> 10°
B - 10t
2 40 g s
= Fresh device o
£ 1072 20hours 10
2 = clectricallysged | 401
S 403 o 100k
010 a\m:r‘:;yagad 10°

10—4 L L L L 1D—|

0 2 4 6 8 10
Voltage (V)
Non-linear zone Linear zone
10°
Zn0-QLED
10°

10*

Luminance (cd m?)
2

" —— Freshdevice
20 hours
T clectricallyaged
100hours
slectrically aged

10° 10! 102

Current density (mA cm'?)

108

Luminance {cd m?)

(b)
10° 10°
o e 1,:Zn0-QLED 10°
E 107
< 10 g
£ o
= 10° e 10
i { 10*
5 107 Lo 10°
iz, — Fresh device "
£ 1072 20hours 10
2 clectricallyaged {401
3 107 ___ 120hours i
electricallyaged 10"
10—4 L L L 1n-|
2 4 6 8 10
Voltage (V)
(e)

Nan-linear zone Linear zone

15 Zn0-QLED

—— Froshdoviee 3
20hours

T olectricallyaged |

120hours

electrically aged

102 10°

10°

Current density (mA cm2)

10!

Luminance {cd m?)

{c)
10° - : 10°
& qq2| FeClZnO-auED 10°
§ 107
g 10'E 10 E
= 100F 10° &
] 2 10t 8
51071 10° 8
102 102 E
£ o
3 102l —_ 2sonours :
alectricallyaged § 10
s -1
167 2 4 6 8 10°
Voltage (V)
( ) Non-linear zone Linear zone
10°
FeCl5:Zn0-QLED
[
_s 10%[
S
8 10°
=
g
£ 102 Froshdovice
3 [ 20hours 3
10'e ** @ T clectricallyaged |
e 250hoUPS
5 F e |
10
107 10° 10’ 10? 10*

Current density (mA em™)

Figure 6.2 J-V-L characteristics before (fresh), after electrical aging under 20 mA c¢m constant current

driving for 20 hours, and after reaching LT50s of the QLEDs with (a) ZnO, (b) [::ZnO, and (c)

FeCl3:ZnO. (d-f) The same J-V-L characteristics presented on log-log scales.

6.1.3 Reducing Formation of Positively Charged ZnO Species by Halides

Seeing that doping ZnO with I; and FeCls can have an influence on interfacial charge

transfer between ZnO and QDs without necessarily filling the V, states, their effects on the

electronic structure of QD EML and ZnO ETL are investigated in order to understand their

role in improving the EL stability of the devices. Under normal bias conditions (i.e., with ITO

at a more negative potential relative to the Al as is usually the case during device operation),

when electrons are injected into the ZnO, one can expect interactions between electrons and

the 1> and FeCls to produce halide negative ions through reduction process of the following

general schemes:

L+2e — 2I
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FeqpCls +3e” — Fe*' + 3CI

The hysteresis in the J-V-Ls of the 12:ZnO- and FeCls3:ZnO-QLEDs in Figure 6.3 may be
evidence for the presence of such ionic species. As seen, the devices with doped ZnO show
some hysteresis. The hysteresis suggests the presence of ionic species that is capable of
migrating (i.e., on off-lattice sites) under the influence of the electric field'®?. The bias would
cause the negative halide ions (anions) to gradually migrate towards the ETL/QD EML. With
a large number of these negative ions (anions) at the interface, one can expect them to act as
efficient scavengers!6%!83184 for any holes that may escape the QD EML and reach the ETL
thereby reducing the number of holes that may get trapped on ZnO defect sites (i.e., V, states).
Instead, as negatively charged scavengers, they may facilitate the neutralization and
annihilation of these holes'®. It should be noted that while the presence of cationic iron species
has been reported to influence the radiative transition in Cd-based QDs, their effect is usually
observed only at extremely low temperatures which may explain their negligible effect on

QLED efficiency at room temperature %S,
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Figure 6.3 J-V-L characteristics measured under two sweep directions (i.e., 0 V to 10 V and 10 V to 0

V) of QLEDs with (a) ZnO, (b) [:Zn0O, and (c¢) FeCl3:ZnO, with the second sweep starting immediately

following the first sweep.
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In order to test if adding these dopants at these low concentrations may indeed alter
charge concentrations in the ZnO and other device layer, we use device simulation to compare
charge concentrations in the doped and undoped ZnO-QLEDs. In these simulations, SCAPS

(version 3.3.10) simulation tool'®’

is used to investigate the effects of introducing I, and FeCls
as dopants in the ZnO ETL at concentrations of between 0.1 and 0.3 mg mL", which
corresponds to a dopant molar density of 2 to 9 x 10!” cm™, on charge distribution across the
device. Electron donor (hole acceptor) type defects are introduced into ZnO ETL, which
mimics the hole scavenging effect of the dopants in ZnO ETL. The defect density is assumed
to be equal to the molar concentrations of the dopants in the ZnO. The energy level of the
donor is assumed to be comparable to the hole trapping energy of the oxygen vacancies, 1.2
eV above valence band maximum of ZnO’¢. All the donors are assumed to be fully ionized.
Table S6.1 (a) shows simulation parameters of each layer and (b) shows parameters of the
donor defect states. The bias condition used in this simulation is lower than that in the actual
devices due to simulation limitation, which may lead to deviation between simulations and
experimental conditions®®!®8, Nonetheless, the used bias condition exceeds the flat band
condition of layers, and thus represents conditions of charge injection from both contacts.
Figure 6.4 (a) shows electron and hole density across the various layers of the QLED for
different doping concentration in the ZnO ETL. As seen in Figure 6.4 (b), the presence of the
dopants at these concentrations can lead to a reduction in the density of holes in the ZnO ETLs

by almost two orders of magnitude.
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QLEDs with different dopant concentrations. (b) The hole concentration in ETL with different dopant

concentrations.

XPS depth-profile measurements on fresh- and electrically aged-QLEDs with ZnO,
I>:Zn0, and FeCl3:ZnO ETLs are performed in order to probe possible changes in chemical
and electronic states in the QDs and ETLs due to the presence of the dopants. The electrically
aged devices are aged under 20 mA ¢cm? constant current flow for 20 hours. The Al electrodes
are then peeled-off using scotch-tape in order to allow probing the underlying layers by XPS,
as schematically depicted in Figure 6.6 (a). Ar sputtering is used for etching the layers in order

to obtain XPS scans at different depths down the device stacks.

In XPS, while the majority of the ejected photoelectrons are generated from within the
top 10 nm from the surface of the layer, a significant fraction of them (i.e., the photoelectrons)
can originate from greater depth!®. This is especially true for disordered and low-density
materials, like in case of the organic and colloidal QD materials used in the HTLs and EMLs
of the QLEDs, where a larger number of photoelectrons from greater depths can escape the
solid and reach the detector which reduces the depth resolution of the measurements. (The

limited depth resolution can be seen, for example, in Figure 6.5 (a) and (b), where a significant
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signal from Zn 2p and Cd 3d core level electrons can be detected from the sample surface even
before any sputtering is done). This makes it difficult to determine — from looking at a spectrum
collected after a certain period of sputtering — the depth or layer that the spectrum corresponds
to or if a certain interface in the sample has been reached. Therefore, to circumvent this
limitation, we measure changes in the signal from the Zn 2p, Cd 3d and In 3d core level
electrons at all sputtering times, and use the results to construct “calibration curves” that
correlate the sputter time with depth. These curves are presented in Figure 6.5 (a and b). Given
the clear inflection points in the Cd 3d intensity in Figure 6.5 (b), we can conclude with a high
level of confidence that spectra collected between 100 s and 200 s of sputtering correspond to
the QDs and those collected between 200s and 500s of sputtering correspond to the ETLs, with
the ITO substrate being reached after 500s of sputtering. We should note that all the spectra in
this experiment are charge-corrected by shifting their positions with respect to the C-C bond
peak binding energy in C 1s spectra (shown in Figure 6.5 (d-i)) taken to be 284.8 eV'*’. We
also note the relatively higher binding energies of Zn 2p electrons measured here in comparison
to previous reports. The higher value may be due to charging effects from Ar ions. Considering
that all QLED samples are measured under the same conditions and using the same sputtering

cycles, the measured higher binding energy does not affect the comparisons among the devices.
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Figure 6.5 Normalized peak intensity of (a) Zn 2ps» and (b) Cd 3ds» XPS spectra for calibration curves.
(¢) XPS spectra of In 3d core level electrons from 0 s to 500 s sputtering time. XPS spectra of C 1s core
level electrons in fresh- and electrically aged-QLEDs measured after 100 s and 300 s sputtering time

with (d and g) ZnO, (e and h) 1,:Zn0O, and (f and i) FeCl3:ZnO.

Figure 6.6 (b-d) and (e-g) show the XPS spectra of Cd 3ds» core level electrons
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collected from the fresh- and electrically aged-QLEDs, respectively, collected after 100 s of

sputtering. Since the shapes of the spectra do not correspond to Gaussian functions, Gaussian



peak function fitting is used to deconvolute the spectra into their constituent Gaussian bands.
In case of the fresh QLEDs, the Cd 3ds/, core level electrons spectra consist of two bands with
maxima at 405.5 eV and 406.2 eV. The 405.5 ¢V band can be attributed to Cd in CdSe, whereas
the 406.2 eV band, which has a lower intensity, can be ascribed to a higher oxidation state of
Cd"!. In the electrically aged-QLEDs, as can be shown in Figure 6.6 (e-g), the shapes of these
spectra are somewhat different and their peak positions are shifted to higher binding energy,
by ~ 0.2 eV for the ZnO-QLEDs and by > 0.1 eV (but less than 0.2 eV) for the devices with
the doped ETLs. A shift in the binding energy of the electrons to higher values may point to
positive charging in the samples after aging, and is higher in case of ZnO-QLED than in the
[:ZnO-QLED or FeCl3:ZnO-QLED. Also notably, the relative height of the 406.2 eV band
becomes higher in all aged devices, pointing to an increase in oxidized Cd. While the exact
mechanism behind the increase in oxidized Cd during electrical aging is unclear, it may have
to do with the presence of holes in the QD EML during device operation which can lead to the
formation of unstable QD cationic states; the latter recently found to play a role in device

degradation in the long term according to several reports**'%2,
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Figure 6.6 (a) Schematic diagram of the QLED sample used for the XPS measurements showing the
removal of the Al electrode by scotch tape after device aging has been completed in order to allow

testing the underlying layers by XPS. XPS spectra of Cd 3ds, core level electrons in fresh QLEDs with
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(b) ZnO, (c) 15:Zn0O, and (d) FeCl3:ZnO and in electrically aged QLEDs with (e) ZnO, (f) [>:Zn0O, and
(g) FeCl3:ZnO.

While the presence of oxidized Cd species in QD EML could be involved in device
degradation, the fact that all three devices — regardless of the differences in their ETLs or LT50
values — exhibit similar changes in their Cd spectra indicates that an additional mechanism is
affecting the stability behavior of the devices and its improvement by the halide dopants in the
ETLs. We therefore study the XPS spectra of Zn 2p3,> core level electrons collected after 300s
of sputtering, and thus from the ETLs, in the fresh and aged QLEDs. Figure 6.7 (a-c) show the
spectra collected from the fresh-QLEDs with (a) ZnO, (b) [2:Zn0O, and (c) FeCl3:ZnO. As seen,
all the spectra can be deconvoluted into two Gaussian bands with slightly varying peak binding
energies among the QLEDs; 1022.5 eV and 1023.9 eV for ZnO-QLED, 1022.6 eV and 1024
eV for [:ZnO-QLED, and 1022.8 eV and 1024.2 eV for FeCl3:ZnO. The 0.1~ 0.3 eV higher
energy in the 12:ZnO and the FeCl3:ZnO relative the ZnO can be ascribed to the high

#3149 which indicates that the presence of the halides in ZnO (see

electronegativity of halogens
also Figure 6.7 (g) and (h)) affects its electronic structure. In all these spectra, the lower energy
bands correspond to Zn in ZnO lattice, whereas the higher energy bands can be ascribed to Zn
species in higher oxidation states'*>"!%. Remarkably, as can be seen in Figure 6.7 (d-f), these
higher energy bands change after electrical aging, but to significantly varying extents among
the devices. In case of the ZnO-QLED device, the height of this band significantly increases.
In contrast, in the 12:ZnO-QLED, the height of this band increases but to a much lesser extent,
whereas in case of the FeCl3:ZnO-QLED, its intensity hardly changes. The results clearly show
that electrical aging leads to a significant increase in Zn species in higher oxidative states (i.e.,
higher cationic states), and that the use of dopants helps suppress the formation of this species,
with FeCl3 being more effective than I, in that regard. Figure 6.7 (i) shows the areal ratio of
the higher energy band to the lower energy band before and after aging in each case. The areal

ratio increases by 40.6%, 14.9%, and 1.0% in the QLEDs with ZnO, [>:ZnO, and FeCl3:ZnO,

respectively, after aging. The Figure also shows the rate of EL loss in the first 20 hours of
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electrical aging of the corresponding devices (i.e., AL in the first 20 hours of electrical stress
from the data in Figure 4.7 (a) divided by 20 hours, where 20 hours are selected here because
it corresponds to the electrical aging time of the XPS samples). One can see a clear negative
correlation between the extent of the areal ratio increase after electrical aging and the rate of
EL loss in the devices, with devices exhibiting the largest increase in the height of the Zn
higher cationic states also exhibiting the fastest EL degradation. The incorporation of halide
ions in nanocrystals is known to produce shallow states, providing more favorable sites for
holes!>*197198 Therefore, we believe that the larger suppression of Zn higher cationic states
formation by the I» and FeCls, and especially the latter, to their shallower energy states, thereby
providing more favorable energy states for holes escaping from QD EML to be trapped on
them instead of holes residing on Zn sites where they would form the Zn cations. These results
suggest that doping by halides influences the accumulation of holes in the ETL during device

operation and suppresses the oxidation process, leading to EL lifetime enhancement.
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Figure 6.7 XPS spectra of Zn 2p;3,, core level electrons in fresh QLEDs with (a) ZnO, (b) 1,:Zn0O, and
(c) FeCl3:ZnO and in electrically aged QLEDs with (d) ZnO, (e) ,:Zn0O, and (f) FeCls:ZnO. XPS
spectra of (g) I 3d collected from I,:ZnO-QLEDs, and (h) Cl 2p in QLEDs with FeCl3:ZnO. The signals
collected from ZnO-QLEDs are displayed for comparisons. All the XPS spectra are measured after 300

s sputtering time. (i) Areal ratio changes of higher oxidation state bands in XPS Zn 2p3,, spectra between
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fresh- and electrically aged-QLEDs with the EL decrease rate within 20 hours of the QLEDs. The rate
of EL loss in the first 20 hours of each QLED is also presented.

Seeing the effect of electrical aging on the electronic states of Zn and its dependence
on doping, we similarly investigate the effect of the aging on the O states. Figure 6.8 (a) shows
the XPS spectra of the O 1s core level electrons collected after 300 s of sputtering, and thus
from the ETLs, from the fresh ZnO-, [,:ZnO-, and FeCl3:ZnO-QLEDs. As seen, the shapes and
peak positions of all spectra are essentially the same regardless of the ETL doping. The spectra
can be deconvoluted into three bands!*®. The lowest energy band (O;, at 531.6 eV) can be
ascribed to lattice oxygen, whereas the middle (Oj, at 532.7 eV) and the highest energy bands
(Oiii, at 533.7 eV) correspond to electronic states associated with oxygen vacancies and
hydroxyl groups, respectively. Notably, the relative height of the O to the other two bands is
essentially the same in all cases. This is different from what is usually observed when dopants
with similar or smaller atomic radii in comparison to oxygen are used where the intensity of
the O;i band usually decreases'®*2%!. This result supports the notion that the I, and FeCls ions
do not fill the V, vacancies, and, therefore, that the increase in EL lifetime observed in this
work is not mainly due to the filling of the V, states by the dopants. Figure 6.8 (b-d) compare
the spectra in the fresh- and electrically aged-QLEDs for each ETL case. As can be seen in
Figure 7b, the peak position of the O 1s spectrum shows a 0.4 shift towards higher binding
energy in the ZnO-QLED case after aging. Such shift again suggests the presence of positive
charges in the ZnO after aging. In contrast, no similar shift is observed in the 1,:ZnO-QLED
or the FeCl3:ZnO-QLEDs (Figures 6.8 (c) and (d) respectively) again indicating that the
presence of the halide dopants reduces the accumulation of positive charges in the ZnO ETL.

The mechanism is schematically illustrated in Figure 6.8 ().
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Figure 6.8 (a) XPS spectra of O 1s core level electrons from the QLEDs with different ETLs. XPS
spectra comparison of fresh- and electrically aged-QLEDs with (b) ZnO, (c) 1,:Zn0O, and (d) FeCl3:ZnO.
(e) Schematic illustration of the effect of halides on the accumulation of holes in the ETL during

device operation.

6.2 Chapter Summary

In this work, the effect of adding I> and FeCl; to ZnO ETL on QLED stability is
investigated. By incorporating I> and FeCls as halide dopants into ZnO ETL, the LT50 of red
QLEDs increases by 2.2x and 3.6%, respectively, demonstrating 124.3 hours and 206.1 hours
instead of only 56.9 hours in devices with undoped ZnO, all tested at 20 mA cm? and from an
initial luminance of ~3,000 cd m™. Results show the LT50 enhancement is primarily due to
changes in the EL loss rate in the early stages of the electrical aging behavior of the devices
(in the first 50 hours of electrical aging). An analysis of changes in the L-J characteristics of
the devices by electrical aging reveals that the fast initial EL loss is associated with an increase
in trap density in the ZnO ETLs as well as in the number of holes that leak to the ETL, both of
which are reduced by the use of the halide dopants. PL measurements show that interfacial
charge transfer at the ZnO/QDs interface occurs, leading to the formation of positively charged
defect states (likely oxygen vacancies) in ZnO, subsequently leading to luminance quenching.
The measurements also show that using the halide dopants reduces this interfacial charge
transfer possibly due to their role in acting as hole scavengers that trap and efficiently
neutralize holes in ZnO. XPS studies show that electrical aging of QLEDs leads to an increase
in the concentration of ZnO species with higher oxidative states and that a correlation between
the magnitude of EL loss and the concentration of these species exists. The studies also show
that using the halide dopants significantly reduces the formation of these species as well as
positive charging in the ETL during electrical stress. Our findings underscore the significant
role that managing positive charges in ZnO plays in EL lifetime and provide an effective

strategy for achieving highly stable QLED.
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Chapter 7 Investigating the Effect of Halide Treatment on ETL in

Green- and Blue-QLED Performance

This work has been published in DS Chung et al., Advanced Optical Materials, 2300686, 2023. It

has been reproduced in part with permission from the publisher.

While the investigations have primarily focused on the red QLED, it naturally
becomes interesting to test the effect of the dopants in the QLEDs of other colors. In this
Chapter, we therefore also investigate the use of these dopants in green and blue QLEDs where

EL stability is known to be generally much lower.

7.1 Doping ZnO by Halides for Inverted Green-QLED
The effect of 1> and FeClz doping in ZnO ETL on EL characteristics of green-QLED

is investigated. The inverted QLED structure is used in this experiment in the same order to
the inverted red-QLED except green emitting CdSe/ZnS QDs (from Mesolight Inc.) :
ITO/ETL/green QD EML/CBP/MoQOs/Al, as schematically shown in Figure 7.1 (a). ZnO,
[b:ZnO, and FeCls3:ZnO provide ETL whereas CBP and MoO3 are used for HTL and HIL,
respectively. Unlike the red QLED showing a minor change in the J-V-L characteristic as
shown in Figure 7.1 (b), the J-V-L characteristic of green-QLED is largely affected by the I
and FeCls in ZnO. As seen, the green-12:ZnO-QLED increases current density at any given
bias than the green-ZnO-QLED, whereas the green-FeCl3:ZnO-QLED decreases its current
density compared to the green-ZnO-QLED. In addition, the 1>:ZnO decreases Von while
maintaining similar Vi to the control device, suggesting enhancement of radiative
recombination. This suggests that I, may improve an electron injection into the green-QD EML.
The FeCl3:ZnO slightly increases Von. On the other hand, Vi, of the QLED may not be changed
by the FeCl3:ZnO. EL spectra show strong emission from the green-QDs at 526 nm wavelength
with negligible parasitic emission, as can be seen in Figure 7.1 (c). Current efficiency vs.

current density of the green-QLEDs is shown in Figure 7.1 (d). The current efficiency at 20
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mA cm shows the minor decrease in case of the 1:ZnO-QLED in comparison with the ZnO-
QLED. The FeCl3:ZnO may affect the current efficiency of the QLED, showing significant
efficiency roll-off above 10 mA cm™. Nevertheless, all the green-QLEDs have the similar
current efficiency value under 20 mA cm™ current flowing. Figure 7.1 (e) shows EL decay
curves of the green-QLEDs with different ETLs. The EL decay is measured under 20 mA cm’
2 constant current flowing in the QLEDs. The initial luminance values of the green-QLEDs
with different ETLs are 3,900 cd m™2, 3,810 cd m™?, and 3,770 c¢d m™, for ZnO, I»:ZnO, and
FeCl3:ZnO, respectively, indicating the minor difference of current efficiency at 20 mA cm™.
The ZnO-QLED has LT50 value of 0.6 hours. The 1:ZnO and the FeClz:ZnO both increase
LT50 by 1.2, and 2.5 hours, respectively. The factor of the LT50 improvement in the green-
QLED is 2.0x and 4.2x by I, and FeCls, respectively. The factors of improvement are coincided
with the red-QLEDs, exhibiting the 2.2x and 3.6x by I and FeCls, respectively. The LT50
results imply the similar role to the red-QLED from I and FeCls dopants in ZnO ETL in the
EL stability in the green-QLED.
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Figure 7.1 (a) Schematic diagram of the structure of the green inverted QLEDs. (b) J-V-L
characteristics, (¢) EL spectra, (d) current efficiency vs. current density, and (e) EL vs. time under 20

mA c¢m constant current driving of the QLEDs.

7.2 The Halide Treatment on ETL for Upright Blue-QLED

7.2.1 Doping ZnO by Halides for Upright Blue-QLED

The use of the I> and FeCls in ZnO in the blue-QLED is investigated. The EL stability
of the blue-QLED is generally much lower than the other colors. Unlike the red-QLED where
high efficiencies can be obtained in the inverted architecture, the high efficiency from blue
QLED requires the use of the upright architecture and an encapsulation process in order to

achieve the efficient electron injection. The upright device of the following structure with ZnO,
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[:Zn0, and FeCls:Zn0O are fabricated and tested : ITO/PEDOT:PSS/TFB/blue QDs/ETLs/Al,
as depicted in Figure 7.2 (a). In these devices, the ITO and Al are used as an anode and cathode
for injecting holes and electrons, respectively, whereas the PEDOT:PSS and TFB, both coated
by spin-coating, function as hole injection and hole transport layers, respectively. In the QD
EML, blue emitting CdSe/ZnS QDs (from Mesolight Inc.) are used. The devices are
encapsulated using a UV-curable resin immediately after fabrication. All the EL characteristics
are measured in 24 hours after the encapsulation, reaching their optimal device efficiencies.
Figure 7.2 (b) shows the J-V-L characteristics of the blue-QLEDs with the ZnO, [>:ZnO, and
FeCl3:ZnO. Above Vu, current density of the FeCl3:ZnO-QLED decreases compared to the
ZnO-QLED whereas the [>:ZnO-QLED shows minor decrease. Noticeable, the subthreshold
current of the blue-QLEDs is reduced by the 1> and FeCls, which may be the similar effect of
reduction in the subthreshold current in the red-QLED case as discussed in Figure 6.2. Unlike
the negligible impact on luminance by the I, the FeCl; reduces the luminance in the blue-
QLED, implying negative impact on radiative recombination within QD EML. Nonetheless,
the major emission of photon at 470 nm wavelength should take place within QD EML as no
discernable parasitic emission in the EL emission spectra in Figure 7.2 (¢). Figure 7.2 (d) shows
current efficiency of the blue-QLEDs with different ETLs. The result shows the somewhat
increase in the current efficiency by the I:ZnO below 100 mA cm™ whereas the FeCl3:ZnO
significantly reduces the current efficiency at any given current density. Because, in the upright
architecture, the ZnO ETL is coated on top of the QD EML, additional constraints related to
which dopants can be used without negatively affecting the QD EML arise. This investigation
shows that using FeCls as a dopant in ZnO in upright architectures reduces device efficiency
and therefore is not suitable. The EL lifetime, therefore, is measured in blue-QLEDs with and
without I; in ZnO. Figure 7.2 (e) shows EL stability test results from the blue-QLEDs with
Zn0O, and I2:Zn0O. As can be seen, while the EL lifetime is clearly limited, doping the ZnO with
I> leads to 2~3 times longer LT50. The short EL lifetime indicates that additional degradation
mechanisms must be at play and limiting the EL lifetime of these devices. The LT50

improvement, however, clearly demonstrates the benefits of using halide dopants for
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addressing one of the degradation mechanisms in the upright blue-QLED and improving

device stability.
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Figure 7.2 (a) Schematic diagram of the structure of the blue upright QLEDs with ZnO, ,:ZnO, and
FeCl3:ZnO. (b) J-V-L characteristics, (¢) EL spectra, (d) current efficiency vs. current density, and (e)

EL vs. time under 20 mA cm™ constant current driving of the QLEDs.

7.2.2 Doping ZnMgO by Halides for Upright Blue-QLED

Recent publications reported that ZnMgO can provide blue-QLED with higher device
efficiency than ZnO. Therefore, most of blue-QLEDs has been using the ZnMgO ETL. It
becomes interesting to test the effect of halide dopants in the ZnMgO on the blue-QLED
stability. The investigation in sub-section 7.2.1 shows that using FeCls as a dopant in ZnO in

the upright blue-QLED reduces device efficiency. The investigation of using I in the ZnMgO
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is, therefore, performed in this sub-section. The upright blue-QLED of the following structure
with ZnMgO, and [:ZnMgO are fabricated and tested : ITO/PEDOT:PSS/TFB/blue-QD
EML/ETLs/Al, as depicted in Figure 7.3 (a). The devices are encapsulated using UV-curable
resin immediately after fabrication. All the EL characteristics are measured in 24 hours after

the encapsulation in order to achieve high device efficiency.

Figure 7.3 (b) shows the J-V-L characteristics of the blue-QLEDs with ZnMgO, and
[>:ZnMgO. The J-V-L curves of two devices have almost identical shape, implying the
negligible impact from I» on electrical property of ZnMgO. Also, the majority of EL emission
at 470 nm wavelength without discernable parasitic emission is observed in the EL emission
spectra shown in Figure 7.3 (c). Figure 7.3 (d) shows current efficiency vs. current density of
the blue-QLEDs with ZnMgO and [>:ZnMgO. It shows the sudden increase of the efficiency
above 26 mA c¢cm in both devices. This may be due to the micro-short effect during electrical
measurement that temporarily reduces resistivity possibly at the interfaces. Nonetheless, the
two devices have identical value of current efficiency at 20 mA cm™. Figure 7.3 (e) shows EL
stability test results from the blue-QLEDs with ZnMgO, and [:ZnMgO. Unlike the
improvement in EL lifetime in case of blue-QLED with 12:ZnO compared to ZnO, I> do not

increase EL stability of the blue QLED using ZnMgO ETL.
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Figure 7.3 (a) Schematic diagram of the structure of the blue upright QLEDs with ZnMgO, and
L:ZnMgO. (b) J-V-L characteristics, (c) EL spectra, (d) current efficiency vs. current density, and (e)
EL vs. time under 20 mA ¢cm™ constant current driving of the QLED:s.

The limited effect from I> in the ZnMgO on the QLED stability is possibly due to the
presence of Mg that can reduce the density of oxygen vacancies in ZnO. Figure 7.4 shows XPS
spectra of O 1s core level electrons of ZnO and ZnMgO. As seen in Figure 7.4 (a), the XPS
spectra of O Is core level electrons in the ZnO can be deconvoluted into three bands. The
lowest energy band (O;, at 531.6 eV) can be ascribed to lattice oxygen, whereas the middle (Oj;,
at 532.7 eV) and the highest energy bands (Osi, at 533.7 eV) correspond to electronic states
associated with oxygen vacancies and hydroxyl groups, respectively'*®. The XPS spectrum of

O 1s core level electrons of the ZnMgO is also deconvoluted into three bands in the same
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manner.?? As shown in Figure 7.4 (b), O; band is reduced in the ZnMgO compared to the ZnO.
This suggests that Mg reduces the density of oxygen vacancies. According to the investigation,
the halide dopants suppress the degradation originated from the presence of Vo. The Vo
passivation effect of Mg may limit the effects from the halide treatment. The XPS spectra as
well as the results of the EL characteristics indicate that the halide dopant in ZnMgO may not
induce significant improvement in the stability of the upright blue-QLED using ZnMgO ETL.
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Figure 7.4 XPS spectra of O 1s core level electrons from (a) ZnO, and (b) ZnMgO.

7.3 Chapter Summary

The effect of I> and FeCls dopants in ZnO ETL on inverted green-QLED is discussed.
Unlike the inverted red-QLED, the J-V-L characteristic of the green-QLED is changed by
introducing I» and FeCls in ZnO, indicating that the halides affect electron injection property.
On the other hand, current efficiency values of the green-QLEDs with the different ETLs are
similar under 20 mA cm current flowing. The inverted green-QLED with ZnO demonstrates
the LT50 value of 0.6 hours. Both I2:ZnO and FeCl3:ZnO increase LT50, with > leading to

2.0x and FeCl; resulting in 4.2x enhancement.
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The use of the I and FeCls in ZnO is also explored for the upright blue-QLED. While
[:ZnO has negligibly impact on the current efficiency, FeCl3:ZnO reduces the current
efficiency significantly. The LT50 of the upright blue-QLED with 1:ZnO is nearly three times
longer than with neat ZnO. The influence of I» dopant in ZnMgO and its effect on the upright
blue-QLED are also discussed. The result shows the limited effect on the QLED stability
possibly due to the presence of Mg that could reduce the density of oxygen vacancies in ZnO.

The results demonstrate that the halide treatment of ZnO ETL holds the potential to
attain high EL stability of green- and blue-QLEDs.
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Chapter 8 Summary and Suggestions for Future Work

8.1 Summary

This thesis discusses new approaches for ZnO modifications and investigation of their
impact on QLED performance, generally focused on the EL stability. QLEDs have been
receiving enormous attention from the research community as a strong candidate for a next
generation EL devices. At the present, the efficiency of QLEDs is comparable to state-of-the
art OLEDs. For successful commercialization, very high EL stability, on par with that of state-
of-the-art OLED, is also required. However, unlike the factors that govern efficiency, a clear
understanding of degradation mechanisms in these devices and of the factors that limit device
lifetime is still lacking. This is due — at least in part - to the difficulty of diagnosing the exact
causes of device degradation during long-term operation amid numerous external conditions.
In stacked QLED structure with multiple materials, charge concentrations and their build-up
in the layers, bulk, and at interlayer interfaces directly influence excitonic phenomena and the
efficiency of the radiative processes within the QD EML. Therefore, optimizing charge
distribution across QLED as well as charge injection and transport in the QD EML and the
CTL is crucial for device efficiency and stability. ZnO has become the material of choice for
their ETLs almost universally due to its good electron transport and injection properties well
matched with QDs. Electrical properties, and stoichiometric and structural defect states in ZnO,
however, can induce device degradation via various processes.

The main findings derived from the experiments and analysis presented in this thesis
are as follows:

Blending Polyethylenimine and ZnO for New Form of Electron Transport Layer

1. Adding PEI to ZnO to form a blended ZnO:PEI ETL improves device efficiency by more
than 50 % compared to QLED with only ZnO ETL. The ZnO:PEI ETL has a significant
advantage in terms of improving device stability. A device with a ZnO:PEI ETL containing

0.3 wt% PEI exhibits an LT50 of 153,735 hours (for Lo of 100 cd m™), almost 10x longer
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than a ZnO ETL control device.

J-V characteristics from electron-only devices and delayed EL measurements show that the
ZnO:PEI ETL alters charge distribution in the HTLs changing the nature of residual
charges that remain unrecombined in the device from ones that are more mobile to ones
that are more strongly trapped, corroborating the conclusion that the stability enhancement

is associated with reduced charge accumulation at the QD/HTL interface.

Tests on devices that contain a CBP:FlIrpic marking layer reveal that the ZnO:PEI ETL
results in a deeper penetration of electrons into the HTL in comparison to ZnO/PEI or ZnO
ETLs, likely due to changes in electric field distribution that also facilitate hole injection
from the HTL to the QD. The electrons can neutralize accumulated holes at the QDs/CBP

interface, which removes one of the main causes of device degradation.

CFs-plasma Treatment on ZnO Nanoparticles

1.

The results demonstrate that chemically treating the ZnO NP ETLs of QLEDs by F plasmas,
using carbon tetrafluoride (CF4) as a source gas, is found to bring about significant
improvements in device EL stability, demonstrating an LT50 at 100 cd m™ of 2,370,000
hours in red inverted devices, 47x longer than untreated ZnO. It also leads to 15 % higher

EQE.

XPS, TOF-SIMS and PL measurements reveal that the treatment results in the
incorporation of F across the entire bulk of the ZnO film, leading to the passivation of the

sub-band gap states, commonly associated with oxygen vacancies in ZnO films.

Electrical measurements on full devices as well as on electron only devices show a decrease
in recombination currents and an earlier onset of trap-filled conduction when the treated

films are used, both pointing to the role of F in passivating defect states.

TRPL measurements show a longer QD exciton lifetime in devices with FZnO ETLs
confirming the defect passivation effect. Additional TRPL measurements under bias reveal
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that QD exciton lifetime changes differently with current flow in devices with FZnO vs.
Zn0O, suggesting that the F treatment leads to increased electron concentration and trion

formation in the QD layers.

The higher electron concentration in the QD layer is verified from tests on devices
containing a Flrpic luminescent layer, which also show that the use of FZnO increases e-h

recombination at the QD/HTL interface.

C-V-L measurements give further evidence of the increased e-h recombination rate at the
QD/HTL interface in QLEDs with FZnO ETL, and of a subsequent decrease in hole
accumulation at the interface, the latter known to be a major cause of degradation in these
devices, suggesting that the significant stability improvement upon using FZnO is caused
by a modulation of electron distribution across the device that leads to a reduction in hole

accumulation.

Introducing I2 and FeCls dopants into ZnO Nanoparticles

1.

By introducing I and FeCl; as halide dopants into ZnO ETL, the LT50 of red QLEDs
increases by 2.2x and 3.6%, respectively, demonstrating 124.3 hours and 206.1 hours
instead of only 56.9 hours in devices with undoped ZnO, all tested at 20 mA cm and from

an initial luminance of ~3,000 cd m™.

Results show the LT50 enhancement is primarily due to changes in the EL loss rate in the
early stages of the electrical aging behavior of the devices (in the first 50 hours of electrical
aging). An analysis of changes in the L-J characteristics of the devices by electrical aging
reveals that the fast initial EL loss is associated with an increase in trap density in the ZnO
ETLs as well as in the number of holes that leak to the ETL, both of which are reduced by
the use of the halide dopants.

PL measurements show that interfacial charge transfer at the ZnO/QDs interface occurs,

leading to the formation of positively charged defect states (likely oxygen vacancies) in
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Zn0O, subsequently leading to luminance quenching. The measurements also show that
using the halide dopants reduces this interfacial charge transfer possibly due to their role

in acting as hole scavengers that trap and efficiently neutralize holes in ZnO.

4. XPS studies show that electrical aging of QLEDs leads to an increase in the concentration
of ZnO species with higher oxidative states and that a correlation between the magnitude
of EL loss and the concentration of these species exists. The studies show that using the
halide dopants significantly reduces the formation of these species as well as positive

charging in the ETL during electrical stress.

The investigations reveal the significant roles of the ZnO modifications in the device
stability improvement. Incorporating PEI changes the electrical conductivity of the QLED,
leading to reduction of the energy barrier at the QDs/HTL interface. This facilitates electron
penetration into HTL, increasing higher electron density near the QD EML/HTL interface.
Fluorine effectively passivates the trap states due to its comparable atomic size to the oxygen
vacancy. The fluorine treatment leads to increased electron concentration in the QD EML and
near the QD EML/HTL interface by reducing the electron trap states in the ZnO. The primary
factor contributing to the device stability improvement in the QLEDs with ZnO:PEI and FZnO
is revealed to share a common mechanism: the increase in electron concentration near the QD
EML/HTL interface, and thereby reducing the concentration of positive space charge within
the HTL. Another major factor for increasing device stability is observed by the investigation
of the effect of I» and FeCls dopants in ZnO ETL. Unlike the fluorine, the iodine and chlorine
perhaps do not completely occupy and fill oxygen vacancies due to the relatively large atomic
radii. Instead, the presence of these dopants reduces positive charge accumulation in the ZnO

due to their role in acting as hole scavengers that efficiently neutralizes holes in ZnO.

In summary, these findings introduce novel and effective strategies for achieving
highly stable QLEDs, providing a valuable contribution to the research field. The findings in

this work provide new insights into the critical roles of managing trap states in ZnO and
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optimizing charge distribution and accumulation across the layers within QLED, as well as the
significant role of managing positive charges in ZnO and across the QLED for achieving high

EL stability.

8.2 Future Work

Although the research and development on CdSe-based QDs have reached a mature
stage and have successfully demonstrated their potential as an EML for LED structures, the
use of Cd has been restricted in manufacturing due to its toxicity. For example, as a market of
wearable device applications has been growing, the demand for toxic-free materials has
significantly increased. InP?, carbon dot*® and lead-free perovskite QD% materials have been
proposed and developed for potential alternatives of Cd-based QDs; however, their device
efficiency and stability still need to be improved. One of the factors to limited device
performance with these materials is the presence of excessive charges and intrinsic trap states,
which can adversely affect device performance via various processes***22%%2%6  Therefore,
effective methods for managing these charges are crucial in order to achieve high performance

QLEDs with such materials.

Halides are reactive elements that have been utilized in various nanomaterials to
manipulate physical properties. For example, the halides passivate trap states, effectively
modulate the electrical property and charge distribution, and prevent the formation of charged
species in nanoparticles during device operation. Exploring the impact of incorporating halide
dopants into Cd-free QDs holds significant value for the development of such QD material-
based device applications. Particularly, this strategy can be valuable for materials, such as InP
and perovskite QDs, that have suffered from poor stability due to excessive charges or intrinsic

trap states.

Furthermore, it could be anticipated that the importance of optimizing device
architecture is increasing once the PL stability of these QD materials approaches a stable state.

This includes finding improved and suitable materials for functional materials and engineering
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CTLs, as exemplified in the progression of CdSe-QLED. The study in this thesis has identified
the fundamental limitations of the materials, particularly ZnO ETL, and proposed potential
strategies to address the challenges. The strategies proposed in the thesis can be extrapolated
to other forms of metal oxides and materials, offering a effective method to manipulate their

electrical properties.
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Appendix A
Computation of Charge Trap Density

The carrier concentration of ZnO is extracted using a capacitance-voltage technique.
For it, metal-insulator-semiconductor (MIS)-type device, as schematically depicted in Figure
S1.1 (a), is fabricated in order : ITO glass substrate/ZnO/PMMA/AI. Carrier concentration, 7;,

can be derived by the equation®

2
; = S1.1
nl(W) . . .Az .d(l/CZ) ( )
q 80 €zno dv
and depth, w, is®
1 1
W=2¢&y Emo A ( - ) (S1.2)

CZnO CPM MA

where g, €0, €700, and A are elementary charge, vacuum permittivity, dielectric constant of ZnO
(10.5), and device area (4 mm?, as shown in Figure 3.1 (a)), respectively. Figure S1.1 (b) shows
calculated carrier concentration vs. depth (w, depletion width). The sudden increase in the large

depth is a typical concentration profile of a thin-film device?*’!

, which may be associated
with the electrode contact. The depletion width, w, in the ZnO in this computation may be
underestimated because of the dielectric constant value used in the calculation that may be
deviated from that of nanoparticles. Nonetheless, the carrier concentration of ZnO is within the
range of 2x10'® to 3x10'® cm, within the range of values in the previous reports (10'°~10%°

cm™ based on synthesis and measurement methods?!!-214),
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Figure S1.1 (a) Energy level diagram of the MIS-device used for the capacitance-voltage measurement

in this experiment. (b) Calculated carrier concentration vs. depth of ZnO.

The trap density of QLED with ZnO and FZnO is computed using the current density
below Vi shown in Figure 4.4 (b) and the equations from (4.1) to (4.3). For simplification of
the computation, the SRH recombination coefficient, asrz, of both QLEDs are chosen to be
10'% ecm3s1.2!5 The intrinsic carrier density, n;, is provided by the carrier concentration
extracted above in Figure S1.1 and used for both ZnO- and FZnO-QLED. The trap densities
of QLEDs with ZnO and FZnO vs. current density are plotted in Figure S1.2. The range of
current density is below the Vi (i.e., 0 V~2.4 V), denoted in Figure 4.4 (b). As seen, FZnO-
QLED shows lower trap density values than ZnO-QLED, indicating the reduction of trap states
due to F-incorporation. The trap density values of both QLEDs are somewhat higher than the
N; values extracted by the EODs in Figure 5.5 (b) and equation (5.1). This probably is due to

the difference in injection of holes between the full QLED structure vs. the EOD structure.
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However, it is noteworthy that the extracted trap density values from both device structures are

within a similar range, differing by only about an order of magnitude.
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Figure S1.2 (a) Calculated trap density vs. current density of QLEDs with ZnO and FZnO.
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Appendix B

Supplementary Information for Chapter 4
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Figure S4.1 (a) Current efficiency and (b) LT50 at 20 mA cm™ with various dopant concentrations,

and (c) LT50 vs. current efficiency for each of 14 individual QLED in each group.

ETL LT50 and Lo at 20 mA c¢m™ LT50 for Lo of 100 cd m™ Maximum EQE
ZnO 46 hours for 2,500 cd m™ 15,100 hours 7.7 %

ZnO/PEI 62 hours for 3,030 cd m? 28,773 hours 11.2 %
ZnO:PEI (0.1 wt%) 140 hours for 3,000 cd m™ 65,630 hours 11 %

ZnO:PEI (0.2 wt%) | 101 hours for 3,050 cd m? 42,430 hours 13.8%

ZnO:PEI (0.3 wt%) | 292 hours for 3,250 cd m™ 153,735 hours 12.1 %

Table S4.1 LT50 and EQE of QLEDs with different ETLs. LT50 projection for Le=100 cd m? is

calculated by lifetime relation equation (1.20). Acceleration factor n of 1.8 is used and LT50 is based

on a measured value under 20 mA cm™ of constant current.
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ETL QDs HTL Lifetime at Lo of 100 cd m? | Reference
(hours)

Fluorine:ZnO CdSe/ZnS CBP LT50: 2,370,000 45

Mg:ZnO CdSe/ZnS TFB LT50: 510,000 216

ZnLiMgO@MgO CdZnSe/ZnS TFB N/A 217
(LT95: 381,000)

Spiro- CdSe/ZnS TFB LT50: 24,400 129

OMeTAD/ZnMgO

TBS-PBO/ZnMgO | CdSe/CdS/ZnS Poly-TPD LT50: 70,000 130

Rb,Co3:Zn0O CdZnSeS/ZnS TCTA LT50: 11,000 128

PMMA/ZnO CdSe/CdS Poly-TPD LT50: 420,000 21

PEI:ZnO CdZnSe/ZnSe/CdZnS/ZnS | CBP LT50: 154,000 46

Y:ZnO CdSe/CdZnS CBP LT50: 3,700 120

Li:ZnO CdSe/ZnS TCTA/NPB | N/A 121
(LT95: 11,000)

Ethanolamine:ZnO | CdSe/CdS/CdZnS TFB LT50: 2,000,000 218

SnO;, CdSe/ZnS TFB N/A 133
(LT95:20,200)

TiOs CdSe/CdS/ZnS CBP/TCTA | N/A 136
(LT95: 0.3)

Table S4.2 Comparison of the stability performance of the QLEDs reported here with other highly

stable devices with CdSe QDs via ETL modifications. LT50s not reported in the original work are

estimated using equation (1.20) and an acceleration factor 1.8.
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The abbreviations in Table S4.2

CBP: 4,4'-Bis(N-carbazolyl)-1,1'"-biphenyl

TFB: Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)
ZnLiMgO@MgO: ZnLiMgO nanoparticles with magnesium oxide shells
Spiro-OMeTAD: 2,2',7,7'-Tetrakis(N,N-di(4-methoxyphenyl)amino)10-9,9"-spirobifluorene
TBS-PBO: tert-butyldimethylsilyl-poly(p-phenylene benzobisoxazole)
Poly-TPD: Poly(N,N'-bis(4-butylphenyl) -N,N'-bis(phenyl)-benzidine)
TCTA: tris(4-carbazoyl-9-ylphenyl)amine

PMMA: Poly(methyl methacrylate)

PEI: Polyethylenimine

NPB: N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine
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Appendix C

Supplementary Information for Chapter 5
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Figure S5.1 EL spectra from devices containing the CBP:Flrpic marking layer with (a) ZnO:PEl.

ETL, and (b) ZnO:PEly3 ETL, at higher forward bias voltages than in Figure 5.4 (e and f)
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Figure S5.2 TRPL results of EODs with (a) ZnO and (b) FZnO with reverse bias.
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Bias 4 A T, A, T3 A;
-6V 2.65 0.30 7.63 0.64 54.88 0.05
-2V 2.63 0.32 9.22 0.65 52.66 0.05
ZnO- ov 2.77 0.31 8.78 0.66 55.94 0.04
EOD 2V 2.81 0.31 7.99 0.66 56.32 0.03
KAY 2.90 0.33 8.95 0.65 58.77 0.03
4V 3.04 0.35 9.02 0.62 53.35 0.04
5V 3.06 0.35 9.11 0.62 53.53 0.05
6V 3.17 0.34 9.55 0.62 52.75 0.05
-6V 3.26 0.33 8.63 0.60 17.93 0.06
2V 3.21 0.37 9.22 0.62 27.21 0.02
FZnO- ov 3.19 0.43 9.33 0.57 79.62 0.02
EOD PAY 3.02 0.39 8.51 0.60 69.29 0.02
3V 2.81 0.33 8.56 0.65 63.56 0.03
4V 2.87 0.35 8.86 0.62 55.88 0.04
5V 2.90 0.35 9.05 0.62 59.5 0.05
6V 3.08 0.34 9.45 0.62 64.05 0.05

Table S5.1 t and A components extracted from the tri-exponential decay curves. The first two rows

correspond to the measurement under reverse bias.
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Appendix D
Supplementary Information for Chapter 6
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Figure S6.1 (a) UV-vis absorption spectra of ZnO, 1,:Zn0O, and FeCls:ZnO films. Tauc plots of (b) ZnO,
(c) I:Zn0, and (d) FeCl3:ZnO films. The Eg opiical is estimated from the extrapolated tangent lines of the

linear parts on the Tauc plots.
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(a)

Zn0 QDs CBP
Band gap (eV) 3.45 1.96 3.3
Electron affinity (eV) 4 4 2.3
Dielectric constant 10.5 6.2 3
Electron mobility (cm?v-1s1) 2e-3 le-4 3e-4
Hole mobility (cm?v-1s7) 2e-4 le-4 2e-3
Radiative recombination coefficient - Se-11 -
{em?®sT)
Auger capture coefficient (cmfs?1) - 1le-26 -

(b)

Defect parameter

Type Donor
Energy level (eV, above Ev of ZnQ) 1.2
Capture cross section electrons (cm3) -
Capture cross section holes (cm3) le-15

Total density (cm) 0, 2e+17, 4e+17, 5.5e+17, 7e+17, 9e+17

Table S6.1 The values of the various parameters used in the SCAPS simulation for (a) ZnO ETL, QD
EML, and CBP HTL, and (b) the dopants.
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