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Abstract

Effects of Charge Balance on Device
Performances of Solution Processed QLEDs

YISEUL KIM

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

As the application of display technology becomes increasingly
diversified and advanced, related technologies continue to evolve to meet a
wide range of demands. Following the decline of display technologies like
cathode ray tube (CRT) and liquid crystal display (LCD), which relied on
backlight units as a crucial component, the market has been dominated by
displays based on active matrix light emitting diodes (LED and Organic LED).
Recently, quantum dots (QDs) and perovskite have emerged as highly
promising next-generation materials in the field of displays. Particularly, QDs
are semiconductor materials renowned for their outstanding electrical and
optical properties, enabling their utilization in various products such as light-
emitting devices and sensors. Moreover, they offer the advantage of easily
adjusting the emission/absorption wavelength through particle size control,

resulting in remarkable color purity and brightness. Furthermore,



characteristics of QDs can be tailored in multiple ways by manipulating the
core-shell/ligand configuration. Additionally, QDs can be employed in
solvent-dispersed form, allowing for cost-effective and low-temperature
processing through solution-based methods. Consequently, QDs are receiving
increasing attention for their potential application in large-area, flexible, and
stretchable electronic devices.

The most efficient and straightforward technique employed for the
fabrication of quantum dot light emitting diodes (QLEDs) is widely known
as spin coating. Spin coating involves depositing thin films onto a rotating
substrate by dispensing a solution onto it, utilizing the centrifugal force
generated by rotation. This method offers a simple process with rapid coating
speed, facilitating the production of films with relatively uniform thickness.
Furthermore, spin coating provides the advantage of easy control over the
film thickness by adjusting parameters such as rotation speed, duration, and
solution concentration.

However, QLEDs produced through this method exhibit a limitation
in their intrinsic characteristics, specifically in a charge imbalance state
caused by the deep valence band maximum (VBM) of the QDs. Due to the
deep VBM of QDs, the hole injection barrier is significantly larger compared
to the electron injection barrier into the emitting layer (EML). Additionally,
hole mobility in hole transport layers (HTL), which can be achieved using a
solution process, is known to be significantly lower than the electron mobility
in electron transport layers (ETL). Consequently, hole injection is
disadvantaged in terms of both injection barrier and carrier mobility when
compared to electron injection. As a result, an excess of electrons leads to a

charge imbalance state. This charge imbalance induces non-radiative



recombination, a significant factor that deteriorates device performance. To
address these issues, this paper presents a range of strategies for developing
alternative device structures.

Initially, we introduced a novel device structure that involves the
incorporation of monomers within the HTL without the addition of an active
layer. Unlike QLEDs employing an inverted structure, where a deposition
process is employed to enhance hole injection via a hole injection layer, our
proposed structure offers the advantage of regulating hole mobility and
injection barriers by incorporating monomers. This approach enables us to
retain the existing structure and process while achieving control over hole
injection. To realize this device structure, we conducted an extensive search
for monomers possessing suitable properties and conducted a preliminary
assessment of solubility and solvent compatibility. As a result, we achieved
effective enhancement of hole injection while maintaining a simplified
process, leading to significant improvements in the optical and electrical
properties of the device.

Subsequently, our objective was to devise a device structure capable
of mitigating the abundance of excess electrons. To achieve this, we explored
two approaches: incorporating an electron injection barrier to suppress excess
electrons and controlling the electron mobility within the ETL. Additionally,
we conducted an investigation into the underlying principles governing the
behavior of the device as the excess electrons were regulated. Through this
study, we successfully alleviated the charge imbalance state, leading to the
development of a highly reliable device structure.

The primary focus of this dissertation was to establish a process

technology that enables the application of diverse monomers in a solution-



based approach and establish a foundational technology for enhancing the
performance of QLEDs. Particularly, our aim was to optimize the
characteristics of QLEDs by leveraging the unique properties of the
monomers, thus enabling tailored improvements in power consumption,
efficiency, and stability. By presenting a comprehensive QLED development
strategy, we anticipated that this work would contribute significantly to the
advancement of foundational technologies facilitating the integration of

QLEDs within the display industry.

Keyword: Solution-process, Quantum Dots, Quantum Dot Light Emitting
Diodes, Monomer, Charge balance
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Chapter 1

Introduction

1.1  Quantum Dots (QDs)

Quantum dots (QDs) are semiconductor nanocrystals with a size of 10
nm or smaller, possessing a distinct bandgap. Notably, QDs exhibit both
photoluminescence (PL) and electroluminescence (EL), making them highly
suitable as light-emitting materials. Leveraging QDs in lighting applications
enables the attainment of exceptional color purity and luminance.
Additionally, the emission/absorption wavelength of QDs can be easily
adjusted by manipulating the particle size, allowing for tailored optimization
based on specific requirements (Figure 1.1) [1-4]. QDs also offer process
advantages, as they can be fabricated through all-solution processes,
facilitating the realization of flexible devices through layer stacking on
flexible substrates. Consequently, the potential applications of QDs are
virtually limitless, and their versatility has garnered attention across various
fields [5-8].

In the field of bio-imaging, QDs are actively researched due to their
compact size and luminous characteristics. First of all, QDs are widely
studied in the field of bio-imaging [9, 10]. Moreover, QDs are investigated
for energy harvesting applications, such as in solar cells [11], owing to their

broad absorption band. Additionally, QDs are attracting interest as catalysts

1



for CO2 decomposition [12]. Notably, QDs possess a narrow emission

spectrum compared to other light-emitting materials, making them valuable

for laser applications [13] and as image sensors [14]. Consequently, QDs find

diverse applications. However, the field that particularly leverages the

outstanding optical properties of QDs is the display industry [15].
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Figure 1.1. Discrete energy levels and sizes of the quantum dots. (source: Quantum Dots and

Their Potential Impact on Lighting and Display Applications, 2017)



1.2  Quantum Dots in Displays

The utilization of quantum dots (QDs) in the field of displays
encompasses diverse approaches. Firstly, in QD-enhanced film LCDs, a
yellow QD film is created by combining red and green QDs, which absorbs a
portion of the blue backlight to achieve a white color (Figure 1.2(a)).
Secondly, QD-OLED employs a similar blue backlight strategy (Figure
1.2(b)), but instead of mixing red and green QDs, each color is separately
applied as a distinct color conversion layer to realize red, green, and blue
pixels. While both these methods harness the photoluminescence (PL) of QDs,
the final method, referred to as the QLED method, leverages the
electroluminescence (EL) of QDs within a multi-layered device (Figure
1.2(c)). The QLED method exhibits the most promising implementation
potential as it maximizes the unique characteristics of QDs as semiconducting
materials, enables the construction of thin panels without components like

color filters, and facilitates flexible display applications.
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Figure 1.2. Examples of QDs applicable to displays. (Source: Nanosys)



1.3 Structures of Quantum Dot Light-emitting Diodes
(QLED:s)

The fabrication methods for QLED devices can be broadly
categorized into two types: conventional structure and inverted structure
(Figure 1.3) [16]. In the conventional structure, the hole injection layer (HIL),
hole transport layer (HTL), emitting layer (EML), and electron transport layer
(ETL) are sequentially formed on the lower electrode using the spin coating
method. Subsequently, the upper electrode is deposited to complete the QLED
device. With this method, the lower electrode serves as the anode, while the
upper electrode functions as the cathode. The conventional structure offers
the advantage of a relatively simple process as the active layers can be
fabricated using an all-solution approach. However, in the case of a purely
solution-based process, it is crucial to consider solvent orthogonality, as the
solvent used for the upper active layer may affect the lower film. Additionally,
the conventional structure exhibits a relatively large charge imbalance due to
the limited choice of materials available for the solution process.

On the other hand, the inverted structure involves forming the ETL
and EML on the lower electrode via the spin coating method. The HTL/HIL
is then deposited using the thermal evaporation deposition process within an
organic deposition chamber. Finally, the device is completed by depositing
the electrode in the metal deposition chamber. In the inverted structure, the
lower electrode acts as the cathode, while the upper electrode functions as the
anode. Unlike the conventional structure, not all active layers in the inverted

structure are formed using a solution process. As a result, it is relatively



unaffected by solvent orthogonality, and it allows for the utilization of various

HTL materials that are challenging to deposit via a solution process.

Consequently, improving charge balance is comparatively easier. However,

the inverted structure does have the drawback of a relatively complex process

since some active layers require a solution-based approach, while others

necessitate thermal evaporation deposition.
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Figure 1.3. Comparison of conventional and inverted structure of QLEDs.



1.4 Main Issues of QLEDs

In the earlier discussion, we mentioned that conventional structure
QLEDs exhibit a greater charge imbalance compared to inverted structure
QLEDs, and this phenomenon is attributed to the unique energy levels of
quantum dots (QDs). Due to their small particle size, QDs are semiconductor
materials that possess high reactivity. To ensure stable utilization of QDs and
suppress this reactivity, they are designed with a large work function,
resulting in deep energy levels. Consequently, the injection barrier
encountered by holes injected from the anode is considerably larger than that
faced by electrons injected from the cathode. As a result, the QD emitting
layer (EML) acquires an electron-rich charge imbalance state, characterized
by an excess of electrons relative to holes. This charge imbalance triggers
non-radiative recombination, which adversely affects device characteristics.
Additionally, it is known that non-radiative recombination can be classified
into trap-assisted recombination, interface-induced recombination and Auger
recombination. [17-20]. Non-radiative recombination involves the formation
of an exciton by an electron and a hole, resulting in the absence of light
emission through recombination. Instead, energy is consumed as electrons
move to a higher conduction band (electron-electron-hole process) or holes
shift to a deeper valence band (hole-hole-electron process) (Figure 1.4).
Consequently, recombination does not occur. Auger recombination becomes
more pronounced with higher carrier concentrations due to carrier-carrier
interactions. Additionally, excess electrons causing HTL degradation are

known to have a detrimental impact on device reliability.
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Figure 1.4. Two ways of recombination between excitons in QLEDs. (a) Radiative

recombination and (b) non-radiative recombination.

In the case of a conventional structure QLED experiencing a charge
imbalance state with an electron predominance, two strategies can be
employed to address this imbalance (Figure 1.5). The first strategy involves
strong injection of insufficient holes, while the second strategy aims to
intentionally suppress the injection of excessive electrons. The first strategy,
hole injection enhancement, can be approached in two ways. The first method
involves lowering the injection barrier by configuring the energy levels from
the hole injection layer (HIL) to the emitting layer (EML) in a cascading
manner. The second method entails employing a hole transport layer (HTL)
with enhanced hole mobility.

The second strategy, which focuses on suppressing electron injection,

can also be achieved through two methods. The first method involves

8



introducing an interlayer with a high Lowest Unoccupied Molecular Orbital

(LUMO) at the interface between the electron transport layer (ETL) and EML,

serving as an injection barrier. The second method revolves around utilizing

a slower ETL to reduce the electron mobility itself.
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Figure 1.5. Various strategies for improving charge balance.



1.5 Motivation and Organization of This Dissertation

In this study, we propose a method of enhancing the charge balance
of conventional structure QLED devices fabricated through a solution process
by incorporating various monomers (Figure 1.6) through mixing or doping
and applying them to the active layer. While the inverted structure exhibits
certain advantages in terms of characteristics, the conventional structure holds
its own advantages in terms of the fabrication process. Thus, the primary
objective of this study was to improve the device characteristics by
controlling the charge balance within the conventional structure. Given the
diverse range of monomers available, each with unique properties, it was
anticipated that the characteristics of the active layer could be precisely
controlled by utilizing suitable monomers. Furthermore, adjusting the
mixture ratio or doping concentration, rather than altering the materials
themselves, offers the advantage of observing gradual changes in the
characteristics. However, since the application of monomers typically
deposited through thermal evaporation had to be adapted to the solution
process, additional factors such as material solubility and glass transition

temperature were taken into consideration.

10



TPD

Figure 1.6. Various monomers in OLEDs.
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This paper consists of five chapters, including an introduction and a
conclusion. Details of each chapter are as follows:

Chapter 1 briefly introduces quantum dots and its applications. In
addition, explanations of various displays adopted quantum dots, structure of
devices, advantages and disadvantages of each technology, and issues to be
overcome were summarized.

Chapter 2 introduces the overall experiment conducted to improve
the charge balance of QLEDs fabricated based on solution process. The
materials and fabrication methods used in the experiment are described in
detail. In addition, the factors used to quantitatively evaluate the fabricated
devices and how these factors were extracted are summarized. Various
analysis tools used to analyze the characteristics of the devices are also
described.

Chapter 3 introduces a method of enhancing the hole injection of
QLEDs by mixing a monomer with HTL. This chapter specifically compares
and analyzes the effects of the transport and injection abilities of HTL on hole
injection into EML.

Chapter 4 presents methods for suppressing electron injection into
the EML and ETL interface by inserting an interlayer and doping the ETL
with a monomer. We confirmed the effects of each method on the efficiency
and operational lifetime of the QLED device, and also provided a detailed
description of how the device characteristics change when the two methods
are combined.

Chapter 5 finally summarizes the main strategies and achievements
of the dissertation. We also mention some limitations, remaining challenges

of this study and suggestions for future research.
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Chapter 2

Experimental Section

2.1 Materials

The materials used in the fabrication of the QLED device are as
follows. Isopropyl alcohol (IPA, Daejung Chemicals & Metals Co.) and
acetone (Daejung Chemicals & Metals Co.) were used for substrate cleaning
without additional purification. We used Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, AI4083,
Heraeus) as the HIL to form the functional layers of QLED. Poly(N-
vinylcarbazole) (PVK, Sigma Aldrich Co.), 4,4’,4”-tris(N-carbazolyl)-
triphenylamine (TCTA, Tokyo Chemical Industry Co.) and 1,3-Di-9-
carbazolylvenzene (mCP, Tokyo Chemical Industry Co.) were used as HTL.
We used red quantum dots (quantum yield ~90 %, ZEUS) with an oleic acid
ligand and CdSe/ZnS core-shell structure to form the EML. The absorption
and photoluminescence (PL) emission spectra are illustrated in Fig. 2.1(a). A
CdSe/ZnS QD has a wide absorption spectrum in the visible region. The peak
wavelength of PL is located at 620 nm, and the full width at half maximum
has a highly narrow spectrum at approximately 32 nm. As shown in the TEM
image in Fig. 2.1(b), the average size of the CdSe/ZnS QDs was determined
to be 8 nm, and it was confirmed that they were spherically shaped with a
uniform size distribution. Polyethylenimine (PEI, Sigma Aldrich) was used

16



as an interlayer. Zinc oxide nanoparticles dispersed in buthanol (ZnO NP, N-
13, Avantama) and (8-Quinolinolato)lithium (LiQ, Tokyo Chemical Industry
Co.) were used as ETL for the QLED device. The phase and morphology of
the nanoparticles of ZnO used in this experiment were analyzed by using an
X-ray diffractometer and CS-TEM. The related data are presented in Fig. 2.2.
After spin-coating, the subsequent process involved depositing the cathode
using thermal evaporation in a vacuum chamber. For this purpose, LiF (Itasco)

as EIL and Al (Itasco) as cathode were used.
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Figure 2.1. (a) Absorption and PL spectra and (b) TEM image of the QDs.
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Figure 2.2. (a) XRD pattern and (b) TEM image of the ZnO nanoparticles.
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2.2  Fabrication of QLEDs

The structure of the QLED reference device used in the experiment is

shown in Fig. 2.3.

-M.a-/

e

[ L —

1. Substrate cleaning 2. Surface treatment
with Acetone/IPA UV/Ozone

\—
3. Spin coating
HIL~ETL

5. Encapsulation 4. Thermal Evaporation

ElL/Cathode

Figure 2.3. Fabrication schematic of QLEDs.

An indium tin oxide (ITO)-patterned glass substrate was used to
fabricate the device. The substrate was sequentially cleaned using a sonicator
with acetone/isopropyl alcohol/deionized water for 15 min before fabrication
and then dried for approximately 1 h in an oven at 100 °C. Subsequently,
thermal treatment was performed for 1 h in an air atmosphere inside a furnace
at 350 °C. Upon applying ultraviolet/ozone surface treatment for 5 min to
obtain a uniform deposition, the substrate was placed in a glove box in an Ar
atmosphere to fabricate the device with the structure shown in Fig. 2.4(a).
PEDOT:PSS was used as a HIL by spin coating at 2000 rpm for 60 s before
annealing at 120 °C for 30 min. PVK (2 mg/ml in chloroform) was used as an
HTL by coating at 4000 rpm for 30 s and annealing at 100 °C for 30 min. To
deposit the HTL mixed with a monomer, TCTA or mCP were dissolved in
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chloroform at a concentration of 2 mg/mL, and a solution mixed with 2
mg/mL of PVK in volume ratio was used. The EML of the QD (20 mg/ml in
octane) was coated at 2000 rpm for 60 s and then annealed at 80 °C for 30
min. PEI (0.1 mg/ml in IPA) was used as an interlayer by coating at 5000 rpm
for 50 s and then annealing at 100 °C for 30 min. ZnO (40 mg/ml in Butanol)
was coated as an ETL at 4000 rpm for 30 s and then annealed at 100 °C for
30 min. Once spin coating was complete, the device was transferred to a
vacuum chamber to form a cathode with LiF (1 nm)/Al (80 nm) in a 10~ Torr
atmosphere. The fabricated QLED devices were then encapsulated using
ultraviolet-curable resin and cavity glass to prevent degradation owing to
moisture and oxygen. Finally, the device characteristics were evaluated.

The structure of the QLED device fabricated through the above
process is shown in Fig. 2.4(a), which serves as a reference structure for the
studies discussed in chapter 3 and 4. The thickness and composition of each
layer in the solution-processed QLEDs were confirmed by observing cross-
section views using TEM and analyzing the elemental composition using

EDS as shown in Fig. 2.4(b) and Fig. 2.5.
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50 nm

Figure 2.4. (a) Device structure of multi-layered QLEDs and (b) cross-sectional TEM image

of the device.
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Figure 2.5. Cross-sectional EDS image of the device.
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2.3  Characterization of QLEDs

2.3.1 Current density-Voltage-Luminance (J-V-L) Measurement

The electrical characteristics (Current-Voltage (J-V)) of the device
were measured via the voltage sweeping method using the source
measurement unit (Keithley 236, Keithley). The electroluminescence was
measured by placing the Si photodiode (Hamamatsu, S5227-1010BQ)
connected to a digital multimeter (Keithley 2000, Keithley) perpendicular to
the device to extract the photocurrent according to the applied voltage. Then,
the luminance, efficiency, and color coordinates were calculated based on the
photocurrent obtained through the photodiode and luminance measured by
the spectroradiometer (CS-2000, Konica Minolta).

There are various criteria for evaluating the luminous characteristics
of fabricated devices. However, in this paper, we mainly used current
efficiency, power efficiency, and external quantum efficiency calculated
based on the J-V-L characteristics of the fabricated devices. The human eye
has a different sensitivity depending on the wavelength of the visible light
range, and the International Commission on Illumination (CIE) standardized
this sensitivity and named it as 'luminous efficiency function (Figure 2.6)".
The current efficiency and power efficiency reflect this luminous efficiency

function, and the equations for calculating them are as follows.

luminance

(cd/A)

Current Efficiency = -
current density
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o luminous flux
Power Efficiency = (lm/W)
power

If the current efficiency is a suitable method for evaluating the basic
characteristics of a light-emitting device, the power efficiency is a more
practical method that can be applied to and used in mass production because
it includes power consumption. In addition, external quantum efficiency
(EQE) is widely employed as a factor for evaluating the characteristics of
light-emitting diodes. The EQE of a light-emitting diode represents the ratio
of photons emitted from a luminescent device to the injected electrons within

the device, and it is expressed by the following equation.

# of photons out P/hv
# of electrons in [/e

External Quantum Efficiency = (%)

In the above equation, P refers to the total power of photons, / is
planck constant, v is the frequency of photon, 7 is injected current and e
represents the elementary charge. If the current efficiency and power
efficiency are methods that reflect many environmental factors such as
luminosity factor and light extraction efficiency, the external quantum
efficiency is a factor that best represents the intrinsic characteristics of the

device.
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Figure 2.6. Luminous efficiency function.

The color coordinates of light-emitting devices, as well as their
luminous efficiency, must be considered in depth for applications in the
display industry. This is because color coordinates greatly affect the
brightness and color perceived by the human eye. There are several methods
for defining color coordinates based on research on the human perception of
color. However, the CIE 1931 color coordinates established by the CIE in
1931 is the most widely used method. To define color coordinates, we first

need tristimulus values (X, ¥, and Z), which can be expressed as the following

X = Kfool(ﬂ)f(l)d(l)
0

Y=Kf1uﬁumu)
0

Z= KJ.OOI(A)E(A)d(A)
0

I(M) : The emission spectrum of light-emitting diodes

X, ¥, Z(A) : CIE standard color matching functions (Figure 2.7).
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The CIE color coordinates (x, y, and z) can be calculated with the

above tristimulus values as follows.

X
TXtvr+z

Y

Y X+Y+2Z

Z

Sxyvezo L@V

.
NIl =

Intensity (a.u.)

T—r—t
400 450 500 550 600 650 700 750
wavelength (nm)

Figure 2.7. CIE standard color matching function.

Figure 2.8 shows the chromaticity distribution diagram of the CIE
1931 color space plotted with x and y as variables. The outer boundary
represents monochromatic light, and the wavelength of each monochromatic

light is expressed in nm.
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Figure 2.8. CIE 1931 color space.
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2.3.2 Operational Lifetime

In order to check how stable the characteristics of the fabricated light-
emitting device are according to the driving time, the room-temperature
operational lifetime of the device was evaluated. The evaluation was
conducted using M3600 by McScience, which consists of a thermo-hygrostat
chamber and a jig to which a photodiode was attached as shown in Fig. 2.9.
After mounting the device on the jig, a constant current was applied to extract
the light emitted by the device in the form of a photocurrent. Then we

observed how the luminous characteristics of the device changed over time.
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Figure 2.9. (a) The camera image of M3600 and (b) its operating program.
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2.3.3 Other Characterization Methods

We wused transmission electron microscopy (Cs-TEM, JEM-
ARM200F, JEOL Ltd) to verify the cross-section of the fabricated devices
and morphologies of the nanoparticles. Furthermore, the absorption and
emission spectra were obtained using ultraviolet—visible spectroscopy
(Lambda35, Perkin Elmer) and photoluminescence equipment
(Photoluminescence, FlouTime300, PicoQuant) to determine the optical
properties of the QD emitter. The surface roughness was observed using an
atomic force microscope (XE-150, PSIA), and ultraviolet photoelectron
spectroscopy (AXIS SUPRA, Kratos, U.K.) measurements were acquired for
energy level analysis. An X-ray diffractometer (D8 Advance, Bruker) was

utilized to conduct a phase analysis of the inorganic material.
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Chapter 3

Monomer-mixed Hole Transport Layers for
Improving Hole Injection of Quantum Dot Light-

emitting Diodes

3.1 Introduction

Strengthening hole injection has been extensively studied (Figure
3.1), with the most widely known method being the application of an inverted
structure [1]. It entails coating the ETL/EML using a solution process and
subsequently depositing the monomer for organic LEDs onto the EML via
thermal evaporation to complete the device. Furthermore, studies have been
conducted to enhance the injection properties by cross-linking HTL materials
[2-10] or by creating a multilayer structure that involves the hole injection
layer (HIL) and HTL to control the hole injection barrier [11-17].
Alternatively, hole injection has been enhanced by controlling the HTL
properties using various additives such as Lewis acid [18], Lithium-TFSI [19],
1,1-Bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) [20-22], 4,4'-Bis(N-
carbazolyl)-1,1'-biphenyl (CBP) [23-25], and poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) [26] within the HTL. In particular, the
wherein additives were mixed and applied to the HTL have shown that the

hole injection into the EML is strengthened and that the device characteristics
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are improved. However, it is difficult to accurately analyze and determine
whether the improvement in device characteristics is because of the change
in the hole mobility of the HTL or because of the change in the injection

barrier from HTL to EML.
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In this study, we combined two different monomers, namely, 4,4',4"-
tris(N-carbazolyl)-triphenylamine (TCTA) and 1,3-Di-9-carbazolylvenzene
(mCP), with poly(N-vinylcarbazole) (PVK) to enhance the device
characteristics by strengthening the hole injection. Subsequently, the
combinations were applied to the HTL, and the devices were evaluated. To
enhance the hole injection into the EML, we considered both the application
of the HTL with high hole mobility and the reduction of the injection barrier
owing to the formation of a gradual energy level. As the monomer was
deposited via a solution process rather than thermal deposition, the impacts
of the material on the process, such as solubility or glass transition
temperature, were considered. Moreover, the effects of related phenomena on
the device properties were also analyzed. When TCTA and mCP were mixed
with PVK and applied as HTLs, the charge balance of the device improved
with the strengthened hole injection. Consequently, the current and power
efficiency was improved by 24% and 52%, respectively.

The structure of the QLED used in the experiment and a transmission
electron microscopy image are shown in Fig. 2.4(a). QLEDs fabricated by
the all-solution process had the structure of ITO/PEDOT:PSS (20 nm)/PVK
or PVK:monomer (25 nm)/QDs (20 nm)/ZnO (35 nm)/LiF (1 nm)/Al (80 nm).
The hole was injected through the ITO anode, and the electron was inserted
into the device through the Al cathode. PEDOT:PSS was used as the HIL,
PVK or PVK:monomer as the HTL, QD as the EML, and ZnO as the ETL.
The molecular structures of TCTA and mCP mixed with PVK, which
constitute the HTL to enhance hole injection, are shown in Fig. 3.2(a), and
the flat-band energy level diagram including TCTA and mCP is shown in Fig.

3.2(b). The detailed properties of the materials are summarized in Table. 3.1
31



[27-30]. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) reported in other studies were used to
characterize materials [20, 21]. The hole mobility of PVK used as HTL was
2.5 x 10 cm?/V-s, which is much slower than that of ZnO (103 — 10
cm?/V-s) and disadvantageous for both injection and transport. As TCTA has
a shallower HOMO than PVK, it cannot reduce the injection barrier from the
HTL to the EML. However, because TCTA has a higher hole mobility of 4 x
10~* cm?/V-s than that of PVK, it was expected to deliver a hole quickly to
the EML. Moreover, mCP, whose HOMO is deeper than that of PVK, can
reduce the injection barrier from the HTL to the EML. Hence, mCP was
expected to contribute to the improvement of both injection and transport

because it has a higher mobility (3.4 x 107> cm?/V-s) than that of PVK.

@ | (b)

PVK TCTA

|n

| ITO
IPEDOT:PSS

Energy Level (eV)

Figure 3.2. (a) Molecular structures of TCTA and mCP. (b) Energy level diagram for various
layers of the QLEDs.
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Device PVK TCTA mCP

HOMO (eV) -5.8 -5.7 -6.1
LUMO (eV) -2.2 -2.3 -2.4
T, (C) - 155 64
Hole mobility
25x10° 40x 10 34x10°
(cm?V-s)

Table 3.1. Physical properties of used materials [27-30].
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3.2 Results and Discussion

3.21 TCTA mixed HTL

To investigate the effect of HTL mixed with TCTA on the device
properties, devices were fabricated by mixing TCTA with PVK in
concentrations of 10%-40%. Figure 3.3 shows the performance of the
fabricated devices. Figure 3.3(a) shows that as the mixing ratio of the TCTA
increased, the current density in the applied voltage tended to increase along
with the luminance. To further clarify the luminescence characteristics in the
low-voltage region, the luminance versus voltage in the light turn-on region
(~100 cd/m?) is plotted on the inset graph of Fig. 3.3(a). It can be confirmed
that as the concentration of the TCTA increased, a shift occurred in the
direction of a decrease in light turn-on voltage. An increase in current density
and decrease in turn-on voltage indicated that hole injection enhanced with
the TCTA mixture. The highest improvement in efficiency was obtained for
the device mixed with 20% TCTA. The current efficiency for the mixture was
6.56 cd/A, being 24% higher than that of the PVK-only device (5.29 cd/A).
The external quantum efficiency was found to be 4.99 %, which represents a
23 % improvement compared to the reference, 4.04 %. Moreover, when
TCTA was mixed, the current, power, and external quantum efficiencies
increased. For the 30% TCTA mixture, the current efficiency decreased
compared with the 20% TCTA mixture. As hole injection further improved,

the effect of reducing the driving voltage increased the power efficiency by
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52% compared with the PVK-only device. The detailed properties of the

device per condition are summarized in Table 3.2.
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Figure 3.3. Electroluminescence (EL) performance of the QLEDs with PVK or PVK:TCTA

HTLs. (a) Current density-voltage-luminance (J-V-L) characteristics, inset shows voltage-

luminance (V-L) in the range under 100 cd/m?. (b) Current efficiency-current density

characteristics. (c) Power efficiency-current density characteristics. (d) External quantum

efficiency-current density characteristics.
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Voo Vi  MaxCE  MaxPE  MaxEQE  ’me CIE

Device V)V ©dA) (mw) ) (m) oI
PVK only 2.3 45 5.29 3.24 4.04 626 (0.68, 0.32)
PVK:TCTA 10 % 2.2 4.3 5.64 3.65 4.30 626 (0.68, 0.32)
PVK:TCTA 20 % 2.1 4.1 6.56 4,73 4.99 626 (0.68, 0.32)
PVK:TCTA 30 % 2.1 4.0 6.30 4.93 477 626 (0.68, 0.32)
PVK:TCTA 40 % 2.1 3.8 5.98 454 453 626 (0.68, 0.32)

2 V,n is the turn-on voltage corresponding to 1 cd/m?, and V is the driving voltage corresponding to 1000 cd/m?.

Table 3.2. Performance summary of QLEDs with various HTLs.

Figure 3.4(a) shows the electroluminescence spectra of the device by
mixing ratio. And Fig. 3.4(b) shows the electroluminescence spectrum of the
PVK:TCTA 20% device by voltage. The peak wavelength of
electroluminescence was located at 626 nm, and no changes in the spectrum
occurred even when the mixing ratio and driving voltage were changed.
Moreover, the absence of other emission peaks indicates that excitons were
suitably confined inside the QD EML and smoothly recombined. When
compared with the PL spectrum in Fig. 2.1(a), the central wavelength
redshifted by approximately 6 nm due to the quantum confined Stark effect
in the QD layer [31].
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Figure 3.4. EL spectra of (a) QLED with various concentration of TCTA and (b) QLED with
a PVK:TCTA 20%, as a function of the applied voltage. The inset shows a light-emitting

image of the device, with a scale bar of Imm.
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3.2.2 mCP mixed HTL

The electroluminescence of the device with PVK:mCP HTL is shown
in Fig. 3.5. Similar to the experiment conducted with the TCTA mixture, by
increasing the mixing ratio of mCP, the current density and luminance
increased at an applied voltage. The PVK:mCP device exhibits the highest
performance for the 30% mCP mixture. Compared with the PVK-only device,
the current efficiency improved by 20% (from 5.38 cd/A to 6.49 cd/A), and
the power efficiency improved by 47% (from 3.01 Im/W to 4.43 Im/W) and
the external quantum efficiency was improved by 20 % (from 4.13 % to
4.96 %). The detailed properties of the device per condition are summarized

in Table 3.3.
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Figure 3.5. Electroluminescence (EL) performance of the QLEDs with PVK or PVK:mCP
HTLs. (a) Current density-voltage-luminance (J-V-L) characteristics, inset shows voltage-
luminance (V-L) in the range under 100 cd/m?. (b) Current efficiency-current density
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CIE
Device X/"’)‘ (VV“) l\élcaé(/g)E 'zlllr?w);vF\)ll)E Ma;f) A)E)QE (?]“;;*) cocz;cf;r;ate
PVK only 23 4.7 5.38 3.01 4.13 626 (0.68, 0.32)
PVK:mCP 10 % 22 4.4 5.97 3.70 4.62 626 (0.68, 0.32)
PVK:mCP 20 % 2.2 4.2 6.10 3.97 4.69 626 (0.68, 0.32)
PVK:mCP 30 % 21 39 6.49 4.43 4.96 626 (0.68, 0.32)
PVK:mCP 40 % 2.1 3.8 6.25 4.44 477 626 (0.68, 0.32)

2V, is the turn-on voltage corresponding to 1 cd/m?, and Vy is the driving voltage corresponding to 1000 cd/m?.

Table 3.3. Performance summary of QLEDs with various HTLs.
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a PVK:mCP 20%, as a function of the applied voltage. The inset shows a light-emitting image

of the device, with a scale bar of 1mm.
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3.2.3 Comparative Analysis of Properties

The surface roughness was measured with an atomic force microscope
to check for changes in the film quality when each of the two monomers was
applied to the HTL. The contact interface properties between two layers are
critical for determining the properties of a multilayer film device. Suitable
interface properties are essential for QLEDs fabricated via spin coating [13,
32]. Figure 3.7 shows the measurement results of surface roughness in the
HTL. When roughness root mean square (Rq) of the reference layer (with
PVK only) was 0.901 nm, the surface roughness of the PVK:TCTA HTL was
0.668 nm, and the surface roughness of the PVK:mCP layer was 1.268 nm.
All of these values indicate that a sufficiently flat surface was obtained when
different HTLs were coated via the spin coating process. Nevertheless, the
difference in the roughness of thin films may be attributed to the glass
transition temperature (7¢) of each monomer [30]. For the TCTA, Ty is
extremely high at 155 °C, and the surface is smoothened even if it is mixed
with PVK and spin coated before annealing at 100 °C. On the other hand,
mCP appears to increase the surface roughness as crystallization occurs in

part of the annealing process because 7Ty is very low at 64 °C.

. (b) L@

N

& R,:0901nm 44

Figure 3.7. AFM images and surface roughness values of different HTLs (a) PVK only. (b)
PVK:TCTA 20%. (c) PVK:mCP 20%.
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A hole-only device was fabricated to observe the behavior of the hole
injected into the EML and identify the underlying reason for the improvement
in the device properties by doping a monomer into the PVK HTL. The hole-
only device had the structure of ITO/PEDOT:PSS (20 nm)/HTLs (25
nm)/EML (20 nm)/MoO3 (I nm)/Al (50nm). The structure was used to
compare different properties, including hole transport in the HTL and
injection in the EML. Figure 3.8(a) and Figure 3.8(b) show the hole-only
devices of PVK:TCTA and PVK:mCP according to the mixing concentration.
An increased current density with the TCTA or mCP concentration in the
mixture with PVK can be clearly identified in both devices. Hence, hole
injection in the EML was strengthened. This is also consistent with the current
density—voltage (J-V) properties of the QLED device, as shown in Fig. 3.3(a)
and Fig. 3.5(a).
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In addition, to quantitatively compare the hole transport ability owing
to the monomer mixture, we extracted mobility from the J-V curve of the
HODs. The following equation was utilized to extract mobility (u).

9 V2

] = gEofrk 3

In the above equation, J refers to the current density in space charge
limited current (SCLC) region, and ¥ represents the applied voltage. o and &
denote the vacuum dielectric constant (8.85 x 1074 C/V-cm) and the relative
dielectric constant, respectively. In this study, an & value of 3 was applied for
the organic material [13, 26]. Additionally, d represents the distance between
the anode and cathode. Based on the J-V curve of the hole-only device, the
calculated mobility values were 8.32 x 10”7 cm?/V:s for the PVK only device,
1.44 x 10 cm?/V-s for the PVK:TCTA 20 % device, and 1.12 x 10 cm?/V's
for the PVK:mCP 20 % device. It was observed that the mobility tended to
increase as the mixing ratio of TCTA or mCP increased, and detailed results
are presented in Fig. 3.9. Consequently, the current density in the HOD
increased more significantly for the device with TCTA compared to the device
with mCP which can be attributed to the difference in hole mobility between

TCTA and mCP.
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Figure 3.9. Hole mobility as a function of monomer mixing concentration.

An energy level analysis was conducted to determine the effect of
mixing TCTA and mCP on the energy level of the HTL. Ultraviolet
photoelectron spectroscopy (UPS) was performed by fabricating samples of
PVK, PVK:TCTA and PVK:mCP. The secondary electron cut-off and valence
band onset regions are illustrated in Fig. 3.10 and Fig. 3.11, respectively. We
determined the HOMO through calculations involving the incident photon
energy (21.2 eV), the high binding energy cut-off (Ecutoff) and the onset
energy in valence-band region (Eonset). The mathematical representations for
this calculation is as follows [33].

VBM = 21.2 = (Ecye—ofr — Eonset)
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Figure 3.10. UPS spectra of (a) the secondary electron cut-off region and (b) the valence-

band edge region for PVK only or PVK:TCTA.
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Figure 3.11. UPS spectra of (a) the secondary electron cut-off region and (b) the valence-

band edge region for PVK only or PVK:mCP.

Based on the measurement results, the HOMO was calculated to be
5.93 eV for PVK, 5.87 eV for PVK:TCTA 20% and 5.95 eV for PVK:mCP
20%. Hence, when TCTA was mixed with PVK, the energy level was
upshifted and the injection barrier to the EML increased. In contrast, for the
mCP mixture, the energy level was downshifted, reducing the injection barrier
to the EML and consequently changing the direction of smoothing hole
injection. The detailed values of the device per condition are illustrated in Fig.
3.12. Hole injection into the EML affected both the injection barrier of the
HTL/EML interface and also the hole mobility in the HTL. Therefore, despite

the increased injection barrier by mixing TCTA, the rapid hole mobility
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further strengthened the hole injection of the device containing TCTA

compared with the device containing mCP.
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Figure 3.12. Flat-band energy level diagram of different HTLs.
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3.3 Conclusion

In this study, we propose a high-efficiency, low-power-driving QLED
device structure by mixing two different monomers, TCTA and mCP, with
PVK. When a TCTA-mixed HTL was applied to the device, the HTL hole
mobility increased and EML hole transport accelerated, which improved the
current efficiency and power efficiency by 24% and 52%, respectively.
Similarly, using an mCP-mixed HTL, improvements were observed in current
efficiency and power efficiency by 20% and 47%, respectively, owing to
energy level shifting by the reduction in the injection barrier and increase in
hole transport. The proposed fabrication method can enhance the device
properties by simply mixing monomers with PVK. Hence, we expect this
method to be a simple and yet effective method applicable to the development
and fabrication of QLED devices for application in mobile devices with high

efficiency and low power consumption.
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Chapter 4

Controlling Electron Injection for Improving Charge

Balance of Quantum Dot Light-emitting Diodes

4.1 Introduction

In Chapter 3, we dealt with the study on enhancing hole injection to
improve the charge balance of QLEDs. In this chapter, we will describe the
research on suppressing excess electrons. Excess electrons are known to
increase the probability of non-radiative recombination due to charge
imbalance and adversely affect the device's reliability by damaging the EML
and HTL. Therefore, suppressing excess electrons that are injected into the
EML of QLED:s is essential for improving device characteristics [1-3].

As summarized in Fig. 4.1, a wide variety of studies have been
conducted on suppressing excess electrons in QLEDs. The methods for
suppressing excess electrons in QLEDs can broadly be divided into two types.
The first method changes the composition of the ETL [4-15], and the second
method inserts an interlayer that can function as the injection barrier for
electrons at the interface between the EML and ETL [16-23]. In addition,
various studies have been conducted to control the characteristics of ETL by
blending polymers [24-26] or monomers [27] into ETL or passivating oxygen

vacancy through surface treatment [28, 29].
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Figure 4.1. Various studies on suppression electron injection in QLEDs [11, 16, 19, 29].
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In this chapter, we utilized both the application of the interlayer and
controlling the mobility of the ETL to control excess electrons. A
polyethylenimine (PEI) with a high LUMO and a very thin thickness (~5 nm)
was designed to be applied to the device to function as the electron injection
barrier. ZnO, which is the ETL, was doped with a small amount of LiQ to
reduce the mobility of the ETL. (8-Quinolinolato)lithium (LiQ) is widely
used as an n-type dopant in OLEDs, and it is a material that can enhance
electron injection due to the weak bonding between Li and ligand. It was
deposited as a thin film with a thickness of less than or equal to 1 nm and used
as the EIL at the interface between the ETL and cathode. It can also be applied
as a mixed ETL by mixing organic ETL materials like TPBi and BPhen [29].
However, this material is an insulator with very low mobility. Hence, it was
used as a dopant in this study to lower the electron mobility of ZnO. Figure
4.2(a) shows the molecular structures of PEI and LiQ, and Figure 4.2(b)
shows the flat-band energy level diagram. The detailed properties of the
materials are summarized in Table 4.1 [9, 18, 30]. The values reported in
previous research papers were used as the HOMO and LUMO values of each
material [9, 31]. Moreover, the two methods mentioned above for suppressing
the injection of electrons were evaluated individually as well as in

combination.
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Figure 4.2. (a) Molecular structures of PEI and LiQ. (b) Energy level diagram for various

layers of the QLEDs.
Device Zn0O PEI LiQ
HOMO (eV) 74 6.9 57
LUMO (eV) -39 -34 31

Electron mobility

103~10* Insulator Insulator
(cm?/V-s)

Table 4.1. Physical properties of used materials [9, 18, 30].
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4.2 Result and Discussion

4.2.1 PEI interlayer

First, the device was fabricated by incorporating a high LUMO
polyethylenimine (PEI) as the electron injection barrier. Figure 4.3 illustrates
the characteristics of the fabricated device. As depicted in Fig. 4.3, the current
density exhibits a declining trend with increasing applied voltage, while the
luminance diminishes as the interlayer is introduced. The reduction in current
density and the rise in turn-on voltage indicate the suppression of electron
injection upon interlayer application. However, the maximum current
efficiency improved with the implementation of the PEI interlayer.
Specifically, the current efficiency reached 7.31 cd/A, representing a 20%
increase compared to the current efficiency of the reference device, which
was 6.09 cd/A. The interlayer application led to an enhancement in current
efficiency across all current densities. Notably, the most significant
improvements in device characteristics were observed in the low-field region
(~1 mA/cm?), while the efficiency tended to converge with that of the
reference device in the high-field region. This suggests that the PEI interlayer
effectively functions as an injection barrier in the low-field region due to its
minimal thickness, but exhibits reduced efficacy as an injection barrier in the
high-field region, where electrons can tunnel through the interlayer. The
electron injection suppression can be further elucidated through the analysis
of electron-only devices (EOD) consisting of ITO/ZnO (35 nm)/EML (20
nm)/interlayer (0 or 5 nm)/ETLs (35 nm)/LiF (1 nm)/Al (50 nm). Figure
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4.3(d) illustrates a decrease in current density across all voltage ranges when

the PEI interlayer is introduced, compared to the reference device. However,

similar to the full device characteristics, the current density experiences a

significant decline in the low-field region (~1 mA/cm?), gradually converging

to the reference device curve in the high-field region (1~ mA/cm?). The

detailed device characteristics under different conditions are summarized in

Table 4.2.
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Figure 4.3. Electroluminescence (EL) performance of the QLEDs without or with

PEI interlayer. (a) Current density-voltage-luminance (J-V-L) characteristics. (b) Current

efficiency-current density characteristics. (¢) Power efficiency-current density characteristics.

(d) Current density-voltage (J-V) characteristics of EODs.

60



Von \"2 Max CE Max PE Amax CIE

Device coordinate
\% V) (cd/A) (Im/w) (nm) (xy)

Ref 2.3 4.8 6.09 5.31 627 (0.68, 0.32)

PEI interlayer 2.4 5.0 7.31 8.61 627 (0.68, 0.32)

2V, is the turn-on voltage corresponding to 1 cd/m?, and V4 is the driving voltage corresponding to 1000 cd/m?.

Table 4.2. Performance summary of QLEDs without or with PEI interlayer.

Since it is known that the decline of the operational lifetime of typical
QLED devices is caused by excess electrons [32], we checked how the room-
temperature operational lifetime changed for the device in which excess
electrons were controlled by the interlayer. The room-temperature operational
lifetime of the device was evaluated under the luminance condition of 300
nits. As shown in Figure 4.4, the evaluation result shows that Tso (the
operational lifetime to reach 50 % of the initial luminance) is about 15 hours,
regardless of whether or not the PEI interlayer has been applied. Hence, the
operational lifetime did not improve, and the increase in the driving voltage

due to operation was at the same level.

(a) (b)
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Figure 4.4. (a) Luminance decay vs time and (b) driving voltage increase vs time of the

QLEDs without or with PEI interlayer.
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422 ZnO:LiQ ETL

Next, we evaluated the characteristics of the device to which ZnO:LiQ
ETL was applied and in which the injection of electrons was suppressed by
controlling the mobility of the ETL. As shown in Figure 4.5, when LiQ is
mixed with ZnO and applied as the ETL, the J-V curve is shifted to the back ,
the turn-on voltage increases, the current density at the applied voltage
decreases, and the luminance and current efficiency decrease. Similar to the
earlier PEI interlayer evaluation result, the decrease in the current density and
increase in the turn-on voltage indicate that electron injection is suppressed
by applying the LiQ-doped ETL. Moreover, the device characteristics
exhibited changes based on the LiQ doping ratio. When ZnO is doped with
LiQ at 2%, 3%, and 5%, the current efficiency declines by 4%, 8%, and 13%,
respectively, compared to the reference device. This suggests that the
degradation of device characteristics becomes more pronounced with higher
levels of LiQ doping. When the doped ETL was implemented, the current
efficiency experienced a decrease across all current densities, particularly in
the low-field region (~1 mA/cm?), implying that the device operates through
a distinct mechanism compared to the interlayer. To gain further insights into
the behavior of electrons within the LiQ-doped ETL, we fabricated an
electron-only device (EOD) and examined its characteristics. In the case of
the device utilizing LiQ-doped ETL, the current density exhibited a decrease
compared to the reference device, with a consistent decline observed in all
regions, in contrast to the PEI interlayer device. Furthermore, the impact of

LiQ concentration on device characteristics was also observed in the EOD. A
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comprehensive summary of the device characteristics based on different

conditions is provided in Table 4.3.
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Figure 4.5. Electroluminescence (EL) performance of the QLEDs with ZnO or ZnO:LiQ

ETLs. (a) Current density-voltage-luminance (J-V-L) characteristics. (b) Current efficiency-

current density characteristics. (¢c) Power efficiency-current density characteristics. (d)

Current density-voltage (J-V) characteristics of EODs.
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Von \"2 Max CE Max PE Amax CIE

Device ) V) (cd/A) (Im/W) (nm) coczrxc?;r;ate
Ref 2.2 4.6 6.15 6.15 627 (0.68, 0.32)
ZnO:LiQ 2% 25 4.8 5.91 4.62 627 (0.68, 0.32)
ZnO:LiQ 3% 2.6 5.1 5.64 3.99 627 (0.68, 0.32)
ZnO:LiQ 5% 2.7 53 5.40 3.72 628 (0.68, 0.32)

2V, is the turn-on voltage corresponding to 1 cd/m?, and V4 is the driving voltage corresponding to 1000 cd/m?.

Table 4.3. Performance summary of QLEDs with various ETLs.

The room-temperature operational lifetime of the device was
evaluated, focusing on the control of excess electrons through the LiQ-doped
ETL. Similar to the previous experiment, the evaluation of the device's room-
temperature operational lifetime was conducted under a luminance condition
of 300 nits. As illustrated in Fig. 4.6, the reference device (ZnO-only device)
exhibited a Tso value of approximately 12 hours. However, when the
Zn0O:LiQ doped ETL was applied, the operational lifetime of the device
increased to 18, 22, and 26 hours, respectively, depending on the
concentration of LiQ. The graph depicting the rise in driving voltage over
operating time reveals a marginal increase in the driving voltage for devices

with longer room-temperature operational lifetimes.
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Figure 4.6. (a) Luminance decay vs time and (b) driving voltage increase vs time of the

QLEDs with ZnO or ZnO:LiQ ETLs.

In order to determine why the behavior of the device is different
depending on whether the PEI interlayer or mixed-ETL is applied, we
conducted the time-resolved photoluminescence (TrPL) measurements on
five samples: QDs, QDs/ZnO, QDs/PEl/ZnO, QDs/ZnO:LiQ, and
QDs/PEI/ZnO:LiQ. As illustrated in Fig 4.7(a), the QD-only sample
exhibited the longest PL decay time. However, the PL decay time decreased
for the QD/ZnO sample, which shares the same stacked structure as the
reference device of QLEDs This decrease indicates that the excitons formed
in the EML were quenched by the traps in the metal oxide. Interfacial charge-
transfer at the EML-ETL interface, known to induce exciton quenching,
results in QD charging and non-radiative Auger recombination, thereby
degrading device characteristics.

Compared to the reference sample with ZnO ETL, the PL decay time
increased when the PEI interlayer was employed. Conversely, when the LiQ-
doped ETL was utilized, the PL decay time decreased compared to the

reference device. Moreover, when both the PEI interlayer and ZnO:LiQ ETL
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were applied together, the PL decay time was longer than that of ZnO:LiQ
alone. To facilitate a quantitative comparison, 7.y (average decay time) was
determined using the following equation [7].

A1T12 + AzT%
T =
av A1T1 + A2T2

In the above equation, 7; denotes the time components, and 4; denotes
the corresponding weight. The electron transfer rate, ket, was calculated with
Tav extracted using the above equation. The detailed characteristics for each

condition are summarized in Table 4.4.

1 1

ker =
Tav(QDs/ETLs)  Tav(QDs)

In Fig. 4.7(b), the plots of 7.y and ket for QDs with different ETLs are
presented. When the PEI interlayer is applied to the reference device with a
ket value of 6.12 x 107 /s, the charge transfer process between the QDs and
metal oxide weakens, resulting in a reduced ket value of 5.56 x 107 /s. This
leads to an increase in the exciton lifetime. Conversely, when the LiQ-doped
ETL is utilized, the charge transfer process between the QDs and ETL
becomes more efficient, resulting in an enhanced ket value of 6.92 x 107 /s.
Consequently, the exciton lifetime decreases, leading to the degradation of
device characteristics.

Energy transfer at the QD/metal oxide interface is known to occur
more actively due to the small energy offset between each layer. Therefore,
the insertion of a PEI interlayer at the EML/ETL interface can impede the
transfer of excited electrons. As a result, the PL decay time is prolonged, and

radiative recombination occurs more efficiently in the EML [7, 15].
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Figure 4.7. (a) Time-resolved PL decay curves of different samples, QDs, QDs/ZnO,
QDs/PEI/Zn0O, QDs/ZnO:LiQ and QDs/PEI/ZnO:LiQ. (b) Exciton lifetime and electron

transfer rate as functions of different ETLs.

ETL type w/o Zn0O PEI/ZnO ZnO:LiQ PEI/ZnO:LiQ
71 (ns) / Ay (%) 5.45/58.6 4.65/66.4 4.46/56.0 4.26/62.8 5.28/81.9
7 (ns) / Az (%) 11.45/41.4 9.70/33.6 9.41/44.0 8.94/37.2 11.47/18.1
Exciton lifetime (ns) 9.04 7.25 7.55 6.85 7.29
ker (107s) - 6.12 5.56 6.92 6.03
R? (COD) 0.9995 0.9996 0.9996 0.9995 0.9993

Table 4.4. Exciton lifetime and electron transfer rate as functions of different ETLs.

To discern more clearly the cause of the different charge transfer
processes for each ETL condition, the SCLC analysis was performed
separately for the full device and EOD. The J-V curve of a semiconducting
device can be divided into Ohmic current (J o< V), trap-limited space charge
limited current (t-SCLC, J o< V1), trap-filled limited current (TFL, J o<
y2-100) "and space charge limited current (SCLC, J o< }?), according to the
relation between J and V' [9].

First, Figure 4.8 shows the J-J relation for each ETL condition.

Although the experimental results do not perfectly conform to the typical J-V
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relation, the different regions are clearly distinguishable. According to Fig.
4.8 (a), the J-V curve of the reference device has an exponent of 1.0 under 1.3
V, 2.8 under 2.2 V, 8.5 under 4.4 V, and 3.5 over 4.4 V. In the ohmic region,
no significant condition-specific differences or anomalies were observed.
However, in the case of the device to which the PEI interlayer was applied,
the t-SCLC region could not be clearly distinguished when transitioning from
the ohmic current region to the trap-filled limited current region. The most
noticeable finding from the SCLC analysis of the devices is the value of the
exponent of the devices at TFL. When the PEI interlayer was applied, the
value of the exponent at TFL was 10.1, which was considerably larger than
the reference value of 8.5. Furthermore, in the case of devices to which the
ZnO:LiQ ETL was applied, it was found that the value of the exponent
decreased gradually to 8.1, 7.8, and 7.2, depending on the doping
concentration. This result indicates that when the PEI interlayer is applied,
the electron trap sites in the ETL are filled much faster and more efficiently
[24]. On the other hand, in the case of ZnO:LiQ, the value of the exponent
decreased, which means that as the concentration of LiQ increases, more

charges are required to fill the electron trap sites.
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Figure 4.8. Current density-voltage (J-V) curve of full devices with (a) ZnO. (b) PEI/ZnO.

(c) ZnO:LiQ 2%. (d) ZnO:LiQ 3%. and (e) ZnO:LiQ 5%.
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In addition to the full device, the SCLC analysis was also performed
on the EOD in the same manner. Figure 4.9 shows both the J-V curve and J-
V relation of the EOD fabricated for each condition. In accordance with the
purpose of the experiment for suppressing electron injection, the current
density decreased in both cases where the PEI interlayer and ZnO:LiQ ETL
were applied. To check the effect of the electron trap for each condition, the
V1rL was plotted on the graph. VrrL is defined as the voltage at which the
transition from TFL to SCLC occurs, and it can be calculated using the
equation below [9].

qH,d?
2e¢,

TFL =

Here, g denotes the charge of the carrier, Hy, denotes the charge trap
density, and d denotes the thickness of the layers. In addition, ¢ denotes the
dielectric constant of the material, and g9 denotes the dielectric constant of the
vacuum (8.85 x 10'* C/V-cm). According to the above equation, the VgL is
determined by the density of the charge traps when the thickness of the active
layer is fixed. When the VtrL of the reference was 2.0 V, the VrrL of the PEI
interlayer condition was 2.0 V; hence, it was same as that of the reference.

However, the VrrL of the device to which the ZnO:LiQ ETL was applied

increased significantly to 2.8 V, 5.4 V, and >10 V according to the doping

ratio. Based on this result, we could infer that electron trap sites, such as
oxygen vacancy in the ZnO ETL, increased significantly when LiQ was

doped.
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Figure 4.9. Current density-voltage (J-V) curve of EODs with (a) ZnO. (b) PEI/ZnO. (c)

ZnO:LiQ 2%. (d) ZnO:LiQ 3%. and (e) ZnO:LiQ 5%.
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Based on this analysis, we concluded that when a thin PEI interlayer
is applied, the exciton quenching that occurs at the interface between the EML
and ETL is suppressed to improve efficiency. However, since a very thin PEI
interlayer is applied, the improvement in the characteristics is more noticeable
in the low-field region, and we concluded that there was no improvement in
the room-temperature operational lifetime. In the case of the ZnO:LiQ ETL,
quenching at the interface between the EML and ETL is further enhanced,
degrading efficiency. However, since it reduces the number of excess
electrons injected into the EML, the room-temperature operational lifetime is
improved. Therefore, we decided to combine the PEI interlayer, which
improves the efficiency but does not enhance the lifetime, with the ZnO:LiQ
ETL, which degrades the efficiency but improves the lifetime, in order to
fabricate a device that improves the lifetime while maintaining the same level

of efficiency.
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423 PEI/ZnO:LiQ ETL

Figure 4.10 shows the results of evaluating the combination of the
PElinterlayer and ZnO:LiQ ETL. Similar to the previous experimental results,
the current efficiency improved by about 15% when the PEI interlayer was
applied (6.37 cd/A — 7.33 c¢d/A). When the ZnO:LiQ ETL was combined,
the efficiency declined. The device to which the PEI/ZnO:LiQ 5% condition
was applied had an efficiency of 6.48 cd/A, which is similar to that of the
reference device. However, because the interlayer that suppresses electron
injection and the doped-ETL were applied together, the PEI/ZnO:LiQ 5%
device was turned on at 2.5 V, whereas the reference device was turned on at
2.2 V. Although the current efficiency of the PEI/ZnO:LiQ 5% device was
equivalent to that of the reference device, its power efficiency declined by 25%

(5.72 Im/W — 4.32 Im/W).
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Figure 4.10. Electroluminescence (EL) performance of the QLEDs with combinations of PEI

interlayer and ZnO:LiQ ETLs. (a) Current density-voltage-luminance (J-V-L) characteristics.

(b) Current efficiency-current density characteristics. (c) Power efficiency-current density

characteristics. (d) Current density-voltage (J-V) characteristics of EODs.

CIE
Device X/"; (VV") “?:(;(IE)E '{II::;VTII)E (?]";;X) coo(;(f;r;ate
Ref 22 44 6.37 5.72 627 (0.68, 0.32)
PEI 22 44 7.33 7.15 626 (0.68, 0.32)
PEI/ZnO:LiQ 2% 2.3 44 7.11 5.42 627 (0.68, 0.32)
PEI/ZnO:LiQ 3% 23 45 6.82 4.98 627 (0.68, 0.32)
PEI/ZnO:LiQ 5% 25 49 6.48 4.32 627 (0.68, 0.32)

2V, is the turn-on voltage corresponding to 1 cd/m?, and Vy is the driving voltage corresponding to 1000 cd/m?.

Table 4.5. Performance summary of QLEDs with various ETLs.
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Among various conditions, a comparative evaluation of the room-
temperature operational lifetime was performed between the reference device
and the device structure (PEI/ZnO:LiQ 5%) with the equivalent current
efficiency. Similar to the earlier evaluation, the comparative evaluation of
operational lifetime was conducted in a thermo-hygrostat chamber (25°C,
40%). The change in the luminance was observed while a constant current
was operated at the current values that generated a luminance of 300 nits, 500
nits, and 1000 nits, respectively. According to Fig. 4.11, when the operational
lifetime was evaluated at the luminance of 300 nits, Tso of the reference was
22 hours, while Tso of PEI/ZnO:LiQ was 51 hours. Hence, Tso increased by
about 2.3 times. When the operational lifetime was evaluated at the luminance
of 500 nits, Tso increased by about 2.6 times, from 10 hours to 26 hours. When
the operational lifetime was evaluated at the luminance of 1000 nits, Tso
increased by 2.5 times, from 4 hours to 10 hours. These results confirm that
when the PEI/ZnO:LiQ ETL is applied, the operational lifetime improves by

over two times while the same level of current efficiency is maintained.
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Figure 4.11. Luminance decay and driving voltage increase vs time of the QLEDs with

combinations of PEI interlayer and ZnO:LiQ ETLs at different initial luminance. (a, b) 300

nit. (c, d) 500 nit and (e, f) 1000 nit.

(b) 3.0

25
2.0
2,
:’15
<
1.0
0.5 * REF
+ PEIZnO:LiQ
0.0 1 . 1 . . )
0 10 20 30 40 50 60 70
Time (hr)
+ REF
* PElIZnO:LiQ
0.0 'l 'l ' ' ' L
0 10 20 30 40 50 60 70
Time (hr)
(f) 30
25
2.0
a15
St
i
1.0
0.5 + REF
* PEIiZnO:LiQ
00 1 1 1 i 1 il
10 20 30 40 50 60 70
Time (hr)

76



The lifetime accelerator coefficient (n) was calculated based on the
Tso evaluated above. n generally has a value between 1 and 2, and the
smaller the value of n, the device operates robustly, even at high luminance.
The equation used for the calculation is as follows [29, 33].

L} X LTsy = constant

As shown in Fig. 4.12, the accelerator coefficient of the reference
device is 1.49, whereas the accelerator coefficient of the PEI/ZnO:LiQ device
is 1.35. Hence, the value of » is smaller for the condition where electron
injection is suppressed. Therefore, it is verified that when the PEI/ZnO:LiQ
ETL structure is applied, the device has a more improved operational lifetime
while maintaining a current efficiency equivalent to that of the reference

device.
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Figure 4.12. Measured LTso values for different devices with operated at different initial

luminance. The slope correspond to the accelerator coefficients.
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4.3 Conclusion

In this study, we proposed a highly stable QLED device structure by
incorporating a PEI interlayer and a monomer-doped ETL, LiQ, with ZnO.
The application of the PEI interlayer resulted in a reduction in exciton
quenching, leading to a 20% improvement in current efficiency. Conversely,
no improvement in current efficiency or power efficiency was observed with
the use of the LiQ-doped ETL; however, an enhanced operational lifetime
was achieved due to the suppression of excess electrons resulting from a
decrease in electron mobility. Ultimately, by combining these two approaches,
we have developed a device structure that maintains an equivalent level of
current efficiency while significantly improving operational lifetime.
Therefore, we expect that the QLED devices produced through this simple
approach will make a significant contribution to the large-area display market,

such as TVs, where long lifetimes are required.
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Chapter 5

Summary, Limitations and Suggestions for Future

Research

5.1 Summary

In this dissertation, we proposed two methods for improving the
charge imbalance of conventional structure QLEDs fabricated via a solution
process.

First, we proposed a device structure with improved hole injection by
mixing monomers (TCTA or mCP) in the HTL. To improve the hole injection,
we selected TCTA, a monomer with faster mobility than PVK, which was
used as the reference, and mCP, which has a deep HOMO and can lower the
injection barrier. We then mixed each monomer with PVK and applied them
as the HTL. We also checked the electrical and optical properties of the device
fabricated by controlling the device characteristics using a simple method of
mixing monomers into the HTL. Unlike previous studies that focused on
enhancing the hole injection, this study aimed to separately analyze the effect
of the charge transport ability of HTL and the effect of the charge injection
ability of HTL on the hole injection into the EML. In addition, we verified
the effect of the material's intrinsic properties, such as 7 and energy level, on
the device characteristics. Through this study, we proposed a development

strategy for improving the luminous efficiency of QLEDs and decreasing the
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driving voltage. Furthermore, we were able to develop an effective device
structure.

Next, we developed a device structure that suppressed excess
electrons being injected to improve the charge balance. We applied and
evaluated PEI as an interlayer that functions as an injection barrier to
electrons and LiQ to reduce the mobility of the ETL. The cause of changes in
the efficiency was analyzed by observing the changes in the device behavior
as the interlayer and LiQ doping were applied. In addition, the room-
temperature operational lifetime was evaluated for each condition. When the
PEI interlayer is applied, the efficiency of the device is improved by
preventing the exciton quenching at the interface between the EML and ETL.
It was also found that doping the ETL with the LiQ monomer reduces excess
electrons and thus improves the operational lifetime of the device.
Furthermore, by combining the interlayer and the doped ETL, we developed
a device structure with an operational lifetime that has been improved by
more than two-fold while maintaining the same level of efficiency. To further
investigate the behavior of the device fabricated in this manner, we verified
the device's characteristics in more detail by performing an SCLC analysis of
the time-resolved PL and J-V curve. Through this study, we proposed a
strategy for developing highly reliable QLEDs and verified a device structure
with a long operational lifetime.

In conclusion, we have identified two different approaches for
improving the characteristics of conventional QLEDs fabricated via the
solution process. The two strategies for improving the charge imbalance
showed different changes in the device characteristics: either the efficiency

improved while the driving voltage decreased, or the reliability improved,
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depending on the approach. Thus, we have verified that device characteristics
can be optimized for various applications by appropriately controlling the

device structure.
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5.2  Limitations and Suggestions for Future Research

In this section, we discuss the limitations of our study and suggestions
for researchers who will conduct follow-up studies. This discussion focuses
on the analysis of mechanisms and strategies for improving device

characteristics.

5.2.1 Factors Influencing the Operational Lifetime

In general, it is known that improving charge balance can have a
significant impact on the stability and operation lifetime of the device. Similar
to that, we also believed that the enhancement of hole injection through the
reduction of electron-hole charge imbalance could lead to an improvement in
operational lifetime. However, as shown in Fig. 5.1, indicating that the
stability for PVK:TCTA 20% was at a similar level with reference, and no
significant improvement in operational lifetime was observed with the
enhancement of hole injection as expected.

100

* PVKonly
* PVK:TCTA 20%
¢ PCK:mCP 20%

5 10 15 20 25
Time (hr)

Figure 5.1. Luminance decay vs time of the QLEDs with different HTLs.
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To investigate the reason for the lack of improvement in stability
despite the improvement in charge balance, we analyzed research results that
showed no improvement in operational lifetime despite the improvement in
charge balance, not only in QLEDs, but also in OLEDs known to be electron-
rich. Based on the searching of multiple research papers, several studies [1-3]
have reported similar results, and in particular, the study by Kang et al. [3]
focuses on analyzing the reasons for the decrease in lifetime despite the
improvement of charge balance in OLEDs.

Upon reviewing several papers, we found that there are various factors
that affecting the stability in addition to charge balance. To confirm the degree
of charge imbalance between electrons and holes in our device, we
additionally fabricated an EOD and compared it with HODs. As shown in Fig.
5.2, when comparing EOD with HODs, it was confirmed that hole injection
was enhanced when mixing TCTA with PVK, but electron-rich conditions
still persisted. Therefore, even if the degree of charge imbalance is alleviated,
excess electrons were still present and could be the main cause of degradation
in the device. We also considered the possibility that TCTA is more vulnerable
to excess electrons, and that even if the amount of total excess electrons in
the EML is reduced by mixing monomers, this may not lead to an

improvement in operational lifetime.
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Figure 5.2. Current density-voltage (J-V) characteristics of the hole only devices with

different HTLs and electron only device.

Unfortunately, the experiment we designed for enhancing hole
injection did not improve the stability of the device, and we did not obtain a
clear conclusion as to the cause for now. Factors affecting the stability of
luminescent devices are diverse, and particularly, the operational lifetime of
QLEDs is an interesting area that has not been extensively researched
compared to OLEDs. Therefore, we propose further research on various
factors that influence the operational lifetime of QLEDs. Through these
researches, it 1s expected that we will be able to interpret the behavior of
QLED devices more fundamentally. Furthermore, based on this
understanding, we can take a leap forward in designing device structures and

improving their characteristics.
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5.2.2 Ultimate QLEDs with High Efficiency and Long Lifetime

In this study, we aimed to improve device characteristics through two
different approaches: enhancing hole injection and improving charge balance
by suppressing electron injection. When hole injection was enhanced, the
carrier density, which affects the recombination rate, increased. As a result,
the luminous efficiency improved, and the driving voltage decreased. Based
on these characteristics, the hole injection enhanced QLEDs attained
characteristics suitable for mobile-oriented applications, such as smartphones
and smartwatches, which are powered by batteries and have a relatively short
replacement cycle. In addition, when electron injection was suppressed, the
luminous efficiency did not improve because the carrier density was reduced.
However, device degradation due to excess electrons was prevented, thus
improving the operational lifetime of the device. Therefore, characteristics
were attained that are suitable for applications like TV, which are connected
to a power source and have a relatively long replacement cycle.

Based on the results of each study, we thought that if the two methods
were combined, it would optimize the charge imbalance and maximize the
device characteristics. Accordingly, it may be possible to develop a device
structure with high efficiency and a long lifetime that can be applied
universally to various applications. Hence, we fabricated a device by
combining hole injection enhancement and electron suppression and
evaluated the device. Figure 5.3 shows the evaluation results. The evaluation
results show that compared to the reference device, the current efficiency of
the HT-enhanced device increased by about 20%, and the power efficiency of

the HT-enhanced device improved by 50%. On the other hand, in the ET-
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suppressed condition, the current efficiency increased by about 5%, and the

power efficiency improved by 10%.
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Figure 5.3. Electroluminescence (EL) performance of the QLEDs with combinations of
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Device Von \2 Max CE Max PE Amax CIE coordinate

(Y (cd/A) (Im/W) (nm) (xy)
Ref_PVK/ZnO 25 50 6.32 3.70 627 (0.68,0.32)
HT (PVK:TCTA) 22 43 7.73 5.84 627 (0.68,0.32)
ET (PENZnO:LIQ) 26 52 6.20 357 628 (0.68,0.32)
HT+ET 25 47 6.50 4.16 627 (0.68,0.32)

2 V/,n is the turn-on voltage corresponding to 1 cd/m?, and V is the driving voltage corresponding to 1000 cd/m?.

Table 5.1. Performance summary of QLEDs with various ETLs.

To understand why the margin of characteristic improvement is
different between the two approaches, the HOD and EOD for each condition
are shown together in Fig. 5.4. When comparing the EOD and HOD in the
reference condition, the current density of the EOD is significantly larger than
that of the HOD. Hence, the charge imbalance is very large. Therefore, it
seems that in the reference condition with many excess electrons,
recombination of exciton were likely to occur actively as hole injection was
enhanced. On the other hand, if we look at the EOD of the condition where
electron injection is suppressed, the current density is very low. Therefore,
the degree of charge imbalance has already been reduced as the number of
excess electrons decreased. Hence, it seems that the likelihood of improving

exciton recombination by enhancing hole injection was relatively low.
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Unfortunately, a powerful device that exhibits all of the following
characteristics, high efficiency, low power consumption, and long lifetime,
could not be developed in this study. However, when the two methods of
improving the charge balance are compared, the method of enhancing hole
injection, which causes recombination to occur actively to improve the device
characteristics, is more advantageous. Therefore, follow-up studies should be
conducted to develop device structures that can enhance hole injection and
operate robustly even in the presence of excess electron attacks. Through
further studies, it is expected that QLEDs with further improved

characteristics will be widely used in the display industry.
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