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Abstract

Quantum dots (QDs) and their light-emitting diodes (LEDs) have shown great
potential in the display industry. However, the well-studied cadmium based QDs and
perovskite nanocrystals contain elements such as cadmium and lead, which pose
significant threats to the environment and human health, thereby limiting their broader
application. In contrast, cadmium-free and lead-free QDs and their light-emitting
diodes show greater potential.

In recent years, significant research efforts have been directed toward the
development of cadmium-free and lead-free quantum dot light-emitting diodes
(QLEDs). Despite these efforts, the performance of cadmium-free and lead-free QLEDs,
particularly in the blue and green spectral regions, remains below the thresholds
required for commercialization. Indium phosphide (InP) and zinc selenide (ZnSe) QD
materials have emerged as promising cadmium-free and lead-free candidates for
constructing high-performance QLED emissive layers (EML), especially for blue and
green QLED applications.

Enhancing light extraction efficiency and optimizing carrier behavior in the EML
are two key factors for achieving high-performance QLEDs. To achieve good external
quantum efficiency (EQE), this thesis focuses on the working mechanisms of cadmium-
free and lead-free QLEDs concerning the above two factors and proposes strategies for

efficiency improvement, leading to several innovative results.
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Firstly, we analyzed the light extraction modes within the cadmium-free and lead-
free QLEDs and proposed a combined scheme to improve light extraction efficiency
under limited internal quantum efficiency (IQE), thereby obtaining higher-performing
QLEDs. The thesis presents an effective comprehensive strategy, involving the addition
of an appropriately thick spacer layer, high-index substrates, and substrate surface
roughening to sequentially extract light from the SPP mode, waveguide mode, and
substrate mode to the air mode of QLEDs. This combined scheme promotes optical
transmission between modes within the device through optical tunneling and
microcavity design. After optimization, the light extraction efficiency (LEE) was
significantly improved, resulting in an EQE increase from 6.64% to 18.50% for blue
ZnSe QLEDs. Approximately threefold EQE improvement provides a more universal
optical optimization strategy for cadmium-free and lead-free QLEDs.

To address the issue of efficiency reduction due to unbalanced carrier injection in
cadmium-free and lead-free QLEDs, an innovative design based on an electric dipole
layer was proposed to enhance hole injection. An innovative electric dipole layer
material, 2,2'-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ), was
also applied to cadmium-free and lead-free QLEDs. The strong forward-built electric
field significantly facilitates hole injection at the interface from the hole transport layer
(HTL) to the emissive layer (EML). The introduction of F6-TCNNQ also regulates the
interface energy level of the HTL, reducing the hole injection barrier to the emissive
layer (EML). For blue ZnSe QLEDs with strong electron injection, this method

bypasses the limitations of electron injection, thereby achieving a higher radiative
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recombination rate. As a result, the optimized EQE of blue ZnSe QLEDs was increased
from 7.44% to 12.71%.

To further enhance the efficiency of cadmium-free and lead-free QLEDs, the
electron leakage mechanism was revealed and studied in depth using green InP QLEDs
as an example to achieve less non-radiative recombination. An effective method was
proposed to prevent electron leakage by applying LiF, which reduces the Fermi level
difference between green InP QDs and the ITO anode. LiF modification not only
suppressed electron leakage but also further enhanced hole injection through the
tunneling effect. The optimized devices achieved more balanced carrier injection in the
EML, resulting in the EQE increasing to a maximum of 9.14%.

This thesis explores cadmium-free and lead-free QLEDs with a focus on light
extraction and carrier behavior. Based on an analysis of the working mechanisms,
optimization strategies are proposed from both optical and electrical perspectives to
achieve improved light extraction and better carrier behavior. The optimized cadmium-
free and lead-free QLEDs exhibit higher EQE, making them more suitable for display
applications. The mechanisms and strategies proposed in this thesis are expected to
provide valuable insights for further advancements in the cadmium-free and lead-free

QLEDs field.
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Chapter 1 Introduction
1.1 Research background

The past two centuries have witnessed unprecedented industrial and technological
advancements, driving a dramatic surge in global energy consumption and
environmental degradation. As depicted in Figure 1.1(a), global energy demand
skyrocketed from 8.6 billion tons of oil equivalent in 1990 to 15 billion tons by 2023—
a staggering 75% increase. This growth is attributed not only to population expansion
but also to the rise of energy-intensive industries and digital technologies. Despite
efforts to transition toward renewables, fossil fuels such as coal and oil still account for
over 80% of the global energy supply [Figure 1.1(b)], exacerbating carbon emissions
and resource depletion. The International Energy Agency (IEA) estimates that without
significant policy interventions, fossil fuel dominance will persist through 2050,
underscoring the urgency for sustainable alternatives.

(a) 18,000 (b)
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Figure 1.1 (a) Total energy consumption of the whole world from 1990 to 2023. (b)

Major compositions of global energy supply in 2023.
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(https://yearbook.enerdata.net/total-energy/world-consumption-statistics.html).

Parallel to this energy crisis is the rapid proliferation of digital devices.
Smartphones, laptops, and AR/VR systems have become indispensable in modern life,
yet their energy demands are substantial. For instance, the U.S. Energy Information
Administration reported that displays and lighting consumed 20% of national electricity
in 2012, equivalent to 844 billion kilowatt-hours. With the advent of 4K/8K screens
and high-refresh-rate displays, this figure is projected to climb, further straining power
grids. Traditional liquid crystal displays (LCDs), while cost-effective, suffer from
inefficiencies: their reliance on backlighting results in over 95% energy loss due to
polarizers and color filters. This inefficiency, combined with limited color gamut (72%
National Television System Committee, NTSC), has spurred the search for advanced

display technologies that balance performance with sustainability.!

Figure 1.2 Intelligent devices like smartphones, laptops, and augmented reality/virtual

reality technology.
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In today’s digital information age, display technology plays a crucial role in the
quality and efficiency of information presentation and human-computer interaction,
making it an essential component of information transmission. The evolution of display
technology from cathode ray tube displays to liquid crystal displays, and now to organic
light-emitting diode (OLED) displays has been rapid. In recent years, there has been
increasing interest in display technology based on quantum dot light-emitting diodes
(QLEDs), which utilize colloidal quantum dot (QD) materials with excellent
optoelectronic properties. This is considered one of the most promising directions in
the display industry due to its potential for advancement. QLED has the advantages of
wide viewing angle, thin size, wide color gamut, fast response speed, and low energy
consumption like OLED, while QLED can achieve higher brightness, high stability,

and longer lifetime.

1.2 Colloidal quantum dots (QDs)

Quantum dots (QDs) are semiconductor nanocrystals with quasi-zero-dimensional
structures. Due to their small particle size, typically ranging from 3 nm to 10 nm, which
is often smaller than the exciton Bohr radius, excitons are confined within this limited
space, leading to quantum confinement effects. This confinement results in the energy
levels of excitons becoming discrete, causing changes in the energy band. The
bandwidth of QDs is not only related to the bandgap of the bulk material but also to the
particle size. As a result, the same material can emit light of different wavelengths by

adjusting the particle size. The emission wavelength of QDs can cover the entire visible
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spectrum and extend into the near-infrared region, making them highly suitable for
display applications. Additionally, QDs offer several advantages, such as a high
quantum yield (QY) of over 90%, a narrow full width at half maximum (FWHM) of
20-35 nm, a wide color gamut exceeding 120% of NTSC, relatively low solution-based
fabrication costs, and compatibility with inkjet printing processes®?. Moreover,
compared to organic luminescent materials, inorganic QD luminescent materials
exhibit higher stability and brightness, making QLEDs a highly competitive candidate

for next-generation display technology.

1.2.1 Fundamentals and unique properties

QDs are a class of semiconductor nanocrystals with quasi-zero-dimensional
structures, whose unique physical and chemical properties arise from quantum
confinement effects at the nanoscale. When the size of QDs (typically 1-20 nm) is
smaller than the Bohr radius of excitons in bulk materials, the wavefunctions of
electrons and holes are strongly confined in three-dimensional space, leading to the
transition of energy levels from continuous states to discrete states. This quantum size
effect not only makes the band gap of QDs directly related to their size but also endows
them with tunable optical properties. For example, the emission wavelength of CdSe
QDs can be continuously tuned from 2 nm (blue light, around 470 nm) to 6 nm (red
light, around 630 nm) by adjusting the particle size. This size-dependent luminescent

property enables QDs to cover the visible to near-infrared spectrum (400-2500 nm),
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making them ideal materials for display, optoelectronics, and biological imaging

applications.
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Figure 1.3 Diagram illustrating the quantum size effect*

A single QD is depicted in Figure. 1.4 (a) (image supported by Fullnano Ltd.).
Structurally, QDs typically consist of three parts: Core: Composed of semiconductor
materials (such as CdSe, ZnSeTe, InP), it is the main region for exciton recombination
and light emission. The chemical composition and size of the core directly determine
the band gap and emission wavelength of the QD, as a series of fluorescent QDs of
different sizes shown in Figure. 1.4 (b). Shell: A wide-bandgap semiconductor layer
(such as ZnS, CdS) that envelops the core, serving multiple functions: (1) passivating
the surface defects of the core, reducing non-radiative recombination, and increasing
the photoluminescence quantum yield (PLQY) from less than 10% for the bare core to
over 90%; (2) enhancing the chemical stability of the QD, protecting it from erosion by
oxygen, water, and electric fields. Ligands: Organic molecules also be used and
adsorbed on the shell surface. Both oleic acid, dodecanethiol are widely used ligand

materials. They prevent QD aggregation through steric hindrance effects, ensuring their

5
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monodispersity in solution, and providing compatibility for subsequent device

processing (such as inkjet printing). >’

Surface ligands

Outer shell
Inner core
Diameter: ~2nm

Wavelength: 465 nm
Emission:  Blue

Figure 1.4 (a) Diagram of a single QD structure. (b) Photograph of some fluorescent
QDs of varying sizes (provided by Fullnano Ltd.).

The unique optical and electronic properties of QDs, such as their wide absorption
range, large absorption cross-section, and excellent charge transport properties, have
led to their exploration in various optoelectronic applications, including photovoltaics,
luminescent solar concentrators, and sensors with high sensitivity and low cost.?!!
These same characteristics, along with their tunable emission and high
photoluminescence quantum yield, also make QDs promising candidates for display
technologies such as QLEDs.

The optical properties of QDs not only depend on the core material but are also

significantly influenced by the band alignment of the core-shell structure. 2717
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Figure 1.5 Emission wavelength range of QD cores composed of various
semiconductor materials'®.

Based on the band matching relationship between the core and shell materials, QD
heterojunctions can be classified into three types. !°

Type I structure (such as CdSe/ZnS): In this configuration, the energy levels of
the shell are arranged such that both electrons and holes are spatially confined within
the central core region. This strong carrier confinement leads to high
photoluminescence quantum yields (typically > 80%). However, due to the significant
difference in lattice constants between the core and shell materials—for instance, a
mismatch of approximately 12% between CdSe and ZnS—strain and interfacial defects
can occur. To address this issue, a gradient or multi-shell architecture (such as
CdSe/CdS/ZnS) is often employed to alleviate the lattice-induced stress and improve
structural integrity.

Type II structure (such as CdSe/CdTe): The energy bands of the core and shell are

staggered, leading to the localization of electrons in the core and holes in the shell, with
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exciton recombination occurring at the interface. This structure can achieve a redshift
in the emission wavelength (such as the emission of CdSe/CdTe QDs being red-shifted
by about 50 nm compared to the CdSe core), but the separation of carriers reduces the
radiative efficiency.

Quasi-Type II structure (such as CdSe/CdS): The conduction band offset is small
(about 0.2 eV), with electrons partially delocalized to the shell while holes remain
localized in the core. This partial carrier separation characteristic balances efficiency
and wavelength tuning capability, making it suitable for optoelectronic devices

requiring wide spectral tuning.

Type | Type ll Quasi Type Il

e

2 A

Shell Shell Shell Shell Shell Shell

N
v il

ZnS CdTe Cds

CdSe CdSe CdSe

Figure 1.6 Energy level alignment of three heterostructures and typical core/shell QDs
with a CdSe inner core.
In addition, the luminescent properties of QDs are also influenced by surface state

density, ligand chemical environment, and external stimuli (such as temperature,
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electric field). For example, unpassivated CdSe cores are prone to trap excitons due to
surface dangling bonds, leading to a sharp decrease in PLQY; however, through shell
encapsulation and ligand modification, surface defects can be significantly suppressed,
enhancing device stability. Studies have shown that increasing the thickness of the ZnS
shell to 3-5 monolayers can improve the photostability of CdSe/ZnS QDs by more than
10 times.

In summary, the structure and optical properties of QDs are closely related. By
precisely controlling the core size, shell composition, and interface engineering, it is
possible to achieve high efficiency, narrow FWHM (20-35 nm), and wide color gamut
(>120% NTSC) luminescent performance, laying the foundation for their application

in fields such as QLEDs.

1.2.2 Cadmium-free and lead-free environment-friendly QDs

Since the proposal of QDs by A. L. Efros, a Soviet scientist, and L. Brus, M.
Bawendi, and other American scientists in the 1980s, various systems of QDs have
become relatively complete after more than 30 years of development. For new display
applications (visible light, narrow FWHM), mature research systems include the II-VI
group, III-V group, and perovskite nanocrystal (NCs) materials. Taking the most
representative II-VI QD material cadmium selenide (CdSe) as an example, when
synthesizing CdSe QDs, zinc sulfide (ZnS), zinc selenide (ZnSe), cadmium sulfide
(CdS) are usually introduced as shell layers to achieve core/shell or core/shell/shell

structures. Inorganic semiconductor shells wrapping around the core can passivate
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surface defects of the core and improve PLQY and stability of QDs. The outermost
layer of organic ligands can further passivate surface defects of QDs to ensure uniform
distribution in solution and thus improve the luminous efficiency and stability of
QLEDs. By strictly controlling the morphology of QDs through these means, adjusting
their size and chemical composition, and applying them to mature “sandwich” device
structures with carrier injection and transport layers between the QD emissive layer
(EML) and both electrodes, the external quantum efficiency (EQE) of QLEDs can reach
over 20%2%-23, Halide perovskite nanocrystals, such as CsPbBr3 and MAPbBr3, have
experienced rapid development due to their narrow FWHM visible light emission, low
cost, high color purity, and high PLQY. Additionally, the EQE of the device has also
reached over 20%2+25,

Significant progress has been made in QLED technology, but there are still
limitations. With increasing attention being paid to environmental protection and
human health, concerns have been raised over the use of certain QD materials that
achieve excellent performance—such as high PLQY and elevated EQE in QLEDs—
yet contain toxic heavy metals like cadmium (Cd) and lead (Pb). 2° In response to these
concerns, the European Union amended the Restriction of Hazardous Substances
(RoHS) directive in 2011, clearly restricting the incorporation of Cd and Pb in
electronic devices.?” As a further step, the European Commission enforced a regulation
from October 2019 that prohibits the sale of cadmium-containing televisions and
display panels within the EU market.?® These elements are known to pose significant

ecological risks and have been linked to serious health issues upon prolonged exposure.

10
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Therefore, exploring cadmium-free, lead-free luminescent materials for QDs becomes
an important consideration for the development of QLEDs.

Zinc selenide (ZnSe), its ternary tellurium alloy (ZnSeTe), and indium phosphide
(InP) are commonly used cadmium-free and lead-free quantum dot materials, which
excel at different emission wavelengths. Researchers usually adjust the synthesis
method to obtain quantum dots of different sizes, corresponding to different
wavelengths of luminescence, for display technology. They can achieve high
photoluminescence quantum yield (PLQY) and narrow full width at half maximum
(FWHM) while balancing environmental friendliness.

InP QD is very mature in obtaining vivid and narrow emission spectra in the green
and red spectral regions?’, exhibiting nearly uniform PLQY and high color purity close
to the Rec.2020 standard. And ZnSe QDs are introduced as a potential blue-emitting
material, doped with tellurium to achieve ideal wavelengths and band difference
reduction. The adjustment of Se/Te ratio effectively generated high emission and

narrow emission blue and green ZnSeTe QDs.

1.3 Quantum dot light-emitting diodes (QLEDs)

1.3.1 Display applications

The application of QDs in display technology primarily relies on their unique
photoluminescence (PL) and electroluminescence (EL) properties. These two types of

luminescent mechanisms correspond to different device architectures and technical

11
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routes, aiming to address the limitations of traditional display technologies while
enhancing color performance and energy efficiency. 3°

Photoluminescent displays excite QDs to emit light using an external light source,
with the core principle being to optimize display performance by utilizing the high color
purity and narrow emission spectra of QDs. Currently, the mainstream technologies
include Quantum Dot Enhancement Film (QDEF) and Quantum Dot Color Conversion
(QDCC) approaches:

LCDs QDE technology QDEF technology involves embedding red and green
QDs in a polymer film and integrating it with traditional liquid crystal displays (LCDs)
to significantly enhance color performance (Figure 1.7). Specifically, when blue LED
backlight passes through the QDEF, some of the blue light is absorbed by the QDs and
converted into red and green light, while the remaining blue light is mixed with the
converted light to form white light. This white light then passes through the liquid
crystal layer and color filters to generate RGB pixels. Advantages: The narrow FWHM
(20-35 nm) emission spectra of QDs can increase the color gamut from 72% NTSC in
traditional LCDs to 110% NTSC. Compatible with existing LCD production processes,
manufacturers such as Samsung and LG have achieved commercialization (e.g., QLED
TVs), with a 30% reduction in power consumption compared to traditional LCDs.
Limitations: Reliance on the backlight modulation of the liquid crystal layer leads to
approximately 95% light loss (mainly from the polarizer and filter). Pixel-level light

control is not achievable, resulting in a contrast ratio gap compared to OLEDs. 3!

12
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Display image Color filter liquid crystal layers backlight

Blue
Display image backlight

Blue micro-LED
or blue OLED

Figure 1.7 Diagrammatic representation of display structures: (a) a baseline LCD
module, (b) a QDEF-assisted design utilizing quantum dot film for improved color
rendering, and (¢) a QDCC-based system employing direct color conversion by

quantum dots.3°

QDCC technology abandons traditional color filters and directly deposits QD
pixels on blue micron-LED or OLED backlights. When the blue backlight is turned on,
the QD pixels absorb blue light and emit specific colors (red, green), without the
involvement of filters. Advantages: The structure is more simplified, and ultra-thin
designs (reduced thickness by more than 50%) can be achieved after removing filters
and liquid crystal layers. The self-luminescent nature supports pixel-level light control,
with a contrast ratio approaching infinity (comparable to OLEDs), and further reduced

power consumption. Stability of blue backlight are the challenges. Currently, the yield

13
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of high-efficiency blue micron-LEDs is low, and brightness decay may occur during
long-term operation. And patterned deposition of QD pixels: QDs need to be precisely
deposited at high resolutions (such as 10 um pixels for 4K displays), and existing inkjet
printing technology is difficult to meet the requirements for uniformity and precision.
About environmental stability: QDs exposed to high-brightness blue light may undergo
photobleaching, requiring the development of more stable encapsulation processes?!.

Electroluminescence (EL) is a key feature of QLED displays, where QDs emit
light directly when electrically excited, eliminating the need for a separate backlighting
source. This direct conversion of electrical energy into light offers several advantages
over traditional OLED technology. For instance, QLEDs can achieve up to 20% higher
color saturation, providing more vivid and lifelike colors. Additionally, QLED displays
are more energy-efficient, with power consumption as low as <1 W for a 6-inch panel,
which is significantly lower than that of OLEDs.

While the performance of cadmium-free and lead-free QLEDs has improved over
the past few years, especially through innovations in quantum dot synthesis and surface
chemistry, there still remains a notable gap compared to Cd-based QLEDs. Many
strategies have focused on optimizing the emitting materials themselves—for example,
by refining the core—shell structure or conducting ligand exchange—but further
enhancement of device-level performance is still essential.

In addition, optimizing the performance of the device is also very important.
Current existing research including structural and interface engineering, as well as

inspection of different device architectures, has identified key parameters responsible

14
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for improving QLED performance. These efforts have improved the
electroluminescence performance of QLED to a certain extent, but there is still room
for further improvement. For example, many studies have achieved high EQE of over
10% or even 20% by improving the performance of quantum dot emitting materials
through improved synthesis methods.

In addition to these technical advancements, the commercialization of QLED
technology also requires overcoming economic and manufacturing challenges. The
production of high-quality QDs and the development of cost-effective manufacturing
processes are crucial for the widespread adoption of QLED displays. As these
challenges are addressed, QLED technology has the potential to revolutionize the
display industry, offering consumers brighter, more colorful, and energy-efficient
displays for a wide range of applications, from smartphones and televisions to wearable

devices and large-scale digital signage.?%-32-3?

1.3.2 Device architecture and operation

A standard QLED adopts a multilayered “sandwich” structure (Figure 1.8):

Anode: Indium tin oxide (ITO) provides transparency and hole injection.

Hole Transport Layer (HTL): Materials like poly(3.4-
ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) or TFB ensure
efficient hole mobility (10%-107* cm?*/V-s) and energy alignment with the QD layer.

Emissive Layer (EML): A monolayer of QDs (e.g., CdSe/ZnS) with precise

thickness control (20—30 nm) to maximize exciton recombination.
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Figure 1.8 The fundamental structure and operating principle of QLEDs.

Electron Transport Layer (ETL): ZnO or TPBi facilitates electron injection, with
ZnO’s high mobility (0.01-0.1 cm?*Vs) favoring inverted device structures.

Cathode: Metals like Al or Ag complete the circuit.

Key challenges include interfacial energy barriers (e.g., ITO’s work function ~4.7
eV vs. QDs” HOMO ~6.0 eV) and charge imbalance. Advanced designs employ
interlayers like LiF or MoOs to lower injection barriers and hybrid HTL/ETL stacks to

balance carrier fluxes.

Materials for hole injection and transporting eled?oav:et'ri:r'lss;z'ning g"::‘;::;::’
04
-1 -
S21 8
@ -31 :
> 4 8
E) '5 = .5.7 L
(D 6 -5.2 5.1 53
b .
6.7
w7
-8
-9
-1 0 95 97

16



POLYTECHNIC UNIVERSITY
il B T A Chapter 1

Q THE HONG KONG
&

Figure 1.9 Energy level alignment of typical carrier transport layers (CTLs) and
electrode materials employed in QLED architectures*®4!

The configuration of QLED devices and the choice of carrier transport materials
are primarily determined by factors such as charge carrier mobility, interfacial energy
level alignment with QDs, and ease of fabrication. For instance, while PEDOT:PSS is
frequently adopted as a hole transport layer due to its good conductivity and solution
processability, its acidic nature can lead to device degradation over time. In contrast,
employing inorganic materials like ZnO for the electron transport layer—owing to its
high electron mobility—has been shown to significantly boost device efficiency and

has facilitated the widespread use of inverted device structures.*>-44

1.3.3 Challenges and innovations

One of the most important metrics used to evaluate device efficiency is the
external quantum efficiency, or EQE. EQE represents the ratio of photons emitted
externally to the number of charge carriers injected into the device. As such, it serves
as a comprehensive indicator of how well light is extracted, how efficiently carriers are
injected and transported, and how effectively excitons recombine.

Two major bottlenecks continue to limit EQE in Cadmium-free and Lead-free
QLEDs. The first is low light extraction efficiency, or LEE. Although photons are
efficiently generated within the QD layer, only a small portion is emitted by the device

as visible light. This is due to total internal reflection and optical confinement inside

17



Q THE HONG KONG
b POLYTECHNIC UNIVERSITY
& mism AR Chapter 1

the high-refractive-index layers. Theoretically, less than 20% of internally generated
light can be extracted without any optical structure. Specifically, waveguided modes
account for ~37% of optical losses, substrate modes for ~20%, and coupling into
surface plasmon polariton (SPP) modes causes further loss, particularly near metal
contacts. These mods significantly constrain the EQE, regardless of the internal
recombination efficiency.

The second bottleneck is the poor behavior of charge carriers. In QLED,
electroluminescence relies on the recombination of electrons and holes within the
quantum dot EML. However, if the energy levels on the interface are not aligned, or if
one carrier is injected or transported more efficiently than others, an injection
imbalance will occur, further affecting injection efficiency. In addition, non-radiative
recombination and other behaviors may also jointly affect internal quantum efficiency
(IQE).

In cadmium-free and lead-free QLEDs, carrier injection imbalance is most often
due to a large hole injection barrier and low hole mobility in the HTL. As a result,
excess electrons accumulate in the EML without sufficient holes to recombine with,
leading to increased non-radiative recombination, Auger effects, and spatial shift of the
recombination zone away from the optimal location. These effects reduce the IQE and
indirectly limit EQE.

EQE directly decides on these three factors, LEE, carrier injection efficiency,
and IQE. So, it is necessary to improve one or all of them together for enhancing the

overall device efficiency.
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1.3.4 Development of cadmium-free and lead-free environment-

friendly QLEDs

Through the optimization of light-emitting materials, device structure and in-depth
understanding of working mechanism, InP based QLEDs of red light and green light
continue to develop, with EQE exceeding 21.4% and 13.6% respectively, and there are
few reports of blue light InP QLEDs (As example below). In 2017, You and Deng
applied the synthesized high-performance blue InP / ZnS QDs with small core and thick
shell to the device, adopted the device structure of ITO / ZnMgO / QDs / CBP / MoO3
/ Al, and obtained the El peak at 488 nm, with FWHM of 45 nm (as shown in Figure

1.10)*. At a bias voltage of 10 V, a maximum brightness of 90 cd / m? was obtained.
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Figure 1.10 (a) Schematic of InP/ZnS QLED, and inset picture in (a) shows a blue
emissive QLED device. (b) EL spectra of the blue LED under different bias voltage.
(c) J-V-L curve of the QLED device. (d) A plot of EL peak area versus bias*’

In 2020, Shen and Du et al. Synthesized InP/gap/ZnS//ZnS multi shell blue QDs*.
The gap interlayer minimizes lattice mismatch and interface defects. The thicker ZnS
shell increases the stability of QDs, inhibits the fluorescence resonance energy transfer
between tightly packed QDs, and helps to improve the performance of blue light
devices. They applied this QD to the QLED device with ITO / PEDOT: PSS / TFB /
QDs / ZnO / Al structure, detected the EL peak at 488 nm and FWHM at 50 nm,
obtained 0.40% EQE and 3120 cd/m? brightness, and made a breakthrough in blue InP
QLEDs. They theoretically studied the change of density of states with shell thickness
to explore the driving mechanism of the excellent performance of thick shell QLEDs.
After further optimizing the shell thickness, EQE can be increased to 1.01% (as shown

in Figure 1.11-1.12).

Types of
-2.3 | InP/GaP/ZnS

Energy (ev)

Figure 1.11 Schematic diagram of the InP/GaP/ZnS//ZnS QLED structure and energy

level illustration of the QLED*¢
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Figure 1.12 Left: Variations of current density and luminance as a function of the
voltage. Right: Current efficiency and EQE as a function of the luminance. Two

QLEDs based on InP/GaP/ZnS QDs with thin and thick ZnS shells are considered*®
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Figure 1.13 Schematic illustration for the comparison of InP/ZnS QLED and

InP/ZnS/ZnS QLED carrier injection efficiency®’

Wang and Sun found that the remaining zinc stearate after QD purification would

hinder carrier injection in QLEDs devices. In order to solve this problem, increase the
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shell thickness of InP QDs and reduce the energy transfer between QDs, they added s-
top and Zn (OA)2 to continue to coat the ZnS shell. Excess s-top will react and remove
the remaining zinc stearate. After the reaction, the shell thickness increased by 2 nm,
and the thick shell InP / ZnS / ZnS QDs were more stable than the thin shell InP / ZnS
QDs. The hole injection of corresponding QLED devices (ITO)/ PEDOT: PSS / poly(9-
vinylcarbazole) (PVK) / QDs / ZnxMgixO NPs / Al structure) has been significantly
improved, and the maximum current efficiency, brightness and on voltage have been
significantly improved. The EQE has increased from 0.6% of InP / ZnS qled to 1.7%
of InP / ZnS / ZnS QLED (as shown in Figure 1.13) 4.

Kim et al. Selected the synthesized ternary InGaP / ZnSeS / ZnS blue QDs with
465 nm luminescence peak and 80% PLQY to prepare QLEDs devices. They obtained
469 nm El spectrum, 1038 cd/ m? brightness and 2.5% EQE, which is the best InP based

blue QLEDs device at present (as shown in Figure 1.14)*.
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Figure 1.14 (a) InGaP/ZnSeS/ZnS QLED device architecture, (b) cross-sectional
TEM image, and (c) energy band diagram of a multilayered blue-emissive InGaP
QLED*

There are two main reasons for the low efficiency of blue light InP QLEDs. On
the one hand, the surface defects of blue InP QDs are relatively more, and its PLQY is
lower; On the other hand, the hole barrier from the highest occupied molecular orbital
(HOMO) of the HTL to the top of the valence band of blue light QDs is large, carrier
injection is difficult, and the transmission efficiency is low. It needs to be further

improved by improving material properties and device structure optimization.
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Table 1.1 Some advances of blue InP QDs and QLEDs
PL peak FWHM QLEDs

Y D PLQY (°

cat QDs (nm) QY (%) (nm) EQE (%)
2008 InP/ZnS 480 60 90 /
2012 InP/ZnS 475 5 39 /
2017 InP/ZnS 477 76.1 43.7 /
2019 InP/ZnS 425 25 72 /
2000 | IPIGAPIZnSIT yee L) 81 45 1.01

7/nS

2020 | InP/ZnS/ZnS | 468 45 47 1.7
2020 InGal;/nZSnSGS/ 475-465 | 80-82 45-47 2.5

In addition, the development of green light InP devices in recent years is

summarized as follows.

Table 1.2 Recent advances of green InP QLEDs

Max
EL peak EQE
Year QDs (nlr)xf)a luminance (8) Reference
(cd m™2) °
2019 InP/GaP/ZnS 530 2938 6.3 Adv. Opt. Mater. 2019,
7, 1801602.
2019 InP/ZnMnS/ZnS 517 420 2.7 ACS Omega 2019, 4,
18961.
2020 InP/ZnSeS 545 1593 0.904 | Adv.Opt. Mater. 2020,
8, 1901362.
2021 InP/ZnSeS/ZnS 525 1836 7 Adv. Funct. Mater.
2021, 31, 2008453.
2021 InP/ZnSe/ZnS 540 / 16.3 Commun. Mater. 2021,
2,96.
2022 InP/ZnSe/ZnS 534 13445 9.3 ACS Energy Lett. 2022,
7,2247.
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2022 InP/ZnSe/ZnS 535 4955 7.8 J. Mater. Chem. C
2022, 10, 8192.
2023 InP/ZnSe/ZnS 535 18356 8.46 Nanoscale 2023, 15,
2837.

Before 2012, although there were some studies on the photoluminescence of ZnSe
nanocrystals, there were no reports on blue/ultraviolet-emitting ZnSe/ZnS QLEDs.
Xiang et al. first reported blue-violet QLEDs using ZnSe/ZnS core-shell QD solution
treatment®. They used QDs with a PL emission peak at 420 nm, a PLQY of 40%, and
an FWHM of 16 nm to prepare QLEDs. By adjusting the thickness of the HTL and the
QD EML, they further improved the charge balance within the device, ultimately
achieving an EQE of 0.65%, opening the door to research on ZnSe/ZnS blue-violet
QLEDs.

In 2013, Ji et al. used an inverted device structure to prepare deep blue-emitting
ZnSe/ZnS core/shell QD LEDs°. The QLED device had a turn-on voltage of 4.0 V, an
FWHM of 15 nm, and a high-color-purity deep blue emission peak at 441 nm. Its
maximum brightness and current efficiency reached 1170 cd/m? and 0.51 cd/A,
respectively.

In 2015, Shen et al. applied high-performance (PLQY above 48%) ZnSe/ZnS
core/shell QDs synthesized by the “low-temperature injection and high-temperature
growth” method to blue-violet (PL peak ~425.6 nm) QLEDs, achieving an EL spectral
FWHM of 21.6 nm, a brightness of 2632 c¢d/m?, and an EQE of 7.83%.! In terms of

device structure, the HTL chose PVK with a lower HOMO energy level (-5.8 eV)
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instead of TFB (-5.3 eV); the ETL used ZnO, which also acted as a hole-blocking layer,

better achieving energy level matching and carrier injection balance in the device.
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Figure 1.15 Schematic of a layered ZnSe/ZnS QLED device and the energy level

diagram for the various layers>!

With the development of ternary alloy ZnSeTe materials, blue light ZnSe QLEDs
have also encountered new opportunities. In 2019, Jang et al. prepared blue light
QLEDs using synthesized bilayer shell structure ZnSeTe/ZnSe/ZnS blue light QDs.
They used a full solution process and a device structure of ITO / PEDOT:PSS / PVK /
QDs /ZnMgO / Al. The relatively thick bilayer shell and the presence of the ZnSe inner
shell effectively suppressed non-radiative processes such as Forster Resonance Energy
Transfer (FRET) and Auger recombination, which were key factors in improving
device efficiency. The double-shell QDs emitted blue light at 441 nm, with a high
PLQY of 70% and a narrow FWHM of 32 nm. This QLED was also the first light-
emitting diode device based on ternary ZnSeTe QDs, with a peak brightness of 1195
cd/m?, a current efficiency of 2.4 cd/A, and an EQE of 4.2%, representing a

breakthrough in cadmium-free blue light QLEDs at the time. However, due to the wide
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bandgap of the material, hole injection was difficult, resulting in a relatively high turn-
on voltage for ZnSeTe blue light QLEDs. Similarly, in 2020, Park et al. synthesized
ZnSeixTex/ZnSe/ZnS deep blue light QDs and applied them to a device with the
structure of ITO / PEDOT:PSS / PVK / QDs / TmPyPB / LiF / Al to verify the
electroluminescent characteristics. The QLEDs device was also affected by hole
injection, resulting in a relatively high turn-on voltage of 5.13 V. The obtained
maximum brightness was 3200 cd/m?, the maximum current efficiency was 2.73 cd/A,
and the maximum EQE was 4.06%. The electroluminescent chromaticity coordinates
(0.151, 0.056) met the requirements of high-definition television, but for practical

applications, the working life is also a key issue that requires more research.>23

Figure 1.16 (a) ZnSeTe/ZnSe/ZnS QLED schematics (b) ZnSeixTex/ZnSe/ZnS

QLED Device structure.’>
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In October 2020, Kim et al. found that ZnCl: introduced during the QD synthesis
process can passivate surface defects more effectively than the original ligand OA. To
simultaneously improve charge injection, transport, and recombination, they
constructed a dual EML with a gradient Cl- content in the QLED. They used ZnCl2 to
perform a cleaning process on the original EML, achieving a greater degree of ligand
exchange, removing residual OA, and preparing an EML with a smaller OA content to
improve hole injection. After the cleaning process, the film’s PL characteristics
remained unchanged. The prepared dual EML QLED device increased the current
density by about 200 times and reduced the turn-on voltage to 2.6V. The optimized
EQE and brightness were significantly enhanced, reaching 20.2% and 88900 cd/m?,
respectively. The Tso extrapolated lifetime at 100 cd/m? brightness (acceleration factor

1.9) was 15850 hours, making it the best-performing blue light QLED reported to

date.>*
a -2 -
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Figure 1.17 (a) Energy-band diagram of the QLEDs. (b) Cross-sectional TEM

image (scale bar, 30 nm) of the QLED with double EML.>*
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Table 1.3 Recent advances of ZnSe (ZnSeTe) QLEDs
Max
EL k EQE
Year QDs (nlr)j )a luminance (3) Ref.
(cd m?) °
ACS Appl. Mat. Interfaces 2019,
2019 ZnSeTe/ZnSe/ZnS 445 359 4.2
11, 46062.
2020 ZnSeTe/ZnSe/ZnS / 88900 20.2 E. Jang, Nature 2020, 586, 385.
2020 ZnSeTe/ZnSe/ZnSeS/ 447 2904 95 ACS Energy Lett. 2020, 5, 1568.
7ZnS
2020 ZnSeTe/ZnSe/ZnS 450 3200 4.06 J Ind Eng Chem 2020, 88, 348.
2022 ZnSeTe/ZnSe/ZnS 455 4366 18.6 Chem. Eng. J. 2022, 429, 132464.
Adv. Mate. Interfaces 2023, 10,
2023 ZnSeTe/ZnSe/ZnS 445 332 5.46
2202241.
J. Phys. Chem. Lett. 2023, 14,
2023 | ZnSe:xTe/ZnSe/ZnS 458 / 5.7 5526
2023 ZnSeTe 460 / 18.16 Nano Res. 2023, 16, 5517.
Chemical Engineering Journal 489
2024 ZnSeTe/ZnSe/ZnS 463 13677 17.2
(2024): 151347.
ACS Applied Nano Materials 7.11
2024 ZnSeTe/ZnSe/ZnS 446 710 2.25
(2024): 13166-13172.
2025 | ZnSeTeS/ZnSe/ZnS 460 36850 24.7 Nature (2025): 1-6.

1.4 Potential contributions

In Summary, the demand for higher resolution, lower power consumption, and

environmentally friendly displays continues to grow globally.

However, current cadmium-free and lead-free QLEDs still fall short in terms of

efficiency and commercial viability, the overall device performance is hindered by two

fundamental limitations: low light extraction and poor carrier behavior.
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These challenges directly impact the key components of EQE: LEE and carrier
behavior, which are related to IQE and injection efficiency. The three parts of my work
and the strategies I propose also correspond to them. To achieve high EQE, both IQE
and LEE must be simultaneously optimized.

Therefore, the motivation for this work is to rooted in bridging the gap between
material advances and device-level performance. While previous efforts have greatly
improved QD synthesis and surface engineering, fewer studies have systematically
addressed how device architecture and interfacial physics can further enhance EQE.

This thesis introduces three strategies:

Enhancing light extraction through the use optical tunneling structures in low-SPP
devices that redirect trapped photons into outcoupled modes.

Improving hole injection by incorporating a molecular electric dipole layer at the
HTL/EML interface to mitigate energy barriers and promote charge balance.

Suppressing electron leakage by tuning interfacial band alignments and preventing
unwanted carrier overflow that leads to non-radiative loss.

This thesis explores cadmium-free and lead-free QLEDs with a focus on light
extraction and carrier behavior. Based on an analysis of the working mechanisms,
optimization strategies are proposed from both optical and electrical perspectives to
achieve improved light extraction and carrier balance. The optimized cadmium-free and
lead-free QLEDs exhibit higher EQE, making them more suitable for display
applications. The mechanisms and solutions proposed in this thesis are expected to

provide valuable insights for further advancements in the field.

30



Q THE HONG KONG
b POLYTECHNIC UNIVERSITY
& mism AR Chapter 1

1.5 Organization of the thesis

The thesis is divided into six chapters.

Chapter 1 introduces the research background, literature review, and research
goals.

Chapter 2 presents the simulation principles, experimental techniques, and
characterization methods.

In Chapter 3, the light extraction is investigated in QLEDs, analyzing the
transmission of light in various modes within the device and devising a comprehensive
strategy to enhance device efficiency. The experimental results further confirmed the
effectiveness of the design by validating the simulation results.

Chapter 4 presents the development of efficient cadmium-free and lead-free
QLEDs based on 2,2'-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-
TCNNQ) through interface engineering. A dipole layer was designed at the HTL/EML
interface to enhance hole injection, reduce energy barriers, and achieve improved
carrier balance.

Chapter 5 investigates the issue of electron leakage from green InP/ZnS QDs by
conducting comparative experiments on PL performance and observing electron
leakage phenomenon. Additionally, a simulation was performed to understand the
mechanism of electron leakage, which led to the proposal of introducing a LiF layer to

modify the ITO anode as a potential strategy.
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In Chapter 6, we summarized the key findings and suggested possible directions

for future studies.

32



Q THE HONG KONG
Q‘b POLYTECHNIC UNIVERSITY
il B T A Chapter 2

Chapter 2 Simulation and experimental
methodology

Firstly, cadmium-free and lead-free QLEDs were analyzed through theoretical
knowledge, and then simulation experiments were used to gain a deeper understanding
of the device and provide a basic design for optimization strategies. Especially in
determining the relevant process parameters. Finally, I will manufacture actual devices
and conduct optoelectronic performance tests to verify the effectiveness of the strategy
and the actual improvement effect of EQE.

Theoretical analysis combines optical physics, semiconductor physics, and
materials science. By understanding the interaction between quantum dots and device
materials, I can model key processes like carrier dynamics and light extraction. This
helps identify the fundamental challenges in improving LEE and balancing carrier
injection.

For simulations, I mainly used Setfos, a software tool for optical and electronic
modeling for QLEDs. The software can provide a basic design for optimization
strategies. Based on the drift diffusion model, simulate charge transfer and carrier
recombination within QLEDs. In addition, device structures are designed with optical

modes analysis to enhance light extraction.
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In the design and simulation experiments, I also incorporate thin-film testing
within the device to make the optimization strategy more effective.

After determining the optimization strategy through simulation experiments, I will
fabricate the actual device and perform optoelectronic performance testing to verify the
effectiveness of the strategy and the improvement effect of EQE. I also conduct
multiple rounds of experiments to optimize the actual process.

The detailed experimental methods used or guided are as follows.

2.1 Multiscale simulation and theoretical analysis

The design and optimization of QLED devices require a comprehensive
consideration of various physical phenomena, including optics, electronics,
thermodynamics, and more. Computational simulations and theoretical analyses
provide important tools for understanding device operation principles, predicting
device performance, and guiding device design. The optical extraction and carrier
behavior studied in this paper primarily involve optical and electrical physical
phenomena. The main computational simulation methods used are multi-scale
simulations for optical mode optimization and multi-physics field modeling for carrier

dynamics.

2.1.1 Optical mode optimization and multi-scale simulation
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The light extraction efficiency of QLED devices is one of the key factors affecting
device performance. To improve light extraction efficiency, it is necessary to optimize
the optical modes of the device. Multi-scale simulation methods can effectively analyze
the interactions between photons, excitons, and carriers within the device, and study
the relationship between microcavity effects and light extraction efficiency.

COMSOL Multiphysics is a multi-physics simulation software that can be used to
simulate physical phenomena such as electromagnetic fields, fluids, structures, and
chemistry. By coupling electromagnetic field (Maxwell's equations) with carrier
transport models, COMSOL can simulate the interactions between photons, excitons,
and carriers in QLEDs, and analyze the impact of microcavity effects on light extraction
efficiency. For example, it can study the influence of QD layer thickness, QD spacing,
dielectric layer refractive index, and other factors on light extraction efficiency.

In COMSOL Multiphysics, optical mode optimization is performed. First, a device
structure model needs to be established, defining material parameters, boundary
conditions, etc. Then, appropriate physical field interfaces are selected, such as
electromagnetic field interfaces, carrier transport interfaces, etc. Next, a solver is set up,
such as a steady-state solver, a transient solver, etc. After running the solver, the optical
characteristics of the device can be calculated, such as light field distribution, light
extraction efficiency, etc. Finally, post-processing is performed to analyze the

simulation results and optimize the device structure parameters.3>->
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The finite-difference time-domain (FDTD) method numerically solves Maxwell’s
equations in three-dimensional space, enabling precise modeling of light propagation,
scattering, and resonance effects in QLEDs. By discretizing the device structure into a
spatial grid, this approach captures the interaction between light and nanostructured QD
layers, particularly for optimizing microcavity effects and photon extraction efficiency.
Material dispersion models are incorporated to account for wavelength-dependent
refractive indices, ensuring accurate predictions of optical modes across visible to near-
infrared spectra.

Additionally, machine learning techniques can be used to accelerate the
optimization process of device structure parameters. For example, genetic algorithms
or Bayesian optimization methods can be employed, based on initial data from Setfos
and FDTD, to automatically screen for the optimal device structure parameters, such as
layer thickness, refractive index gradients, etc. This approach can significantly shorten
the design cycle and improve device performance.

In machine learning-assisted optimization, it is first necessary to collect simulation
data from Setfos and FDTD, including device structure parameters and light extraction
efficiency, etc. Then, appropriate machine learning models are selected, such as genetic
algorithms, Bayesian optimization, etc. After training the machine learning model with
simulation data, the trained model can be used to automatically screen for the optimal
device structure parameters. Finally, the optimization results are validated using new

simulation data, and adjustments are made as needed.
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2.1.2 Multi-physics field modeling of carrier dynamics

The carrier dynamics of QLED devices are important factors affecting device
efficiency and stability. Through multi-physics field modeling, the behavior of carriers
in the device can be studied, and factors influencing carrier dynamics can be analyzed.

Setfos Software is a specialized tool for simulating semiconductor devices,
capable of modeling carrier dynamics, optical properties, thermal characteristics, and
more. Setfos' greatest advantage lies in its extensive library of physical models and
user-friendly interface, making it convenient for users to perform device simulations
and analyses.

The development history of Setfos dates back to 1998, when it was developed by
the Fraunhofer Institute for Silicon Technology (ISiT) in Germany. Over time, Setfos
has been continuously updated and improved, with the addition of many new features
and models, including optical models, thermal models, new material models, and user
interface enhancements. In this paper, the focus is on the optical models. Initially,
Setfos primarily concentrated on carrier dynamics simulations, but it gradually
incorporated optical models, such as ray-tracing-based models and FDTD models, for
analyzing device optical properties.>’

The Drift-diffusion-Poisson model in Setfos can simulate carrier transport
processes in devices, including drift, diffusion, and recombination. This model

considers the electric field effect, concentration gradient effect, and recombination
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effect of carriers, accurately simulating the carrier dynamics characteristics of devices.
Setfos can also simulate optical properties of devices, such as light absorption, emission,
and extraction. It offers various optical models, including ray-tracing-based models and
FDTD models, for analyzing device optical properties. Additionally, Setfos can
simulate thermal properties of devices, such as heat conduction and radiation. It
provides various thermal models for analyzing device thermal properties and studying
thermal stability. Setfos can also be coupled with other simulation software, such as
COMSOL Multiphysics and FDTD Solutions, enabling multi-physics coupled
simulations for a more comprehensive analysis of device performance.

The process for simulating carrier dynamics in Setfos is as follows: First, a device
structure model needs to be established, defining material parameters, boundary
conditions, etc. Then, appropriate physical field interfaces are selected, such as drift-
diffusion-Poisson interfaces, optical interfaces, and thermal interfaces. Next, a solver
is set up, such as a steady-state solver or a transient solver. After running the solver, the
carrier dynamics characteristics, optical properties, and thermal properties of the device
can be calculated. Finally, post-processing is performed to analyze simulation results,
such as carrier concentration distribution, current density distribution, light field

distribution, and temperature distribution.
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Figure 2.1 Workflow simulation for QLED/OLED or other devices using Setfos.

The Monte Carlo particle tracking method can be used to simulate the scattering
paths of carriers within the QD layer. Combined with the distribution of defect states,
the Monte Carlo method can predict the proportion of non-radiative recombination and
analyze the impact of defect states on device performance. For example, it can study
the influence of QD size, shape, surface roughness, and other factors on carrier
dynamics.>®

In Monte Carlo simulations, a QD layer structure model must first be established,
defining the size, shape, surface roughness, and other parameters of the QDs. Then, the
density and energy levels of defect states are defined. Next, the scattering paths of
carriers within the QD layer are simulated, including elastic scattering and inelastic
scattering. Finally, the probability of non-radiative recombination between carriers and
defect states is calculated, and the characteristics of carrier dynamics, such as carrier

concentration distribution and non-radiative recombination ratio, are analyzed.
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Computational simulations and theoretical analyses are important tools for the
research and development of QLED devices. Through multi-scale simulations for
optical mode optimization and multi-physics field modeling for carrier dynamics, it is
possible to effectively understand the operating principles of devices, predict device
performance, and guide device design, thereby enhancing the performance and stability

of QLEDs.

2.2 Materials and interface characterization techniques

2.2.1 Structural and morphological analysis

The structure and morphology of each functional layer are crucial to their
performance in QLED devices. To gain a deep understanding of the properties of these
films, structural and morphological analyses are necessary. Besides atomic force
microscopy (AFM) and transmission electron microscopy (TEM), Scanning Electron
Microscopy (SEM) is more commonly used in this thesis.

SEM is a surface morphology analysis technique used to observe the surface
morphology and cross-sectional structure of QD films and devices. The imaging
principle of SEM involves scanning the sample surface with a focused electron beam.
As electrons interact with atoms in the sample, secondary electrons (SE) and

backscattered electrons (BSE) are produced. SE images can be used to observe the
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surface morphology of the sample, such as the size, shape, and surface roughness of
particles. BSE images can be used to observe the composition of the sample, such as
the interfaces between different materials and defects within the material.

The resolution of SEM can reach the nanometer level, allowing for the observation
of fine structures on the sample surface. SEM can also be used for elemental analysis,
such as analyzing the elemental composition and distribution within the sample. In my
work, the main SEM instrument used is the Zeiss GeminiSEM 300, which has basic
parameters including high resolution (up to 1.0 nanometers), an acceleration voltage
range of 30 kV to 3 kV, and a high-sensitivity electron beam detector, providing

excellent surface morphology and compositional analysis capabilities.>*-%
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Figure 2.2 (a) The working principle diagram and (b) equipment diagram of SEM.
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2.2.2 Optical and electronic property characterization

In the research and optimization of QLED devices, accurate characterization of
the optical and electronic properties of QD films is crucial. To deeply understand the
photoelectric conversion mechanism of the devices and improve their performance, we
have adopted various characterization techniques, including UV-VIS-NIR
spectroscopy, PLQY measurement, and ultraviolet photoelectron spectroscopy (UPS)
analysis.

UV-VIS-NIR spectroscopy is a non-destructive analytical method that provides
detailed information about the band gap and optical density of QD films by measuring
their absorption and transmission spectra. These data are essential for evaluating the
luminescent properties of QD materials and their potential applications in QLED
devices. Additionally, this technique is used to assess the transparency of electrode
materials (such as ITO) and the efficiency of light output structures. Specifically, by
analyzing the light absorption in certain wavelength ranges, we can infer the band
structure of the QD films, which guides the design and optimization of the device

structure.6!-62
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Figure 2.3 (a) The working principle diagram and (b) equipment diagram of UV-VIS-

NIR spectroscopy.

The fluorescence test system is built by the laboratory, which is composed of laser,
spectrometer, integrating sphere and optical fiber. The light emitted by the laser enters
the integrating sphere through the optical fiber. After multiple diffuse reflections, the
interior of the integrating sphere is evenly irradiated on the sample. The fluorescence
emitted by the sample is detected by the spectrometer through the optical fiber after
multiple diffuse reflections, so as to obtain the fluorescence spectrum.

The measurement of photoluminescence quantum yield (PLQY) quantifies the
radiative recombination efficiency of QD materials. PLQY is determined by comparing
the number of emitted photons to the number of absorbed photons, and this metric is
decisive for evaluating the quality of QD materials and their potential application value
in high-efficiency QLEDs. During the experiments, we used a precise optical system to

collect the luminescent signals of the QD films under excitation light and calculated the
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PLQY values through calibrated detectors. High PLQY values typically indicate lower
non-radiative recombination pathways, which are crucial for achieving efficient
photoelectric conversion. In my work, HAMAMATSU spectrometer is used for

absolute PLQY measurement.3-:4
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Figure 2.4 (a) The working principle diagram and (b) equipment diagram for PLQY

measurement.

Ultraviolet Photon Spectroscopy (UPS) is a spectroscopic technique utilized for
the investigation of the electronic structure of materials, particularly focusing on the

band structure and electron density of material surfaces. This method predominantly
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employs ultraviolet photons to stimulate electrons within the sample and measure their
kinetic energy in order to acquire insights into the material's electronic structure. In
UPS, ultraviolet photons (typically with energies ranging from 10-100 eV) are directed
onto the surface of the sample, possessing sufficient energy to excite valence band or
shallow electrons in the material, leading them to surpass the material's work function
and emerge from its surface as photoelectrons. These stimulated photoelectrons are
gathered by an energy analyzer which scrutinizes their distribution of kinetic energy.
The kinetic energy of photoelectrons is correlated with their initial energy and the work
function of the material.

The relationship between the kinetic energy of photoelectrons (E}) and the energy
of incident photons(hv) can be expressed as:

Ey, = hv — (Eg + D),

where Ej represents the kinetic energy of photoelectrons, hv denotes the
energy of incident photons, Ep signifies the binding energy of electrons, and @
indicates the work function of the material.

By measuring the kinetic energy of photoelectrons, it is feasible to calculate the
binding energy of electrons in a material, which reflects their original state energy
within that material. The distribution of binding energies offers valuable insights into
the electronic density of states, band structure, and Fermi level in materials.

UPS is widely utilized in the fields of materials science, surface science, and

semiconductor research. UPS is commonly employed for analyzing the surface

45



THE HONG KONG
Qb P()IY]}( IlNl( UNIVERSITY
Al TREE Chapter 2

electronic states of metals, semiconductors, and insulators to provide information on
surface state density, energy positions, and differences from bulk states. Secondly, UPS
can accurately measure the work function of materials, which is a key parameter for
understanding material surface chemical properties, electron emission capabilities, and
contact potential differences. Thirdly, when studying thin films and interfaces, UPS
aids in understanding changes in electronic structure at interfaces such as band
alignment and interface state formation. In addition, UPS can be employed to
investigate the adsorption behavior of gases or molecules on material surfaces and
comprehend how adsorbates impact the electronic structure of surfaces. Moreover, in
semiconductor device development, UPS is used to examine band bending at
semiconductor surfaces, surface states, and barrier formation when in contact with
metals. Overall, ultraviolet photoelectron spectroscopy offers detailed insights into the
electronic state density, band structures, and work functions of material
surface/interfaces through analysis of emitted photoelectrons' kinetic energy
distribution from material surfaces. This information is essential for understanding the
physical and chemical properties of materials.5>-%

In my work, the Thermo Scientific Nexsa X-ray Photoelectron Spectroscopy (XPS)
is primarily used for UPS testing of films, known for its high resolution and precise
energy calibration. During the testing process, a 150 W argon plasma source is used for

sample surface cleaning, and monochromatized Al Ka radiation (1486.6 V) is used as

the excitation source to obtain electron energy spectrum information from the valence
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band edge to about 20 eV above, thereby providing a detailed analysis of the film's

electronic structure and work function.
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Figure 2.5 (a) The working principle for UPS measurement and (b) equipment

diagram for XPS.

In summary, by comprehensively employing UV-VIS-NIR spectroscopy, PLQY
measurement, and UPS analysis, we are able to fully characterize the optical and
electronic properties of QD films, providing a solid experimental foundation and

theoretical guidance for the design and performance optimization of QLED devices.

2.2.3 Dynamic and in situ characterization

In the research of QLED devices, dynamic and in-situ characterization techniques
provide key information for understanding the behavior of the devices under operating

conditions. These techniques can monitor the performance changes of the devices in
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real-time, reveal the carrier dynamics process, and evaluate the interface quality, thus
providing direct experimental evidence for device optimization.

Time-resolved photoluminescence (TRPL) is a technique used to measure the
decay dynamics of excitons in QDs, distinguishing between radiative and non-radiative
recombination pathways. Through TRPL, we can identify defect states and quantify
their impact on device performance. Specifically, when the excitation light source
illuminates the QD film, excitons form and subsequently decay within a short time
frame. TRPL technology records the time-resolved signals of this process, helping us
understand the lifetime and recombination mechanisms of excitons, which is crucial for
improving the efficiency and stability of QLED devices.

In-situ ellipsometry provides a method for real-time monitoring of film thickness
and optical properties, especially during the film deposition process. The application of
this technique ensures precise control over layer uniformity and interface quality.
Through in-situ ellipsometry, we can obtain changes in optical constants at each stage
of film growth, allowing for real-time adjustments to deposition parameters to achieve
optimal layer structure and performance. More importantly, we use it to obtain the
optical characteristic parameters of the thin film to support simulation experiments.

In addition, we have also utilized two methods in the research from QD to thin
films, and finally to devices. Although the final results did not demonstrate or support
the conclusions in this paper, they played a significant role in identifying problems,

proposing ideas, and designing strategies. In terms of nanoscale electrical mapping,
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Conductive Atomic Force Microscopy (C-AFM) and Kelvin Probe Force Microscopy
(KPFM) are two powerful tools. C-AFM maps local current paths by scanning the
device surface under bias conditions, identifying "dead zones" where carrier traps are
located. These "dead zones" may be caused by interface inhomogeneities between the
ETL and the QD layer. C-AFM technology can accurately locate these areas, providing
guidance for improving interface characteristics.

KPFM quantifies the band bending at heterojunctions by measuring the surface
potential under illumination, providing direct evidence of charge transfer efficiency.
Band bending is a key factor in charge injection and transport. The measurement results
of KPFM help us understand the behavior of charges at interfaces and how to improve

charge injection efficiency by adjusting interface characteristics.
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Figure 2.6 The working principle diagram of (a) C-AFM and (b) KPFM.
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In summary, the combined use of dynamic and in-situ characterization techniques

not only provides detailed information about the operation of QLED devices but also
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reveals the underlying mechanisms affecting device performance, pointing the way for

further optimization.

2.3 Thin-film deposition techniques

2.3.1 Spin-coating

Spin-coating is a commonly employed technique for the preparation of thin films,
involving high-speed rotation of the substrate to achieve uniform coating of liquid
materials and formation of a consistent thin film. Due to its simplicity, cost-
effectiveness, and ability to control film thickness, spin-coating finds widespread
application in microelectronics, optical devices, coatings, and organic electronic
devices.

The working principle of spin coating involves a series of essential steps. Initially,
the liquid coating material is dispensed onto the center of a smooth solid substrate, such
as a silicon wafer or glass. As the substrate rapidly rotates, the coating material spreads
outward due to centrifugal force, covering the entire surface. The speed and duration of
rotation are critical in determining the thickness of the resulting thin film. Excess
coating material is expelled during spinning, resulting in a uniform thin film on the
substrate. Subsequently, solvents gradually evaporate during or after spin coating,
leaving behind a solid-state thin film. By controlling environmental conditions such as

temperature and humidity, it is possible to optimize solvent evaporation rate and ensure
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film uniformity. In some cases, additional heat treatment may be necessary to cure the
film and improve its physical and chemical properties. Overall, this process enables
precise control over thin film deposition on various substrates for applications in fields
such as microelectronics and optics.

The thickness of the film is primarily influenced by several key factors. Firstly,
the rotation speed significantly impacts film thickness, with higher speeds resulting in
thinner films due to increased centrifugal force dispersing more coating material onto
the substrate surface. Additionally, viscosity of the coating liquid also affects film
thickness, with higher viscosity leading to thicker coatings. Viscosity can be adjusted
by altering solution concentration or using different solvents. Furthermore, extended
rotation time typically further reduces film thickness as more solvent has sufficient time
to evaporate. Lastly, the volatility of the solvent also plays a role, as solvents with

higher volatility evaporate more rapidly and potentially result in thinner coatings.

-

i

Deposition Spm-up
' % l (d) |§\ ;]
Spin-off Evaporation

Figure 2.7 Spin-coating method for depositing thin films®’
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2.3.2 Thermal evaporation

Thermal evaporation is a well-established physical vapor deposition (PVD)
technique widely employed for thin-film deposition on various substrates. This method
involves heating a solid material, often a metal or organic compound, to its evaporation
temperature, resulting in the material's transition to a gaseous state. The vaporized
material then condenses on the substrate surface, forming a thin film. Due to its
operational simplicity, cost-effectiveness, and versatility in handling a broad range of
materials, thermal evaporation is extensively used in the fabrication of microelectronics,
optical devices, and thin-film solar cells.

In the thermal evaporation process, the solid material, referred to as the target, is
placed in a vacuum chamber equipped with an evaporation source, such as a resistive
heating boat, electron beam heater, or arc heater. As the target material is heated, it
reaches its evaporation temperature, causing it to transition from a solid or liquid state
to a gaseous phase composed of atoms or molecules. Once the vapor pressure of the
material is sufficient, these particles escape from the target surface and enter the
vacuum chamber's gas phase, where they travel freely due to the low density of gas
molecules in the vacuum environment. The evaporated particles eventually reach the
substrate surface, where they condense and form a uniform thin film. The film's

thickness can be controlled by adjusting the evaporation time, target temperature, and
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substrate distance. To promote the uniform growth of the film, the substrate is often
kept at a lower temperature during the process.

The vacuum environment, typically maintained between 10"-6 and 10"-9 Torr,
plays a crucial role in the thermal evaporation process. It minimizes the likelihood of
collisions between the evaporated material and air molecules, ensuring that the particles
directly reach the substrate. Moreover, the vacuum prevents oxidation or other
undesirable chemical reactions that could degrade the film's quality.

Thermal evaporation has a wide range of applications. In microelectronics, it is
used to fabricate metal interconnect layers, electrode materials, and protective coatings
for integrated circuits. In optics, it is employed to deposit thin films for mirrors, filters,
and anti-reflective coatings on lenses. By carefully layering these films, specific optical
properties, such as high reflectivity or selective wavelength transmission, can be
achieved. In the realm of solar cells, thermal evaporation is used to deposit light-
absorbing layers and transparent conductive oxides, such as indium tin oxide (ITO),
which enhance photovoltaic conversion efficiency. Additionally, thermal evaporation
is integral to the production of organic electronic devices. Furthermore, this technique
is utilized for surface modification, where a protective thin film is deposited to enhance
the wear resistance, corrosion resistance, or other surface properties of materials. In my
works, the anode Al of the QLEDs and the functional layers in the optimization scheme

are often deposited by evaporation coating.
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Figure 2.8 (a) The working principle and the (b) equipment for thermal evaporation.

Despite its numerous advantages, such as ease of operation, the ability to produce
high-purity films, and broad material compatibility, thermal evaporation has certain
limitations. The uniformity of the film thickness can be challenging to maintain,
especially on large substrates, due to the linear deposition path of the evaporated
material. Additionally, the technique may not be suitable for materials with very high
evaporation temperatures, such as refractory metals or certain compounds. The process
also requires considerable energy, particularly when high-temperature evaporation
sources are employed.

In summary, thermal evaporation remains a versatile and widely used thin-film
deposition technique. By precisely controlling the evaporation conditions, it is possible

to achieve uniform and pure thin films on various substrates, meeting the demands of

diverse fields.%8:6°
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2.3.3 Magnetron sputtering

Magnetron sputtering is a sophisticated technique used in thin-film deposition,
operating under the principles of PVD to create films on substrate surfaces. In the
magnetron sputtering process, ions bombard a target material, causing atoms or
molecules from the target to be ejected and subsequently deposited onto the substrate.
Magnetron sputtering control involves real-time monitoring and regulation of this
process to ensure the quality and characteristics of the deposited film meet the desired
specifications.

The magnetron sputtering process begins within a vacuum chamber, where a high-
voltage electric field ionizes an inert gas, typically argon (Ar), into plasma. The ionized
argon atoms are accelerated by the electric field and directed towards the target material.
When these high-energy argon ions collide with the target, they dislodge atoms or
molecules from the target's surface. These ejected particles, now possessing significant
kinetic energy, travel through the chamber and deposit onto the substrate, which could
be a silicon wafer, glass, or other materials, forming a thin film.

Magnetron sputtering control technology plays a critical role in this process. It
involves the continuous monitoring of various parameters during deposition, such as
target temperature, plasma characteristics, deposition rate, and film thickness. By
closely observing these factors, the state of film growth can be accurately assessed in

real-time. This monitoring allows for feedback-based adjustments to the magnetron

55



THE HONG KONG
Qb P()IY]}( IlNl( UNIVERSITY
Al TREE Chapter 2

sputtering conditions, such as modifying the pressure of the working gas, adjusting the
sputtering voltage or current, to stabilize the deposition process and achieve the desired
film properties.

The ability to control film characteristics through precise magnetron sputtering
parameter adjustments is essential for tailoring the thin film to specific application
requirements. These characteristics include film thickness, grain structure, surface
morphology, stress state, and chemical composition. Such control is vital for ensuring
that the film exhibits the necessary properties for its intended use, whether it be optical
performance, electrical conductivity, hardness, or other critical attributes.5%7°

In my work, the Kurt J. Lesker magnetron sputtering system, which I primarily
use, features precise pressure control and sputtering rate adjustment capabilities. Its
parameters include a maximum sputtering power of up to 300 watts, a base vacuum
level in the sputtering chamber of up to 10”-8 torr, and multiple target positions for the
growth of multilayer films. In this system, we deposit ITO (indium tin oxide) films
through the magnetron sputtering process. This process involves high-energy argon
ions impacting the target, sputtering indium and tin atoms from the target surface,
which then deposit on the substrate to form a uniform and transparent conductive layer.

This is crucial for enhancing the transparency and conductivity of the electrodes in

QLEDs.
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Figure 2.9 (a) The working principle and the (b) equipment for magnetron sputtering.

2.4 Device fabrication and characterization
2.4.1 Multilayer device fabrication and characterization

The fabrication of QLEDs typically involves the construction of a multi-layer
structure, where each layer serves a specific function, working together to achieve
efficient photoelectric conversion. The design of this multi-layer structure is key to
the QLED device's ability to emit bright and stable light. The following is a detailed
description of the functions of each layer and their preparation processes in QLEDs.

Firstly, the anode layer forms the foundation of the QLEDs, typically made of a

transparent conductive oxide such as ITO (indium tin oxide). The transparency and
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conductivity of the ITO layer ensure good hole injection efficiency, providing the
necessary charge carriers for the entire device. The deposition of the ITO layer is
usually achieved through magnetron sputtering, a method that can form uniform and
strongly adherent films on the substrate.

Next is the HTL, commonly made from materials like PEDOT:PSS and PVK.
These materials are responsible for effectively transporting holes injected from the
anode while blocking electron penetration, thus improving the device's efficiency. The
preparation of the HTL layer is typically done using spin-coating, a simple and cost-
effective method that quickly forms uniform films.

Above the HTL layer is the QD EML, the core part of the QLED device. The EML
consists of QDs, which emit light when electrons and holes recombine. The deposition
of the QD layer is also typically done using spin-coating, but requires precise control
of thickness and uniformity to ensure good luminescent performance.

Following the EML layer is the ETL, commonly made from materials like ZnMgO.
It not only effectively transports electrons but also forms a good energy level match
with the QD layer, promoting efficient recombination of electrons and holes in the QD
layer. The deposition of the ETL layer is typically done using vacuum evaporation or

sputtering, techniques that provide high purity and quality films.
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Figure 2.10 QLED multilayer structure.

Finally, the cathode layer is composed of metal electrodes such as aluminum (Al)
or silver (Ag), used for electron injection. The deposition of the metal cathode is also
done using vacuum evaporation, a technique that can precisely control the thickness of
the film, thus optimizing electron injection efficiency.

After the deposition of each layer, annealing is typically performed to improve the
quality of the films and the interfacial contact between layers. The annealing process
can eliminate stress in the films and promote intermolecular interactions, thus
improving the performance of the entire device.

In summary, the multi-layer preparation of QLED devices is a precise and
complex process involving various deposition and post-treatment steps. Through
careful design and preparation of each layer, we can construct high-performance QLED

devices that achieve efficient and stable light emission.”!-7?
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Figure 2.11 (a) The working principle diagram and (b) equipment diagram of HIM.

Helium Ion Microscopy (HIM) is a revolutionary imaging technology. This
equipment uses a high-speed helium ion beam instead of the traditional electron beam,
and because its wavelength is shorter than that of an electron beam, it can provide
higher spatial resolution, reaching the sub-nanometer level. The Zeiss Orion NanoFab
not only has high-resolution imaging capabilities but also integrates nanofabrication
functions, allowing a series of operations from imaging to fine processing to be
completed on the same device. Its working principle is based on the secondary electron
signals produced by the interaction between helium ions and the sample, which are
captured by a highly sensitive detector and converted into high-contrast images, thus

enabling detailed analysis of the sample surface and cross-section.
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In my work, the advanced technology of the Zeiss Orion NanoFab has been
applied to the cross-sectional imaging of QLEDs. Using its unique helium ion beam,
we are able to obtain ultra-high-resolution images of the internal structure of QLED
devices, which clearly show each layer from the anode to the cathode, including the
transparent conductive oxide layer, HTL, QD EML, ETL, and metal electrodes.
Through this imaging technology, we can not only observe the microscopic structure
of the device but also accurately measure the approximate thickness of each layer and
evaluate the quality of the interfaces between layers. Additionally, the nanofabrication
capabilities of HIM allow us to make fine modifications to the sample when necessary,
optimizing device performance. Combined with these characterization data, we can
gain a deeper understanding of the working mechanism of QLED devices and provide

key guidance for their design and fabrication.

2.4.2 Device performance characterization

In the research and development of QLEDs, precise characterization of device
performance is crucial. It not only helps us evaluate the actual performance of the
device but also reveals the internal working mechanisms, providing guidance for
performance optimization.

The device efficiency testing system for EQE consists of an Ocean Optics
spectrometer, a Keithley digital source meter, optical fibers, a NEWPORT 1936-R

optical power meter, and a NEWPORT 918D-IG optical probe. The digital source meter
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provides the driving voltage, the spectrometer obtains the electroluminescence
spectrum, and then the optical power meter and optical probe collect real-time light

power.

()

QLE

Photodiode

Figure 2.12 Device photoelectric characteristics testing system.

For QLEDs, we need to test radiation brightness, external quantum efficiency, and
current-voltage curves. The current-voltage curve can be obtained directly from the
Keithley source meter. Meanwhile, radiation brightness and EQEneed to be calculated
from the optical power and current. EQEis defined as the ratio of the number of emitted
photons to the injected electrons in a unit time, i.e., 1(V)/|e|. Here, I(V) refers to the

current through the QLED under applied bias voltage V. We can express it as equation:

g ()]%) = eVl o 100

1(r)
In the formula, Nyp,:(V) represents the actual number of emitted photons

collected by a photodiode in unit time; g represents the ratio of the actual number of

emitted photons from a near-infrared QLED to the actual number of collected photons.
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The actual number of photons collected in unit time can be obtained by dividing
the power by the energy of a single photon:

P
N. (V)=
o (V) hel A

In the formula, P represents the real-time power (W) collected by the optical power
meter; h stands for Planck's constant (4.16 X 10715 eV - S); ¢ represents the speed
of light in vacuum (3 X 108m/s); and A denotes the position (nm) of the
electroluminescent peak collected by the spectrometer.

Assuming the near-infrared QLED behaves as a Lambertian source (i.e., with
uniform radiance in all directions and a divergence angle of m), the geometric factor g
is given by equation:

_a+r
g_ az

In the formula, a represents the radius (in mm) of the active region of the
photodiode; L represents the distance (in mm) between the emission area of the QLED
and the active region of the photodiode.

Radiance (Le) is defined as the radiant flux per unit area and unit solid angle in

that direction:

Le=£
S

In the equation, S represents the area of the emission region of a QLED (m?).
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The Current-Voltage (I-V) characteristic curves are obtained through source meter
measurements, providing important information for evaluating the electrical behavior
of QLED devices. During the measurement process, the source meter applies different
voltages to the device while measuring the current through it. The resulting -V curves
reveal key parameters such as the turn-on voltage, series resistance, and leakage current
of the device. The turn-on voltage is the voltage at which the device begins to conduct,
reflecting the threshold for electron injection into the device. Series resistance is related
to the internal resistance of the device and affects its power efficiency. Leakage current
is the current that flows through the device when it is off, usually associated with device
defects and interface states.

Capacitance-Voltage (C-V) analysis is a technique used to study carrier
distribution and interface states in QLED devices. Through C-V measurements, we can
obtain information about the internal electric field distribution and charge accumulation
in the device, which is crucial for understanding the charge transport mechanism. In C-
V measurements, different voltages are applied to the device, and its capacitance
response is measured. Changes in capacitance reflect the accumulation and depletion
of carriers in the device, helping us identify bottlenecks in charge transport. For
example, if the capacitance curve shows abnormal shifts or peaks, this may indicate the
presence of interface defects or charge traps, both of which can affect device

performance.
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Figure 2.13 C-V measurement system
In summary, through comprehensive characterization of cross section, EQE, I-V
characteristics, and C-V analysis, we can gain a comprehensive understanding of the
performance of QLED devices, identify potential issues, and provide scientific basis
for device design and fabrication. The application of these characterization techniques

is of great significance for advancing the commercialization of QLED technology.

2.4.3 Stability and reliability testing

In the commercialization process of QLED technology, ensuring the stability and
reliability of devices is crucial. To simulate and predict the long-term performance of
QLED devices in practical applications, we have implemented various stability and
reliability tests, including accelerated aging tests and bias-stress testing.

Accelerated aging tests are a standard method for evaluating the performance

changes of QLED devices under extreme environmental conditions. In this test, devices

65



THE HONG KONG
Qb P()IY]}( IlNl( UNIVERSITY
Al TREE Chapter 2

are placed in high-temperature and high-humidity environments, which accelerate the
aging process of materials, simulating the performance changes that devices might
experience over several months or years under normal operating conditions.
Specifically, we monitor changes in the device's luminance, efficiency, and leakage
current over time. A decrease in luminance may indicate a decline in the optical
performance of the luminescent material, a decrease in efficiency reflects a weakening
of the device's overall photoelectric conversion capability, and an increase in leakage
current may be due to more defects or damage within the device. These parameter
changes provide direct evidence of the device's stability and help us identify key factors
that may lead to device failure.

Subsequently, bias-stress testing involves continuous operation of the device
under high driving currents to reveal performance degradation mechanisms under long-
term high-load operation. This test simulates high-intensity usage scenarios that devices
might encounter in practical applications by applying currents higher than normal
operating conditions. Continuous high-current driving can lead to phenomena such as
charge trapping, material degradation, or interface degradation within the device, which
are potential causes of efficiency decline. For example, charge traps can lead to
increased carrier recombination, thereby reducing the device's luminescence efficiency.
By monitoring the efficiency decline, we can infer the device's stability under high
currents and optimize the device structure or material selection to improve its long-term

reliability.
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During these tests, we adhere to strict standard operating procedures to ensure the
accuracy and reproducibility of the test results. We record detailed experimental data
and conduct in-depth analysis. By comparing data under different test conditions, we
can identify the main factors affecting device stability and provide scientific basis for
device improvement. Additionally, we use statistical methods and machine learning
algorithms to analyze the data, aiming to discover hidden patterns and trends behind
the data, thereby more accurately predicting the long-term performance of the device.

In summary, through accelerated aging tests and bias-stress testing, we can
comprehensively evaluate the stability and reliability of QLED devices. These tests not
only help us understand the behavior of devices under extreme conditions but also
provide valuable feedback for the optimization design of devices. Through these
comprehensive tests and analyses, we are committed to enhancing the performance of

QLED devices, laying a solid foundation for their widespread application in the market.
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Chapter 3

Light extraction: Optical tunneling strategy
in low-SPP devices

3.1 Introduction and optical fundamentals
3.1.1 Light extraction efficiency

The performance of QLEDs is mainly evaluated from two aspects: optical
performance and electrical performance. Luminescent properties include luminescent
spectrum, brightness, chroma, lifetime and luminescent efficiency. Luminescence
spectrum refers to the relative intensity of various wavelength components in the
emitted light, or the relative intensity distribution of fluorescence with the wavelength.
The unit of luminous intensity is cd-m, which represents the luminous intensity per
square meter. Chromaticity reflects the hue and saturation of the light color. Life is
defined as the time required to reduce the initial brightness to half. In addition, some
electrical properties are also the main aspects of the device. Including current density,

current efficiency (CE), the relationship between brightness and voltage, etc.
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Luminescence efficiency can be defined as quantum efficiency, lumen efficiency
and power efficiency. Quantum efficiency is composed of internal quantum efficiency
(IQE) and external quantum efficiency (EQE).

EQE is defined as the ratio of the number of photons emitted from the light
emitting device in a certain direction to the number of electrons injected, or defined as
the ratio of the number of photons emitted from the device in the whole space to the
number of electrons injected. The EQEcharacterizes the ability of the device to convert
electrical energy into external visible light energy. The higher the external quantum
efficiency, the higher the luminescence efficiency.

Injection efficiency (nmj) refers to the ratio of the number of electron hole pairs
produced by the EML to the number of electrons injected into the device.

Internal quantum efficiency (IQE) refers to the ratio of the number of photons
emitted by the EML (including the photons absorbed by the device itself, scattered and
reflected by the surface of the device) to the number of electron hole pairs. Internal
quantum efficiency reflects the efficiency of exciton formation and recombination
emitting of carriers in the device and describes the internal physical mechanism of the
device. IQE also provides characterization for the ability of EML to convert the injected
electric energy into light energy.

Light extraction efficiency (LEE) is defined as the ratio of the number of photons

emitted into space per unit time to the number of photons emitted from the EML. The
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ability of the device to emit the light generated by the EML is characterized. The

relationship between it and internal and EQEis shown in formula (1), (2), and (3).

Number of photons emitted by the emitting layer per unit time

IQE =

(1

Number of electron hole pairs in the emitting layer per unit time

Number of photons emitted into space per unit time

LEE = (2)

Number of photons emitted by the emitting layer per unit time

EQE _ Number of photon.s e'mitted' into space .per unit ti.me _ nmj x IQE x LEE (3)

Number of electrons injected into the device per unit time

Despite the effective elimination of nonradiative recombination pathways in QDs,
EQE in conventional QLEDs remains severely limited by low light extraction

efficiency’3. Thus, it is very meaningful to improve the efficiency of light extraction.
3.1.2 Optical modes and mechanisms of light loss

QLEDs as a novel display technology, see their performance largely determined
by the Light Extraction Efficiency (LEE). LEE is one of the key parameters in assessing
the performance of QLED devices, impacting their overall light-emitting efficiency.
The LEE specifically quantifies the proportion of photons emitted from the active
region into free space. LEE represents the proportion of photons emitted from the active

region into free space. For planar QLEDs, the approximate formula is:

1 1/2
LEE=1—<1— )

nEML

where nemw is the refractive index of the EML.
In planar QLED structures, an approximate formula reveals the relationship

between LEE and the device’s structural parameters. The value of LEE directly affects

70



Q THE HONG KONG
Qb POLYTECHNIC UNIVERSITY
il TR Chapter 3

the device’s luminous performance. There exists a negative correlation between the
refractive index and light confinement, meaning that a higher refractive index material
tends to exhibit a more pronounced light waveguide effect. Figure 3.1 is based on ray-
optics neglecting interference effects, showing how the larger EML index leads to
smaller LEE. For instance, ZnSe/ZnS QD films, with a refractive index of about 1.75,
lead to a strong waveguide effect. In such cases, the theoretical LEE is only 18%,

significantly lower than the 20% of traditional OLEDs.
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Refractive Index of EML

Figure 3.1 The LEE under different refractive indexs of the EMLs.
Moreover, if we adopt materials with even higher refractive indices, the challenge
in achieving efficient light extraction in QLEDs becomes even more severe. While high
refractive index materials can enhance the device’s light-emitting efficiency to some

extent, they also intensify the light waveguide effect, causing more photons to undergo
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total internal reflection within the device and preventing their effective extraction into
free space. Consequently, improving the LEE of QLEDs with high refractive index
materials has become a pressing issue for researchers.

Like organic light-emitting diodes (OLEDs), QLEDs are multi-layer thin film
stacked structures. The composition and thickness of each layer are the main factors
affecting the transmission of electromagnetic radiation at the interface. Optical model
can be used to study the optical transmission performance and field intensity
distribution of the devices. The traditional device dipole model method can be extended
to the study of organic light-emitting diodes and QLEDs. The theoretical basis of dipole
model method was first proposed by Sommerfeld, which mainly studied the
propagation of electromagnetic wave radiation at various interfaces. Figure 3.2 shows
the energy ratio in the coupling modes of OLED devices with different thickness of
ETL. Thus, various coupling modes in organic light emitting diodes can also be seen.

In QLED technology, light loss is an important factor affecting device
performance. To better understand and optimize QLED devices, we can categorize light

loss into the following five modes:
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Figure 3.2 The influence of ETL thickness on the energy ratio of each coupling mode
of the device™

We should try our best to let the light out to the outside and increase the emission
to air of light to improve the efficiency of light extraction.

Air Mode: This portion of light loss refers to the light that radiates directly from
the active region to free space. Ideally, this light is the most desirable to be extracted as
it directly constitutes the device’s luminous output. However, in actual QLED devices,
the proportion of light in the air mode is only about 15%, meaning that most photons
do not escape directly from the device.

Substrate Mode: This light loss occurs due to total internal reflection (TIR) at the
interface between the substrate and air. When light travels from a high refractive index

substrate to a low refractive index air, if the angle of incidence is greater than the critical
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angle, TIR will occur, trapping this light within the device and preventing effective
extraction. The light loss in the substrate mode accounts for about 20%, making it a
significant source of loss in QLED devices.

Absorption Mode: This light loss is caused by the absorption of light by the
electrode or functional layer materials. In QLED devices, the electrodes and certain
functional layer materials may absorb a portion of the photons, converting them into
heat, thereby reducing the overall luminous efficiency of the device. This loss is
typically related to the material’s absorption coefficient and thickness.

Waveguide Mode: The light loss in the waveguide mode is due to the confinement
of light propagating in high refractive index functional layers (such as the EML, HTL,
and ETL). The waveguide effect in these layers causes photons to undergo multiple
reflections and refractions within the device, making it difficult for them to escape to
the external space. The light loss in the waveguide mode accounts for about 37%,
making it one of the largest sources of loss in QLED devices.

Surface Plasmon Polariton (SPP) Mode: This light loss is caused by non-radiative
losses resulting from the coupling of evanescent waves at the interface between the
metal electrode and the dielectric. When light waves propagate along the surface of the
metal electrode, they can excite surface plasmon polaritons, which then propagate along
the metal surface and eventually dissipate as heat, leading to light loss. This loss mode

is particularly significant in QLED devices that include metal electrodes.
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To improve the efficiency and performance of QLED devices, researchers need to
take appropriate optimization measures for the different light loss modes mentioned
above. For example, designing more effective light extraction structures to reduce light
loss in the air and substrate modes, selecting materials with low absorption coefficients
to decrease light loss in the absorption mode, and using methods such as photonic
crystals to reduce light loss in the waveguide and SPP modes. By these methods, the

luminous efficiency and stability of QLED devices can be significantly enhanced.

3.2 Improvement of light extraction efficiency

The methods to improve the light extraction efficiency can be roughly divided into
external light extraction (ELE) technology and internal light extraction (ILE)
technology by modifying the position of the interface. External light extraction
technology mainly extracts the light of the substrate mode. Internal light extraction
technology mainly extracts light from waveguide mode and surface plasmon polaritons

mode.

emission to air =20%
substrate mode =30%

8,

EE—

glass g /6 €

substrate
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surface plasmon polaritons mode = 10%

Figure 3.3 Optical radiation modes in traditional devices”
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3.2.1 External light extraction

External light extraction techniques are primarily aimed at addressing the substrate
mode by altering the interface between the substrate and air to reduce internal total
reflection. This allows more light to be coupled outwards, thereby enhancing the light
extraction efficiency. This section will explore several common external light
extraction methods in detail, including surface roughening, microlens arrays, surface-

patterned films, and layers with surface scattering properties.

source

Figure 3.4 Ray propagation after roughening substrate’

Surface roughening is a straightforward and effective approach to boost light
extraction efficiency. By increasing the roughness of the glass substrate in a random
fashion, it enhances the scattering of light at the interface. This not only increases the
surface area available for light emission but also helps in coupling out light that would
otherwise be trapped in the substrate mode. Various methods are employed for
roughening, such as direct grinding, sandblasting, and solution etching.”¢-"8

Direct Grinding: By using hard particles to directly grind the glass substrate, an
irregular roughness can be achieved, thereby improving the light extraction efficiency.
Sandblasting: Utilizing high-speed air flow to spray fine sand particles onto the glass
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substrate surface, it is possible to create a uniform roughness, thus enhancing the light
extraction efficiency. Solution Etching: By using a chemical solution to etch the glass
substrate surface, specific roughness can be formed, thereby improving the light
extraction efficiency.

Research has shown that surface roughening can increase the current efficiency
and quantum efficiency of QLEDs without altering their emission spectrum and

Lambertian emission characteristics.

Figure 3.5 Microlens array films of various shapes photographed by SEM 7?8

Micro-lens arrays are optical elements that can converge and diverge light
radiation. In PeLEDs, micro-lens arrays can amplify the emission area of light and
focus it into the air, thereby improving light extraction efficiency. Additionally, micro-
lens arrays can also serve as a buffer layer with a matched refractive index, further
suppressing internal total reflection. Research has shown that micro-lens arrays can

enhance the EQEQLEDs, and their shape and size can be optimized to further improve
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light extraction efficiency. Surface patterned films utilize patterns to scatter light
multiple times before finally emitting it into the air. Common patterning methods
include transfer printing.

External light extraction techniques are effective methods for enhancing the light
extraction efficiency of QLEDs. Technologies such as surface roughening, micro-lens
arrays, surface patterned films, and surface scattering media layers can all effectively
improve the light extraction efficiency of QLEDs, each with its own advantages and
limitations. In the future, with the continuous development of material preparation and
processing technologies, external light extraction techniques will be further optimized,

providing important technical support for the development and application of QLEDs.

3.2.2 Internal light extraction

Internal light extraction methods primarily focus on addressing the waveguide
mode and Surface Plasmon Resonance (SPR) mode issues in optoelectronic devices.
These methods involve modifying the internal structure of the device to suppress the
formation of these modes, thereby increasing the light extraction efficiency. This
section will explore several widely used internal light extraction methods, such as layer
insertion, patterning of transparent electrodes, the use of photonic crystals, and

nanoparticle insertion.
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The layer insertion method enhances light extraction efficiency by altering the way
light propagates within the device. This is achieved by inserting layers made of
scattering materials or materials with a low refractive index, such as PEDOT:PSS (a
conductive polymer blend) and Random Scattering Layers (RSL), which help to reduce

the waveguide effect.

Organic Layer
N, & @& & & |
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Glass Substrate
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ITO \\ 1
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ITO
SiN,
substrate  SiO,

Figure 3.6 Some device structures for internal light extraction methods®!-84

The technique of patterning transparent electrodes, such as indium tin oxide (ITO),
involves creating a structured surface rather than a flat film, which increases the surface
area for light emission and enhances scattering, thereby improving light extraction

efficiency. Photonic crystals, which are artificial microstructures made of dielectric
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materials with varying refractive indices arranged in a periodic pattern, can control the
transmission of light by preventing specific wavelengths from passing through, thus
enhancing light extraction efficiency. The nanoparticle insertion method involves
adding metal nanoparticles within the device to suppress surface plasmon resonance
(SPR) modes at the metal-dielectric interface and to enhance the radiative efficiency of
fluorescent molecules through SPR, leading to improved light extraction efficiency.8!~
84

Internal light extraction techniques are also key to enhancing the light extraction
efficiency of QLEDs. These techniques each have unique strengths and limitations.
Looking forward, as material synthesis and processing technologies advance, internal
light extraction methods will be further refined to minimize any adverse effects on the

electrical properties of QLEDs, thereby broadening their range of practical applications.

3.3 From theory to combination scheme design

3.3.1 Geometric optics and the principles governing Snell’s law

In QLED devices, when light propagates from a high refractive index of EML
(nemL~ 1.8-2.0) to a low refractive index of HTL, (nutL = 1.52), according to Snell’s
law (nemL sinBi = nurL sinb), light will undergo total internal reflection (TIR) when the

incident angle exceeds the critical angle (6c = arcsin(nurL / nemi)), resulting in a
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waveguide mode accounting for up to 37% of the light. This reflection is an inevitable

consequence of traditional geometric optics but also represents a major bottleneck for

theLEE of QLEDs.
Air Modes
Substrate Modes
Substrate 1.5
Anode ns2
HTL tion Modes N =15

SPP Modes

Cathode ~—~ ="~ Waveguide Modes
Figure 3.7 Optical channels in QLEDs

For ZnSe/ZnS QD EMLs (n = 1.75), the critical angle is approximately 60°, and
light beyond this angle is completely confined within the EML, with only about 18%
of the light escaping through the air mode. In contrast, OLEDs have a lower EML
refractive index (n = 1.6 — 1.7), resulting in a larger critical angle and slightly higher
LEE (approximately 20%). Therefore, it is necessary to increase the LEE in cadmium-

free and lead-free QLEDs.
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3.3.2 Optical tunneling and frustrated total internal reflection

Although geometric optics predicts that TIR will completely block light
propagation, wave optics reveals the possibility of optical tunneling. When the
thickness of the HTL is less than the wavelength of light (e.g., <100 nm), evanescent
waves can penetrate the low refractive index layer and enter the high refractive index
anode (such as ITO, n = 2.0), a phenomenon known as Frustrated Total Internal
Reflection (FTIR). The physical mechanism behind this is the exponential decay
characteristic of evanescent waves:

E(z)=Eoe ¥z,

2m [ )
k= A EMLSH 0; —nprL

and z is the penetration depth. By thinning the HTL (Figure 3.8), the light

penetration capability can be significantly enhanced, allowing some of the waveguide

mode to be converted into extractable light.
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Figure 3.8 (a) Geometrical optics is used to determine the TIR at the boundary
between EML and HTL. (b) The propagation of light from EML to the anode is made
possible by FTIR or optical tunneling. (c) Enhanced optical tunneling is achieved with

a thinner HTL layer.

Studies have shown that when the HTL thickness is reduced from 150 nm to 50
nm, the LEE of QLEDs increases from 15% to 22%, verifying the effectiveness of
optical tunneling. Derived from the exponential attenuation of the evanescent wave
field, the thin HTL facilitates stronger optical tunneling. HTL is thin enough in our

device to achieve enhanced optical tunneling.

3.3.3 High refractive index substrates and mode conversion

techniques

Optical tunneling allows the high-index substrate to convert waveguide modes

into substrate modes. As shown in Figs. 3.10 (a) and 3.10 (b), once the light propagates
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to the anode—substrate interface through optical tunneling, a high-index substrate can
sequentially transfer it to substrate modes.

In this case, the external extraction structure (EES) aiming to extract substrate
modes can also extract original waveguide modes [Fig. 3.10 (c)]. Then, the EES rather
than the internal extraction structure is used to extract the original waveguide modes
and substrate modes. At the same time, complex fabrication processes and influences
on internal carrier injection can be avoided.

So, a high-index substrate converts waveguide modes to substrate modes. Surface

roughening converts substrate modes to air modes.

3.4 Combination scheme design and simulation

In response to the significant waveguide mode loss and surface plasmon polariton
(SPP) coupling issues in blue ZnSe QLEDs, this study proposes a comprehensive light
extraction strategy based on optical tunneling and microcavity control. The core idea is
to optimize the device structure under low SPP microcavities to recouple the SPP mode
energy to the waveguide mode and to utilize high refractive index substrates and surface

roughening techniques for multistage photon extraction.

3.4.1 Decoupling of SPP and enhancement of waveguide mode
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In traditional QLED structures, the QD EML is close to the metal cathode (Al),
leading to significant near-field SPP coupling. To suppress this loss, an ITO Spacer
layer is introduced to increase the distance between the EML and the metal cathode
(Figure 3.9). According to microcavity theory, the addition of the ITO layer (refractive
index ~1.95) can adjust the resonance order of the microcavity, placing the QD layer at
the second anti-node position. In this case, the overlap between the radiation field of
the emission dipole and the evanescent field of the SPP is reduced, significantly
decreasing the SPP coupling efficiency. Numerical simulations reveal that when the
ITO Spacer thickness is 120 nm, the proportion of the SPP mode decreases from the
initial 32% to less than 5% (Figure 3.9¢), while the waveguide mode increases to 43%,

providing ample free photons for subsequent light extraction.
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Figure 3.9 The design adds ITO Spacer to construct a second order microcavity to

release the energy in SPP mode

3.4.2 Optical tunneling and substrate mode conversion

Photons in the waveguide mode need to penetrate the low refractive index HTL,
such as PEDOT:PSS (n=1.52) to reach the anode/substrate interface. According to
wave optics theory, when the HTL thickness is smaller than the light wave penetration
depth, photons can tunnel through the HTL into the high refractive index substrate
(n=1.7-1.9) via optical tunneling. In this case, the interface between the substrate and
air forms total internal reflection due to refractive index mismatch (nsubstrate > Nair),
trapping photons as the substrate mode. Simulations show that when the substrate

refractive index increases from 1.5 to 1.9, the proportion of the substrate mode increases
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from 21s.4% to 60.2% (Figure 3.10d), verifying the effective conversion of the

waveguide mode by the high refractive index substrate.
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(b) Substrate Modes
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ITO n=2
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n=18
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Figure 3.10 The procedure for extracting light using optical tunneling. (a) The
presence of a thin HTL enhances optical tunneling, leading to the transfer of
reflection to the anode-substrate interface. (b) A substrate with a high refractive index
transforms waveguide modes into substrate modes. (c) The conversion of substrate
modes to air modes is facilitated by the roughening of the surface. (d) Simulation for

different n of substrate.
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3.4.3 Surface roughening and air mode extraction

Photons in the substrate mode need to escape into the air by breaking the condition
of total internal reflection. A random rough surface is prepared using sandpaper
grinding (Figure 3.10c). In the surface roughening, we use different sizes of sandpaper
for irregular grinding. Different sandpapers will produce different sizes of roughness.
For example, 5000 mesh is the specification of the sandpaper we mainly use; it polishes
the particle size to about 2-3 microns.

The performance of the device before and after roughness optimization has also
been verified by experimental data, which can also be seen in the comparison of group
A and group C below (Table 3.1), and the overall EQE of the device with only surface
coarsening is about 10%. Its micro-nanostructures introduce light scattering effects,
randomizing the propagation direction of the substrate mode, allowing some photons
to escape when their incident angle is less than the critical angle. Experiments show
that surface roughening can enhance the extraction efficiency of the substrate mode by

5%-20%.

3.5 Simulation modeling and parameter optimization
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Based on the Finite-Difference Time-Domain (FDTD) method, a multi-physics
coupling model of QLEDs (Figure 3.11) is established, covering material dispersion,

microcavity resonance, and light field distribution. Key simulation parameters include:

0
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Figure 3.11 Device structure and energy band diagram

Refractive indices: Measured by ellipsometry for the QD layer (n=1.83@488 nm)
and the ZnMgO ETL (n=1.80); Structural parameters: HTL thickness (10-60 nm), ITO
Spacer thickness (0-200 nm), substrate refractive index (1.5-2.0); Light source model:
Using the photoluminescence spectrum of ZnSe QDs as a dipole radiation source,

considering anisotropic emission characteristics.
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Figure 3.12 After the application of the optical tunneling scheme, the optical

extraction mode changes
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Figure 3.13 Changes in light extraction patterns under the integrated scheme

Optimization of ITO Spacer thickness: When the thickness is 120 nm, the air mode

reaches 26.7%, while the waveguide mode maximizes (43%), forming an SPP-
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waveguide-substrate energy transfer chain. Influence of substrate refractive index: A
high refractive index substrate (n=1.9) increases the proportion of the substrate mode
to 60%, providing ample extraction space for surface roughening. Trade-off of HTL
thickness: An overly thick HTL (>60 nm) suppresses optical tunneling, leading to a
decrease in the proportion of the substrate mode; while an overly thin HTL (<30 nm)
may affect hole injection uniformity.

Our current approach involves the incorporation of ITO Spacer to enhance light
radiation extraction in SPP modes, utilization of a high refractive index substrate for
waveguide mode extraction, and ultimately the release of substrate mode through an
external extraction structure such as surface roughing. The entire strategy is based on
microcavity design rather than internal extraction methods, effectively addressing
issues such as high cost and leakage current.

Microcavity Design

Air modes

Internal raction ”
ntemal Extractio External Extraction

age of current Substrate Modes

Limited improvemer

pendentemission Optical Tunneling

Waveguide Modes -

ITO Spacer

SPP Modes

Figure 3.14 A comprehensive light extraction scheme route
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3.6 Experimental verification

3.6.1 Device fabrication and structural design

To verify the effectiveness of the comprehensive strategy, five groups of blue
ZnSe QLED devices were fabricated (structural parameters and experiment results are
listed in Table 3.1), with the core variables including substrate refractive index, surface
roughening treatment, and ITO Spacer thickness. The control group (Group A)
employed a traditional structure: glass / ITO/PEDOT:PSS/PVK /ZnSe QDs / ZnMgO
/ Al; the experimental group (Group E) introduced a 120 nm ITO Spacer, a substrate
with a refractive index of 1.9, and surface roughening.

Several groups of experiments were conducted to validate the effectiveness of the
strategy. Group A is the Control group, which is fabricated using traditional device
structures. On the basis of traditional device structures, Group B applied a high
refractive index glass substrate, Group C applied an external light extraction method
with substrate surface roughening, and Group D applied both high refractive index and
surface roughened substrates. The E group applied a comprehensive light extraction
strategy, including the addition of 120nm ITO Spacer and the use of high refractive
index and surface roughening substrates.

After optimizing the combined light extraction strategy, the EQE was significantly

improved, resulting in an increase in the EQE of blue ZnSe QLED from 6.64% to
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18.50%. Approximately three times the EQE improvement provides a more universal
optical optimization solution for cadmium-free and lead-free QLEDs.
Another set of experiments also proved that the ITO Spacer layer thickness

obtained from simulation experiments is a better choice.

ZnMgO

QDs

PVK

PEDOT:PSS

ITO

Figure 3.15 Schematic diagram of the device structure

Al

ITO

ZnMgO+Al

QDb
PVK

PEDOT:PSS

ITO

Figure 3.16 Cross-sectional view of the device after the optimization of the synthesis

strategy
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Table 3.1 Five groups of the QLEDs with their variables and EQE data.

Refractive  Substrate Relative
Spacer Average
Sample index of surface- Maximum average
thickness EQE
Group the glass  roughening EQE (%) EQE
(nm) (%)
substrate (Y/N) (%)
A
1.5 N / 6.64 6.11 100
(Control)
B 1.9 N / 6.95 6.57 108
C 1.5 Y / 7.65 7.46 122
D 1.9 Y / 9.13 8.97 147
E 1.9 Y 120 18.50 17.00 278

3.6.2 Device performance testing

EQE Improvement: The maximum EQE of Group E reached 18.5%, a 278%
increase compared to Group A (6.64%) (Figure 3.10c). This result is consistent with
the simulation prediction (86.7% extractable photons), with discrepancies arising from

interface defects and material non-uniformity in actual processes.
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Figure 3.17 Comparison of the EQE of the two devices before and after optimization
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Electrical Characteristics: The introduction of the ITO Spacer has almost no

significant impact on the carrier injection balance, and there is little difference in
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various parameters, indicating that the comprehensive strategy not only improves light

extraction efficiency but also maintains the stability of electrical performance.

3.6.3 Limitations discussion

Although the EQE of Group E was significantly improved, there is still room for

optimization in the following areas:

Limit of Substrate Refractive Index: Commercial high-refractive-index glass
(n=1.9) has not yet reached the theoretical optimal value (n=2.0), resulting in some
waveguide modes not being completely converted.

Surface Roughening Uniformity: SEM images show micrometer-scale
undulations on the rough surface (Figure 3.19), which may cause local differences in

light scattering efficiency.

Figure 3.19 SEM image of the device substrate after surface roughening
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Material Compatibility: The introduction of the ITO Spacer needs to align with

the energy band of the QD layer to avoid introducing additional barriers.

3.7 Summary

Here, we propose a universal scheme that can be adapted to various core-shell
ZnSe QD materials. (The light of the SPP mode, waveguide mode, and substrate mode
in the device is gradually extracted into the air mode through the combination scheme,
which includes ITO Spacer layers, optical tunneling, and external extraction methods.)
Consequently, the devices based on the combination scheme show an impressive
improvement EQE of nearly triple, from 6.64% to 18.5% at the wavelength of 470nm.
Moreover, there is almost no loss in device current before and after using the scheme.
This scheme can be applied to improve the device structure of ZnSe QDs with different
core-shell structure, which can significantly bolster the development of cadmium-free

and lead-free eco-friendly blue light QLEDs.
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Chapter 4 Interface optimization:
Enhanced hole injection by electric dipole
layer

4.1 Introduction

Due to the significant insufficiency of hole injection in cadmium-free and lead-
free QLEDs, particularly in the green and blue EMLs, it is necessary to further improve
hole injection. In this chapter, the blue ZnSeTe QLEDs was used as the research

example.

4.1.1 Research status of blue ZnSe QLEDs

The efficiency of ZnSe-based QLED:s is significantly influenced by the properties
of the emitting material, specifically the QDs, as well as the structure of the QLED
device itself. Binary ZnSe QDs possess a larger bandgap width of 2.7 eV, which
endows them with the advantageous capability of emitting light in the ultraviolet and
blue-violet regions®. This characteristic makes them particularly suitable for

applications requiring these specific wavelengths.
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However, achieving the desired blue light emission wavelength necessitates
modifying the synthesis method to increase the size of the ZnSe core’?. It is important
to note that larger cores present a greater challenge in terms of effective surface
passivation®®. Incomplete passivation can lead to surface defects, which act as non-
radiative recombination centers, thereby reducing the overall efficiency of the QLED
device.

To address this challenge, researchers have explored the use of ZnTe, which has a
smaller bandgap of 2.25 eV, to create ZnSeTe ternary QDs through alloying4. This
approach allows for the fine-tuning of the QD properties, including the emission
wavelength, and when combined with core-shell structures and surface ligand
optimization, it results in highly efficient ZnSe QDs. These optimized QDs exhibit a
higher PLQY and the desired blue light wavelength, which is crucial for the suppression
of non-radiative recombination processes such as fluorescence resonance energy
transfer and Auger recombination in QLEDs>2-5487,

In conclusion, the efficiency of ZnSe QLEDs can be significantly enhanced by
carefully controlling the synthesis process, including the size of the ZnSe core, the
incorporation of ZnTe to form ternary ZnSeTe QDs, and the optimization of surface
ligands. These strategies collectively contribute to the development of highly efficient
QLEDs with improved color purity and brightness, paving the way for their broader

application in display and lighting technologies.
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4.1.2 Carrier behavior in blue ZnSeTe QLEDs

In the study of ZnSeTe QLEDs, a prominent issue lies in the imbalance of charge
injection within the EML, which severely restricts the efficiency of QLEDs. In typical
device structures, we observed that the commonly used HTL PVK presents a higher
barrier between its HOMO energy level (-5.8 eV) and the valence band maximum
(VBM) of ZnSeTe QDs, compared to the barrier between the ETL composed of ZnMgO
nanoparticles (NPs) and the EML. This characteristic results in electrons being more
easily injected into the EML than holes, leading to an imbalance in charge injection.

In the QD EML, the excess of electrons not only disrupts the charge balance but
also significantly enhances non-radiative recombination processes, directly affecting
the optoelectronic efficiency of the device. Additionally, defects present on the surface
of ZnO or ZnMgO nanoparticles are an important factor contributing to the quenching
of excitons at the interface between the EML and ETL3%0, These surface defects
provide pathways for non-radiative recombination of excitons, further reducing the
efficiency of QLEDs.

In summary, the issues of carrier transport in ZnSeTe QLEDs, particularly the
imbalance of charge injection and exciton quenching, are key factors limiting their
efficiency improvement. To overcome these obstacles, researchers need to explore new

material systems and device structures to achieve more balanced charge injection and
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reduce exciton quenching, thereby enhancing the overall performance of ZnSeTe

QLEDs.

4.1.3 Development of interface optimizations

Three interfaces with energy barriers require optimization to improve hole
injection: (1) the interface between ITO and HIL (PEDOT:PSS); (2) the interface
between HIL and HTL (PVK); and (3) the interface between HTL and EML (QDs).

In ZnSeTe QLEDs, modifying the ETL to reduce surface defects and suppress
electron transport is a method to balance carriers in the EML. Han et al. performed
additional magnesium (Mg) treatment on conventional ZnMgO nanoparticles (NPs),
resulting in the formation of a Mg(OH):2 coating on the surface of the modified ZnMgO
NPs (m-ZnMgO NPs). This coating improved the charge injection balance of the entire
device by reducing the electron mobility of the ETL and suppressing luminescence
quenching at the EML/ETL interface, playing a key role in enhancing device
performance.?’

Shen et al.’! and Bao et al.”! compared two commonly used HTLs, PVK and TFB,
in their device structures. Their goal was to achieve higher hole injection and
subsequently improve energy level alignment and injection balance within the device.

These studies emphasize the importance of material engineering and interface
engineering in optimizing carrier balance and improving efficiency in QLEDs. By

carefully designing and modifying the ETL and HTL, researchers can effectively
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control charge injection and transport characteristics, thereby enhancing device
performance.

In this study, we carried out a series of innovative improvements targeting the
performance enhancement of ZnSeTe QLEDs. In particular, we introduced an electric
dipole layer (EDL) with strong electron affinity, namely an ultra-thin F6-TCNNQ layer,
which is crucial in the construction of QLEDs. The introduction of the F6-TCNNQ
layer aims to create an internal electric field within the device through its strong
electron affinity, which can effectively promote hole injection from the HTL to the
EML.

Additionally, p-type material doping technology was also achieved through the
EDL. This technology not only increases the interface carrier concentration between
the HTL and EML but also effectively reduces the interface barrier. Through this
method, the hole transport performance was significantly improved, leading to a more
balanced carrier injection within the EML. This improvement is vital for enhancing the

overall efficiency of QLEDs.

4.2 Interface engineering and energy level control mechanism

In the study of blue ZnSeTe QLEDs, enhancing the hole injection efficiency is
vital for improving the overall device performance. However, in traditional QLEDs, the

hole injection efficiency is often limited by the high energy barrier (A=0.9 eV) between
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the polymer HTL PVK and the EML QDs, which hinders effective hole injection and,
consequently, affects the device’s luminous efficiency. Addressing this issue, this study
proposes a new mechanism involving interface engineering and energy level
manipulation, by introducing a strong electron acceptor, F6-TCNNQ, as an interface

modification layer (as shown in Figure 1a), to optimize the hole injection process.

4.2.1 EDL design

Integrating an electric dipole layer (EDL) has emerged as an effective interface
engineering technique to optimize charge injection in QLED devices, as schematically
depicted in Figure.4.1. Such layers are generally composed of materials exhibiting
strong electron affinity and a notably lower lowest unoccupied molecular orbital
(LUMO) energy level, making them suitable for accepting electrons from neighboring
hole transport materials. When interfaced with an HTL like PVK, the disparity in Fermi
levels between the two materials initiates spontaneous electron movement from the
HTL into the EDL. This results in the build-up of negative charge at the EDL side
adjacent to the quantum dot EML, while corresponding positive charges accumulate at
the HTL side of the interface. These oppositely charged carriers become confined
across the interface, giving rise to localized dipoles. Importantly, the entire charge
redistribution process occurs in the absence of an applied voltage. The resulting internal
electric field, pointing from the HTL toward the EML, effectively assists the externally

applied forward bias, enhancing hole transport. At the same time, the electron
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extraction from the HTL increases hole population, which further boosts hole injection
efficiency. Through this mechanism, the EDL significantly improves charge balance

and facilitates more efficient radiative recombination in the EML.

Electric field caused

Direction of built-in electric field
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by applied voltage |
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Figure 4.1 Schematic diagram of the interface modification of the EDL

F6-TCNNQ, a p-type material commonly utilized for interface modification in the
perovskite field, features six highly electronegative fluorine atoms (as depicted in
Figure 4.2). With a high electron affinity of approximately 5.60 eV, F6-TCNNQ
functions as a potent electron acceptor molecule, surpassing other p-type materials, it
is selected as the interface layer between HTL and EML to bolster hole injection.

The six fluorine atoms in the F6-TCNNQ molecule endow it with an ultra-high

electron affinity (EA=5.6 eV) and a deep HOMO energy level (-7.5 eV). This
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characteristic enables F6-TCNNQ to play key roles in interface modification. When

brought into contact with HTLs such as PVK (with a Fermi level of —4.18 eV), the

significant energy level mismatch (AEr = 1.45 eV) between the two materials enables

spontaneous electron migration from PVK to F6-TCNNQ. This interfacial charge

transfer leads to the development of an EDL at the interface. Thanks to its ability to

accept electrons efficiently and to modulate interfacial energetics, F6-TCNNQ serves

as a highly effective material for tuning the charge transport dynamics at the HTL/EML

interface.

F6-TCNNQ
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Figure 4.2 (a) Molecular structures and (b) energy level of F6-TCNNQ®?
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Figure 4.3 The UPS results for energy level of PVK with/without F6-TCNNQ

4.2.2 Adjust energy level

F6-TCNNQ can act as a p-type dopant for PVK/QD EML interface. It extracts
electrons from the HOMO (-5.8 eV) of PVK, thereby effectively increasing the hole
concentration. Ultraviolet photoelectron spectroscopy (UPS) data show that the HOMO
energy level of PVK shifts downward by 0.4 eV to -6.2 eV after the introduction of F6-
TCNNQ (as shown in Figure 4.3), indicating that F6-TCNNQ effectively enhances the
hole injection efficiency at the interface.

Also note that UPS is commonly employed to determine the HOMO level or the
valence band maximum (VBM) of thin-film materials. However, since UPS cannot

directly access the LUMO level or the conduction band minimum (CBM), the optical
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bandgap (Eg) is often used in combination with the HOMO level to estimate the LUMO
position.

UPS measurements were systematically conducted to resolve the energy band
characteristics of PVK HTL and PVK HTL with F6-TCNNQ introduction. Thin-film
samples fabricated on Pt-coated SiO./Si substrates by spin coating underwent UPS
analysis using a He la radiation source (hv =21.22 eV). Prior to measurements, in situ
Fermi level calibration was performed using bare Pt/Si0./Si reference substrates, with
Au standard verification establishing the binding energy baseline (Ef* =0 eV).

All measurements were conducted at room temperature with <50 meV energy
resolution, applying a -3 V sample bias during secondary electron cutoff (SEC)
acquisition to enhance spectral contrast. As depicted in representative UPS spectra
(Figure. 4.3), two critical spectral features were analyzed:

(1) HOMO onset energy ES%L,,: Determined via linear extrapolation of the
valence band leading edge;

(2) Secondary electron cutoff (SEC) ES%, fr: Identified through low-kinetic-
energy edge extrapolation.

Data processing:

(1) Fermi level calibration:

Measured Fermi edge offset relative to Au standard:

AE, = E3*™P — Epu

Calibrate all binding energy data by global translation:
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Ecl = Fraw _ AR,

Where E™®" is the original binding energy reading, E°* is the calibration
value (After calibration, the sample Fermi level is aligned with the instrument Fermi
level E ;ample = 0).

(2) Feature energy location extraction

Read critical locations from UPS spectra, as shown in Figure. 4.3,

SEC E&i, ;s and HOMO onset Egit,..

(3)Calculation of energy level

The position of the vacuum energy level is determined by the cut-off edge:

Eyac = hv — EGltorr = 21.22 — E&iofy;

The work function is defined as the difference between the vacuum level and the

Fermi level:
® = Epgc — Ep = Eygc (Ep =0)

HOMO level (relative Fermi level):

— cal
EHOMO — T Lonset

(4) Vacuum-level reference conversion (E,q. = 0)
In order to unify the interface energy level analysis, the vacuum energy level is
taken as zero point.
Fermi level:
Elgvac=0) —0—d=—F,,

HOMO level:
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(vac=0) _ cal _ cal
EHOMO - _Eonset - o= _Eonset - Evac
Ionization energy verification:

IE = Eyqc — Eyomo = @ + |Enomol

Table. 4.1 lists all raw and calibrated data along with the computed work

functions and HOMO levels.

Table 4.1 UPS fitting results (Unit: eV)

AEg B cutoff Egptet ESSorr
=7 -5. 359 10. 037 1. 641 17. 037
PVK
Evac/q) E}gvac=0) El(iza&;()) 1E
4. 18 —4. 18 -5. 82 5. 82
AER Egnset e Egntet ESitors
-2 —-0. 986 13. 995 1.014 15. 995
PVK with
F6-TCNNQ _ _
Evac/cD Elgvac—o) Eg:)a;m()) 1E
5.23 -5. 23 —6. 24 6. 24

Compared to the unmodified PVK film, the HOMO level exhibits a shift from —
5.82 eV to —6.24 eV relative to the vacuum level (Evac), accompanied by an increase

in work function from 4.18 eV to 5.23 eV. This movement of the Fermi level closer to
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the HOMO edge reflects a strengthened p-type character of the HTL, arising from
electron transfer to the F6-TCNNQ layer. Such interfacial tuning lowers the energetic
barrier for hole injection and promotes more efficient hole transport into the EML.
This built-in electric field effectively reduces the hole injection barrier between
PVK and the QDs, decreasing from the original 0.9 eV to 0.5 eV (Figure 4.4). This
optimization of energy level alignment not only reduces the obstacles to hole injection
but also helps achieve a more balanced carrier injection, enhancing the charge transport

efficiency and luminous performance of the device.
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Figure 4.4 The change for energy level of PVK with/without F6-TCNNQ

Through the above mechanisms, the spin-coating process used in this study
successfully formed an ultra-thin F6-TCNNQ layer (1.5 nm), showed in Figure 4.5,

effectively reconstructing the interface between PVK and QDs, and significantly
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improving the hole injection efficiency and overall performance of blue ZnSeTe
QLEDs. This interface engineering and energy level control mechanism not only
provides new ideas for optimizing the performance of QLEDs but also offers important
theoretical basis and technical support for the application of cadmium-free and lead-

free QD materials.

F Kol 2

™ 1pm

Figure 4.5 The SEM and EDS for F on PVK film to to demonstrate uniform

surface doping of F6-TCNNQ

4.3 Carrier dynamics simulation verification

To thoroughly analyze the impact of F6-TCNNQ interface optimization on carrier
dynamics, this study employed a combination of the drift-diffusion model and the
Miller-Abrahams hopping theory to conduct a detailed simulation analysis of the
electric field distribution, carrier transport dynamics, and recombination processes in

QLEDs.
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The drift-diffusion model is a continuous medium model that assumes the
transport of carriers (electrons and holes) in semiconductors is primarily governed by a
combination of drift motion caused by electric fields and diffusion motion caused by
concentration gradients. This model calculates the electric field distribution and carrier
concentrations by solving the Poisson equation and continuity equations, thereby
simulating the current-voltage characteristics of devices. However, when dealing with
low-dimensional structures such as QDs, the drift-diffusion model may not accurately
describe the quantum effects and interface effects of carriers.”3-%4

The Miller-Abrahams hopping theory, on the other hand, is a model based on
molecular orbitals that considers the quantum tunneling process of carriers as they hop
between molecules. This theory describes the transport dynamics of carriers in
amorphous or organic semiconductors by calculating the probabilities of carrier
transport between different energy levels, as well as the associated activation energies
and transport distances. The Miller-Abrahams hopping theory particularly provides a
more precise description when dealing with transport phenomena related to interfaces
and defect states.?>%

In the Miller-Abrahams hopping theory, the hole transport frequency (v) is a key
parameter describing the transport behavior of carriers between interfaces, and it is

expressed as follows:

v =v,exp(— kBT)
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where v, is the attempt frequency, Ea is the activation energy, ks is the
Boltzmann constant, and T is the absolute temperature. The simulation results show
that due to the introduction of the F6-TCNNQ interface modification layer, the
activation energy for holes is reduced from 0.9 eV to 0.5 eV, leading to a significant
increase in the hole transport frequency and thereby enhancing the hole injection

efficiency.

4.3.1 Built-in electric field enhancement

The electric fields of QLEDs in the simulation experiments are as follows. In the
F6-TCNNQ interface region, the transfer of electrons from PVK to F6-TCNNQ induces
a strong built-in electric field of up to 2.5x10° V/cm (Figure 4.6), directed towards
PVK—QDs. This enhancement of the built-in electric field effectively promotes the
tunneling effect of holes. According to the Miller-Abrahams hopping transport model,
the activation energy of holes is reduced from 0.9 eV at the original interface to 0.5 eV,
significantly improving the mobility of holes and their injection efficiency at the

interface.
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Figure 4.6 Electric field of simulation QLEDs without/with F6-TCNN

4.3.2 Hole injection improvement

Simulation data indicate that the hole current density in EML significantly
increases from 12 mA/cm? (unmodified interface) to 10'° mA/cm? (Figure 4.7), and the
carrier balance factor also increases from 0.3 to 0.8, indicating a more balanced
injection of holes and electrons, approaching the ideal bipolar injection state. This
improvement in injection efficiency is attributed to the regulation of the energy level
structure by the interface modification layer, thereby reducing the hole injection barrier

and enhancing the hole injection capability.

115



THE HONG KONG
Qb P()IY]}( IlNl( UNIVERSITY
Al TREE Chapter 4

F6-TCNNQ

10 10% ~
104 —— Electron 102
10" Hole 19
T T
E 107 E 10
— 5 - 10"
g 10 £ 10
Zz 10 4 =4 2 ;
E 10' : H\ S 104
= -1 (=] 10
5 10 N o !
g 107 g 10
'g 10° _g 10
O 107 o 10°
10° 10°*
]U.II A i I 1 i i i i lOlI

40 42 44 46 48 50 52 54 56 58 60 40 42 44 46 48 50 52 54 56 58 60
Position in Device (nm) Position in Device (nm)

Figure 4.7 Charge density of simulation QLEDs without/with F6-TCNNQ

4.3.3 Recombination efficiency optimization

The improved radiative recombination efficiency manifests clearly in both the
spatial pattern and intensity of recombination events, as depicted in Figure 4.8. Upon
introduction of F6-TCNNQ, the distribution of recombination within the QD EML
undergoes notable changes. In the reference device lacking this interfacial modifier,
recombination is concentrated near the PVK/QDs interface, with a peak rate of
approximately 5.5x10%° c¢cm™ s7', suggesting an imbalance in carrier injection—
specifically, insufficient hole supply. In contrast, the device incorporating F6-TCNNQ
displays two pronounced recombination zones, situated near both the PVK/QDs and
QDs/ZnMgO interfaces. The peak recombination rate increases significantly to
1.62x10%! e¢m™ s7', indicating nearly a threefold enhancement. This bilaterally
distributed recombination pattern reflects a marked improvement in charge balance

throughout the emissive region. The observed shift in recombination zone along with
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the intensified recombination rate affirms the role of F6-TCNNQ in facilitating more

efficient radiative processes, thereby contributing to the overall advancement in device

performance
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Figure 4.8 Recombination rate of simulation QLEDs without/with F6-TCNNQ

4.4 Experimental performance and mechanism

4.4.1 Optical properties of the devices

The devices in the simulation experiments were fabricated and tested to verify the
efficiency improvement after adding F6-TCNNQ doping. The structure of devices is
ITO / PEDOT:PSS / PVK (with/without F6-TCNNQ) / ZnSeTe QDs / ZnMgO NPs /
Al To further analyze the structural characteristics of the device, we utilized HIM to
obtain detailed cross-sectional images of the device. The HIM can boast a high spatial
resolution capable of clearly revealing the layered structure and interface features

within the device.
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Figure 4.9 Cross-section image of the QLEDs
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Figure 4.10 PL and EL spectra of the QLEDs. The inset shows an emitting QLED.

4.4.2 Electrical performance of the devices
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To evaluate the influence of F6-TCNNQ on device performance, a comparative
analysis was conducted between the reference QLEDs (without F6-TCNNQ) and those
modified with F6-TCNNQ. As depicted in Figure. 4.11, the introduction of F6-TCNNQ
leads to a notable enhancement in the EQE, with the maximum EQE increasing from
7.44% in the control devices to 12.71% in the modified ones. This corresponds to an
improvement of approximately 71%, highlighting the effectiveness of F6-TCNNQ in

boosting device efficiency.

14

—o— without F6-TCNNQ
2r —o— with F6-TCNNQ

1 10 100

Current Density (mA/cm?)

Figure 4.11 EQE of the QLEDs.

Further insight into the electrical and optical performance was obtained through
current density—voltage—luminance (J-V-L) measurements, as shown in Figure. 4.12.
The data indicate that both the control and F6-TCNNQ-treated QLEDs exhibit nearly

identical turn-on voltages, each around 3 V. This observation suggests that the
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incorporation of F6-TCNNQ does not significantly alter the charge injection threshold
or compromise the initial operating voltage.

However, across the entire operational voltage window, devices incorporating F6-
TCNNQ consistently demonstrate superior current densities and enhanced luminance
levels compared to the control group. A clear example is observed at an applied bias of
8 V, where the luminance increases markedly from 1637 cd/m? (for the control device)
to 2885 cd/m? in the F6-TCNNQ-based device. This represents a substantial
enhancement of approximately 76%. Collectively, these improvements are indicative
of more efficient carrier injection dynamics and enhanced radiative recombination

processes, both of which contribute to the overall performance gains observed in the

F6-TCNNQ-modified QLEDs.
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Figure 4.12 Current density-voltage-luminance of the QLEDs.
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Additionally, after the introduction of the F6-TCNNQ interface layer, the turn-on
voltage of the QLED increased a little. This change may be due to the dynamic
adjustment of the hole injection barrier caused by interface energy level reconstruction.
UPS test results show that the work function of F6-TCNNQ is approximately 5.6 eV,
which is higher than the HOMO energy level of HIL PEDOT:PSS (-5.2 eV), thereby
increasing the hole injection barrier from PEDOT:PSS to PVK, increasing the difficulty
of hole injection, and leading to an increase in the turn-on voltage. Furthermore, the
addition of F6-TCNNQ may have reduced the conductivity of the PVK layer, possibly
due to a decrease in hole mobility caused by excessive oxidation. To reduce the turn-
on voltage, future research could consider introducing gradient doping or a transition
layer (such as MoQs) to optimize energy level matching and minimize the injection

barrier at each interface.

4.5 Summary

By introducing F6-TCNNQ into the interface of HTL/EML, the comprehensive
performance indicators of the QLED device were significantly improved. The doping
effect of F6-TCNNQ is mainly reflected in the following aspects:

Firstly, in terms of energy level regulation and carrier injection, the strong
electronegativity of F6-TCNNQ leads to the formation of an electric dipole at the

interface, resulting in an built-in electric field at the HTL/QD interface. This built-in
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electric field effectively lowers the hole injection barrier, making it easier for holes to
be injected from the HTL into the QD EML, significantly improving the hole injection
efficiency.

Secondly, in terms of charge transport performance improvement, the doping of
F6-TCNNQ optimizes the charge transport characteristics in the HTL. It adjusts the
energy level of the HTL, reducing the interface barrier during hole transport, thereby
increasing the hole mobility. Additionally, its deep energy level also acts as an electron
barrier at the hole injection end of the EML, effectively improving the carrier radiative
recombination in the EML.

In summary, the experimental results demonstrate that through interface
engineering to optimize the HTL/EML interface, the EQE of ZnSeTe QLEDs has been
significantly improved, increasing from 7.44% to 12.71%.

The increase of efficiency not only validates the effectiveness of the strategies we
employed but also deepens our understanding of carrier behavior. The study of carrier
behavior within devices is crucial as it directly affects charge balance, injection
efficiency, and radiative recombination efficiency, being a key factor in enhancing the
performance of QLEDs.

Our work not only provides a new pathway for enhancing the efficiency of QLEDs
but also lays a solid foundation for further research and development in cadmium-free
and lead-free QD materials and their device designs. Looking forward, the research on

cadmium-free and lead-free materials will place greater emphasis on environmental
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friendliness and sustainability. We anticipate that through continuous optimization of
carrier transport and device structure, we can further improve the performance of
QLEDs, promoting the widespread application of cadmium-free and lead-free QD
materials in display technology, and contributing new momentum to the development

of environmentally friendly electronic products
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Chapter S Electronic leakage mechanism
and its suppression strategy

5.1 Research background and core issues

Indium phosphide (InP) QDs are considered ideal alternatives to cadmium-based
QDs due to their environmental friendliness and superior optoelectronic properties.
However, the EQE of green InP QLEDs has been persistently limited by carrier
imbalance. Early research has indicated that although optimization of the QD shell
structure, such as the substitution of ZnS with a ZnSeS alloy shell, can mitigate lattice
mismatch and suppress parasitic luminescence, non-radiative recombination processes
in the HTL still significantly degrade device performance®’. Theoretical analysis
suggests that electron leakage from the QD layer to the anode is a major contributor to
efficiency loss, yet its microscopic mechanism remains unclear, particularly lacking a

systematic investigation into the unique band structure of the InP system?s,

This study focuses on elucidating the electron leakage pathways in green InP
QLEDs and proposes the use of interface engineering to regulate the balance of carrier
transport. Based on the principle of Fermi level alignment and multi-physics

simulations, it reveals the critical role of the ITO anode’s work function and the band
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mismatch with InP QDs. By incorporating an ultra-thin lithium fluoride (LiF)
interfacial layer, electron leakage is suppressed, and hole injection is enhanced,

ultimately leading to a significant improvement in device efficiency.

5.1.1 Simulation

Simulation of carrier distribution was meticulously carried out using the advanced
COMSOL Multiphysics software, which employed a set of coupled equations to
accurately model the behavior of charge carriers. Specifically, Poisson's equation was
used to describe the electrostatic potential distribution throughout the system, taking
into account the spatial distribution of fixed charges and the influence of free charge
carriers on the electric field. This equation ensures that the electric field is irrotational
and is related to the charge density by Gauss's law.

In conjunction with Poisson's equation, the continuity equation was applied to
govern the conservation of charge. This equation states that the rate of change of charge
density in a given volume is equal to the divergence of the current density, which
accounts for the generation, recombination, and flow of charge carriers within the
material. The continuity equation, therefore, provides a crucial link between the charge
dynamics and the transport phenomena occurring in the semiconductor.

The drift-diffusion equation was further utilized to describe the variation in carrier
concentration, incorporating both the drift of carriers due to the electric field and their

random thermal motion, or diffusion. For the energy band data in the simulations, well-
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established references from the literatures were referenced, and the Fermi level data
was meticulously obtained through ultraviolet photoelectron spectroscopy (UPS)
measurements.

Electrical simulations focusing on the recombination rate were conducted using
the Setfos 4.6 software, which incorporated both constant and field-dependent electron
and hole mobilities, modeled in accordance with the Poole—Frenkel effect. The HOMO
and LUMO values selected for the research are detailed in Figure. 5.3(a). The boundary
conditions for charge carrier densities at the electrodes were meticulously set to ensure
Fermi level alignment under thermal equilibrium conditions, reflecting the balance
between the chemical potential of electrons and holes. The generation of excitons was
confined to the EML, following the Langevin recombination model, which describes
the probabilistic nature of carrier interactions leading to recombination. This
comprehensive approach in the simulations encapsulates the intricate interplay between
the electrostatics, charge conservation, and carrier transport phenomena in

semiconductor devices.

5.1.2 Materials

The PEDOT:PSS (Clevios™ P VP A14083) used in this study was procured from
Xi’an p-OLED Ltd. and applied without any additional dilution. PVK was purchased
from Lumtec Ltd. and dissolved in chlorobenzene at a concentration of 8 mg-mL-!.

Green InP/ZnS QDs were acquired from Fullnano Ltd. and suspended in octane at a
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concentration of 10 mg-mL™!. The green InP/ZnS QDs had a diameter of 5.0 = 0.2 nm,
with TOP/OA as ligands. ZnMgO nano particles were sourced from Mesolight Ltd. and
dispersed in ethanol at a concentration of 20 mg-mL-'. The LiF was also obtained from

Lumtec Ltd.

5.1.3 Device fabrication

QLEDs were fabricated with a layered structure consisting of: indium tin oxide
(ITO)/ lithtum fluoride (LiF) with varying thicknesses (0, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75,
and 2.0 nm)/ PSS (25 nm)/ PVK (30 nm) / InP QDs (25 nm) / zic magnesium oxide
(ZnMgO) (30 nm)/aluminum (Al) (100 nm). For photoluminescence (PL) comparison
experiments, half-devices were assembled using the configurations, ensuring that the
layer thicknesses matched those of the complete QLED devices. Additionally, hole-
only devices (HODs) were manufactured with the structure ITO / LiF (0, 0.5, 1.0, 1.5,
and 2.0 nm) / PEDOT:PSS (25 nm) / PVK (30 nm) / green InP / ZnS QDs (25 nm) /
1,3,5-tris (4-carbazolyl) benzene (TCTA) (10 nm) / 4,4'-bis [N-(1-naphthyl)-N-
phenylamino] biphenyl (NPB) (10 nm) / 4,4',4"-tris (carbazol-9-yl) triphenylamine
(HAT-CN) (15 nm) / Al (100 nm). Prior to assembly, the patterned ITO substrates
underwent a cleaning and plasma treatment process to ensure optimal surface
conditions. All functional layers, excluding LiF, were spin-coated at a speed of 3000
rpm for 45 seconds, followed by thermal annealing to improve film quality. The LiF

and Al electrodes were then deposited using thermal evaporation at rates of 0.1 nm-s!
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and 0.2 nm-s™!, respectively, under a high vacuum environment of 5x10"-4 Pa to ensure

uniform and controllable film thicknesses.

5.1.4 Characteristic

For the simulations and experiments, the energy levels were determined through
ultraviolet photoelectron spectroscopy (UPS) measurements conducted on thin films
using a PHI 5000 Versaprobe III system. A bias voltage of -3 V was applied during
these measurements to accurately capture the electronic properties of the materials. The
UPS spectra were interpreted to derive the energy levels by analyzing the binding
energies of the electrons in the valence band. The cutoff energy in the spectra, which
corresponds to the highest binding energy measurable, was used to estimate the work
function of the material, a critical parameter for understanding electron injection and
transport. Additionally, the alignment of the energy levels within the material's band
structure was assessed by comparing the measured ionization potential with the electron
affinity of adjacent layers, which is essential for evaluating charge injection and device
performance. The shape and intensity of the UPS peaks also provided insights into the
film's composition and quality. To obtain these results, the raw UPS spectra were
processed to remove noise, normalized, and peak fitting techniques were applied to
determine the positions and widths of the spectral features. The luminescent area of the
devices was 2 mm x 2 mm. The PLQY and PL spectra were obtained using an absolute

PLQY spectrometer with a 365 nm excitation wavelength. The devices were considered
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Lambertian emitters, and current density-voltage-luminance (J-V-L) curves were
measured using a Keithley 2614B source measurement unit in conjunction with a

PIN25D silicon photodiode. All measurements were conducted at room temperature.

5.2 Theoretical modeling and simulation verification of

electron leakage mechanisms

5.2.1 Band mismatch and Schottky barrier effect

The n-type semiconductor characteristics of InP QDs place their Fermi level (Er~=
-3.7 eV) close to the conduction band minimum (CBM, -3.5 eV), while the work
function of the traditional ITO anode (WF = 4.8 eV) is significantly higher (Figure
5.1a). According to the metal-semiconductor contact theory, a Schottky barrier (height
AD = 1.1 eV) is formed at the interface, leading to the escape of conduction band
electrons from the QDs to the ITO via thermal emission or tunneling effects®. This
process is limited by the balance of the built-in electric field under no bias. However,
under forward bias, the external electric field weakens the built-in barrier, resulting in

an exponential increase in the electron leakage rate!?°,
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Figure 5.1 (a) Schematic of the Schottky contact band alignment at the ITO/InP QDs
interface, green InP/ZnS QDs films deposited on four substrates (b)
Photoluminescence (PL) spectra of these various samples and functional layers on

four substrates.

5.2.2 Multi-scale simulation of carrier transport

Based on the COMSOL Multiphysics platform, a two-dimensional device model

incorporating Poisson’s equation and the continuity equation was constructed to
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simulate the carrier distribution in different functional layers (Figure 5.2). The key

findings are as follows.
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Figure 5.3 (a) The energy bands and Fermi levels with electron concentration
distribution of green InP QLEDs (b) Simulated distribution curve of electron

concentration across the device.

Analysis of independent functional layers: the intrinsic electron concentrations of
the HTL PVK and the ETL ZnMgO are 1.2x10'2 cm™ and 3.5%10'5 cm™, respectively,
while the initial concentration of the InP QDs layer is as high as 2.8x10'® cm™,

Full Device Integration Simulation: Upon stacking the functional layers, the
electron concentration in the InP QDs layer drops sharply to 4.6x10'* cm™ (a reduction
of five orders of magnitude), indicating continuous electron leakage from the QDs layer
to the HTL side. Compared with the simulation results of CdSe QLEDs (where the QDs
layer concentration remains at 1.7x10!7 ¢m?), this confirms that the InP system

experiences more significant electron loss due to its shallow Fermi level (Figure 5.4).
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Figure 5.4 The process of electron diffusion occurs with/without contact.

Bias Dependence: When a forward bias of 5 V is applied, electron injection at the
ZnMgO/Al interface is enhanced (with a peak concentration of 6.2x10'® ¢cm™), but
electrons in the QDs layer still flow towards the ITO side through a diffusion-migration

coupling mechanism, forming an asymmetric carrier distribution (Figure 5.5).
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Figure 5.5 Numerical simulations of electron concentration distribution (with and

without bias comparison) for green InP and CdSe QLEDs

The ITO anode was investigated in conjunction with the layer due to its superior
conductivity. The electron concentrations in the PVK and ZnMgO layers were
significantly higher than their levels when present individually. However, in the green
InP/ZnS QD layer, a remarkable five-order-of-magnitude decrease in electron
concentration was observed, contrasting with the electron concentration changes in the
CdSe/ZnS QD layer of green CdSe QLEDs. In green InP QLEDs, despite the increase
in voltage to 5V, the region of the ZnMgO layer near the Al cathode maintained a high
electron concentration, yet the region closer to the QD layer exhibited a reduction,
suggesting that electrons may have partially migrated into the QD layer.

Concurrently, the electron concentration in the green InP/ZnS QD layer further

decreased, indicating that the injected electrons were not accumulated within this layer.
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Owing to the closure of the circuit, electrons in the PVK layer rapidly flowed towards
the ITO anode, resulting in a decreased concentration. In green CdSe QLEDs, it was
observed that the electron concentration in the QD layer remained above the initial level.

This electron leakage phenomenon may be a significant factor contributing to the

inferior performance of green InP QLEDs compared to green CdSe QLEDs.
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Figure 5.6 Schematic representation of energy band configurations in a green InP

QLED at various stages: (a) Prior to contact between the HTL, ETL, and electrodes.

(b) HTL and ETL in contact with electrodes, with the QDs layer remaining isolated.

(c) An intact green InP QLED without any applied bias voltage. (d) The combined

influence of diffusion and migration directing excessive electrons towards the HTL.
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Through experimental and simulation studies on green InP QLEDs, we propose a
new mechanism to explain electron leakage. In the structure of QLEDs, ITO /
PEDOT:PSS and Al form Schottky contacts with PVK and ZnMgO, respectively
(Figure 5.6(b)). Due to the difference in Fermi levels between different materials,
electrons diffuse from regions with a shallower Fermi level to those with a deeper level,
as indicated by the blue dashed lines in the figure. This diffusion leads to a significant
increase in the electron concentration in the transport layers, causing the Fermi levels
of the HTL and ETL to shift to Ef-p and Ef-n, respectively. Given the shallow Fermi
level of the green InP/ZnS QD layer and the high work function of ITO, the Fermi level
of the entire device exhibits a step-like distribution from deep to shallow, from Ef-p to
Ef-G-InP, and then to Ef-n (Figure 5.6(b)). This energy level arrangement facilitates
electron leakage from the ZnMgO/Al interface into the green InP QDs and further
migration towards the ITO electrode.

The leaked electrons cause band bending (Figure 5.6(c)), similar to the electron
diffusion phenomenon in heterojunctions. Under the action of the built-in electric field
at the interface, the system reaches a dynamic equilibrium, preventing further electron
leakage. However, when an external bias voltage is applied, the built-in electric field is
neutralized, the bands flatten, and electron leakage continues (Figure 5.6(d)). During
this process, electrons migrate from the cathode (Al) to the anode (ITO), and the

combined effect of diffusion and migration leads to an excess of electrons entering the
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HTL, disrupting the carrier balance, increasing non-radiative recombination in the HTL,
and ultimately reducing the EQE of the QLED.

In contrast, in green CdSe QLEDs, Ef-p is always higher than Ef-CdSe, causing
electrons to preferentially accumulate in the deeper Fermi level of the CdSe/ZnS QDs.
This accumulation reduces non-radiative recombination in the HTL, allowing more
holes to inject into the QD layer, thereby maintaining the high EQE of green CdSe
QLEDs. This contrast reveals the significant impact of different QD materials on device
performance, especially in terms of carrier management and non-radiative

recombination differences.

5.3 Optimization of LiF interface layer and device

performance characterization

5.3.1 Work function tuning and interface physical mechanisms

By modifying the ITO surface with an ultra-thin LiF layer (0.5-2.0 nm), UPS
characterization revealed that its work function could be adjusted to as low as 4.41 eV
(Figure 5.7). This tuning suppresses electron leakage through the following

mechanisms:
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Figure 5.7 UPS results of ITO work function variation with different LiF

thicknesses: (a) 0 nm; (b) 0.5 nm; (¢) 1.0 nm; and (d) 1.5 nm.

Fermi Level Alignment: Reducing A® to below 0.7 eV decreases the thermal
emission electron flux (following the Richardson-Dushman equation: J o« T?exp(-
AD/ksT))!!; with Quantum Confinement Effect, the LiF layer (thickness <l nm)
induces the formation of an interface dipole, further reducing the effective barrier
height (Figure 5.8(b))!%?; with hole tunneling enhancement: A narrow barrier (~0.3 eV)
is formed at the LiF/ PEDOT:PSS interface, enhancing hole injection efficiency under

high bias via Fowler-Nordheim tunneling (J « E?exp(-B/E))'%3.
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Figure 5.8 UPS results of ITO work function variation with different LiF

thicknesses: (a) 0 nm; (b) 0.5 nm; (¢) 1.0 nm; and (d) 1.5 nm.

5.3.2 Verification of electroluminescence performance

enhancement

QLEDs with the structure ITO / LiF / PEDOT:PSS / PVK / QDs / ZnMgO / Al

were fabricated, and the key experimental results are as follows:
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Figure 5.9 The (a)structure and (b)EL spectra of the verified QLEDs.
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Luminance and Efficiency: Under the optimal LiF thickness (1.0 nm), the
maximum luminance was enhanced from 22.1x10% ¢d/m? to 32.4x103 cd/m? (Figure
5.10(a)), attributed to the increased radiative recombination rate; The maximum EQE
increased from 4.70% to 9.14%, and remained at 8.2% under 12.8 mA/cm?, indicating

significant improvement in efficiency roll-off (Figure 5.10(b)).
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Figure 5.10 The(a)luminance, current density and (b) EQE of devices.

Carrier Injection Balance Analysis: The J-V curves of hole-only devices (HOD)
showed that the LiF layer suppressed leakage current (J reduced by 37%) at low bias
(<2 V), while at high bias (>3 V), hole tunneling dominated, achieving carrier injection

balance (Figure 5.11).
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Figure 5.11 (a) The J-V characteristics of hole-only devices and (b) schematic

illustration of tunneling mechanisms.

5.4 In-depth discussion and theoretical extensions

5.4.1 Kinetic competition mechanism of electron leakage

The essence of electron leakage is the synergistic effect of diffusion and migration:

Concentration gradient-driven: The significant concentration difference between

the QDs layer (~10'® cm™) and the HTL (~10'2 cm™) triggers Fickian diffusion (Jaitr =

-DVn).

Electric field-driven migration: Under bias, electrons are drifted towards the anode

by the Lorentz force (Jarift =

unE). The competition between these two processes leads

to the accumulation of electrons within the HTL, which undergoes Auger
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recombination or trap-assisted recombination with injected holes, reducing the

radiative efficiency!®.

5.4.2 Kinetic competition mechanism of electron leakage

In addition to work function tuning, the LiF layer optimizes device performance
through the following mechanisms:
(1) Defect passivation: Covers ITO surface defects such as oxygen vacancies,
reducing carrier scattering'%;
(2) Optical Regulation: The ultra-thin LiF (~1 nm) has a negligible effect on the
visible light transmittance (AT < 2%), avoiding optical output loss; Enhanced

(3) Thermal Stability: The high melting point of LiF (~845°C) suppresses

interface degradation under high-temperature operation'’.

5.4.3 Comparative analysis with Cadmium-based QLEDs

CdSe QDs have a deep Fermi level (~4.2 eV) that matches well with ITO, naturally
confining electrons within the QDs layer. In contrast, the shallow Fermi level of InP
QDs leads to an asymmetric behavior where “electron leakage precedes hole injection,”
highlighting the necessity of band engineering in cadmium-free systems. This
discrepancy can be quantitatively described by the modified Shockley-Read-Hall

model: tsru™! = ovinNi, where the trap density Nt is higher in the InP system'%.
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5.5 Summary

In this study, we systematically explored the carrier behavior in cadmium-free and
lead-free InP QLEDs, focusing on the microscopic mechanisms of electron leakage,
through a combination of experimental research and multi-physics simulations. We
identified the Fermi level mismatch between the ITO anode and InP QDs as a key factor
leading to electron escape. To address this issue, we proposed a strategy of using an
ultra-thin LiF interface layer to modulate the work function of ITO, which effectively
suppressed electron leakage and successfully enhanced the EQE of the devices from
4.70% to 9.14%. Additionally, this strategy also enhanced hole injection through
tunneling effects, achieving carrier transport balance and significantly improving the
overall performance of the devices.

In our conclusions, we highlighted several key points regarding carrier behavior
in cadmium-free and lead-free InP QLEDs: Firstly, electron leakage is one of the main
factors limiting device performance, primarily due to the energy level mismatch
between the ITO anode and the QDs. Secondly, regulating the work function of ITO
through interface engineering can effectively reduce electron leakage while promoting
hole injection. Finally, achieving carrier transport balance is crucial for improving the

efficiency and stability of QLEDs.
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Chapter 6 Conclusion and future works

6.1 Conclusion

Overall, improving light extraction efficiency and optimizing carrier behavior in
devices are two key factors in achieving high-performance cadmium-free and lead-free
QLEDs. In order to achieve good external quantum efficiency (EQE), we analyze
QLED from these two perspectives and propose optimization strategies.

Firstly, we analyzed the light extraction modes within the cadmium-free and lead-
free QLEDs and proposed a combined scheme to improve light extraction efficiency
under limited internal quantum efficiency (IQE), thereby obtaining higher-performing
QLEDs. The thesis presents an effective, comprehensive strategy, involving the
addition of an appropriately thick spacer layer, high-index substrates, and substrate
surface roughening to sequentially extract light from the SPP mode, waveguide mode,
and substrate mode to the air mode of QLEDs. This combined scheme promotes optical
transmission between modes within the device through optical tunneling and
microcavity design. After optimization, the light extraction efficiency was significantly
improved, resulting in an EQE increase from 6.64% to 18.50% for blue ZnSe QLEDs.
Approximately threefold EQE improvement provides a more universal optical

optimization solution for cadmium-free and lead-free QLEDs.
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To address the issue of efficiency reduction due to unbalanced carrier injection in
cadmium-free and lead-free QLEDs, an innovative design based on an electric dipole
layer was proposed to enhance hole injection. An innovative electric dipole layer
material, 2,2'-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ), was
also applied to cadmium-free and lead-free QLEDs. The EDL creates a built-in electric
field at the HTL/EML interface, enhancing hole injection and improving carrier
recombination. The introduction of F6-TCNNQ also optimizes the energy alignment of
the interface, reducing the hole injection barrier to EML. This scheme elevates the
ZnSeTe blue QLED EQE by 71% (from 7.44% to 12.71%) and provides a universal
approach to high-performance cadmium-free and lead-free QLEDs.

In cadmium-free and lead-free QLEDs, there may be electron leakage inside the
device, which can lead to carrier imbalance, especially when the EML with a shallow
Fermi level. The large Fermi energy difference between QDs and the ITO anode is
considered the main driving factor for electron leakage. The path of the leaked electrons
has been identified, and a modification strategy using LiF has been proposed, which
has been validated by both simulation and experiments. The ultra-thin LiF layer also
improves hole injection through the tunneling effect. Green InP QLEDs achieve more

balanced carrier injection and 9.14% (from 4.70% to 9.14%) enhanced EQE.
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6.2 Future works

Under the impetus of an ever-growing demand for more vibrant visual effects and
sustainable solutions, the pursuit of high-performance, energy-efficient display and
lighting technologies shows no signs of abating. QLEDs owing to their tunable
bandgaps, high PLQY, narrow FWHM, expansive color gamut, cost-effective,
solution-based fabrication, and compatibility with inkjet printer fabrication, have
emerged as highly competitive contenders of new display technologies. As
environmental and human health concerns increasingly capture public attention, the
development of cadmium-free and lead-free eco-friendly QLEDs becomes particularly
crucial.

Looking forward, our work provides important guidance for further optimizing the
performance of cadmium-free and lead-free QLEDs. In future research, we will
continue to delve into light extraction and carrier behavior, especially in the following
two areas:

In-depth understanding of carrier transport mechanisms: We will further
investigate the transport process of carriers between the QD layer and the electrode
interface to reveal more factors affecting carrier behavior, providing a theoretical basis

for further improvements in device performance.
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Combination of interface engineering and material optimization: On the basis of
our existing work, we will continue to explore more effective interface control methods
and develop new types of organic-inorganic hybrid materials to achieve more efficient
hole injection and more balanced carrier transport. Through these efforts, we aim to
further enhance the EQE of cadmium-free and lead-free QLEDs and move closer to
market applications.

Finally, for our analysis of the three perspectives and three optimization schemes
of the device, we will seriously consider the synergistic optimization scheme of light
extraction and carrier behavior in the future. Firstly, consider the energy level matching
and carrier injection balance in the device structure, and then combine with the thin
film preparation process and interface control to select an appropriate optimization
scheme. In addition, the conditions applicable to the optimization scheme, including
the material properties of each functional layer, should be summarized and considered
for use in more optoelectronic devices with similar structures, possibly including
different luminescent materials. Last but not least, try to apply the three optimization
schemes together in the cadmium-free and lead-free QLED, and adjust the adaptability
to get higher performance devices to serve the industry.

In summary, this study provides important scientific and technical support for the
development of cadmium-free and lead-free QLEDs. We believe that through

continuous research and optimization, cadmium-free and lead-free QLEDs will
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demonstrate even better performance, paving the way for new display and lighting

technologies in the future.
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