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Abstract

ANALYSIS ON OPERATIONAL
STABILITY FOR STABLE QUANTUM
DOT LIGHT-EMITTING DIODES

SEUNGHYUN RHEE

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

Colloidal quantum dot light-emitting diodes (QLEDS) are p-i-n junction diodes
exhibiting excellence in color gamut, brightness and flexible form factors, promising
their use in next-generation displays. Within the last few decades, QLEDs have
demonstrated great progress in efficiency and brightness that are comparable to the
performance of commercialized organic light-emitting diodes (OLEDSs) are reported.

To enhance performance of QLEDs, lots of attempts have been made on QD and
QLED, such as modifying core/shell composition and structure, surface ligand

modification, and optimization QLEDs device architectures. Through these methods,
i 1



tremendous improvement in terms of photoluminescence quantum yields (PL QY) of
QDs and external quantum efficiency (EQE) of QLEDs have been accomplished.
However the origin of key factors that reduces operational stability of QLEDs is still
miles behind. There have been studies related to enhancement of QLEDs lifetime by
insertion of blocking layer to prevent acidity of hole transport layer (HTL) or
improving electron-hole balance by modifying device structure, but the mechanism
of optical and electrical deterioration of the devices is still insufficient.

For the practical use of QLED, it is prerequisite to identify the relation between
device operation conditions (Applied current density, voltage, and charge balance
factors) and QLED lifetime. However lifetime analysis of the QLEDs, which have
different structures (QDs or charge transport layer), leads unreliable comparison
results due to the different operating conditions.

In this study, we improved QLEDs lifetime and performance with enhanced hole
transport property by insertion of thin fullerene (Cso) as hole injection interlayer
between CBP (HTL) and MoOx layer (HIL, Hole injection layer). Insertion of buffer
layer which has deep highest occupied molecular orbital (HOMO) level such as Ceo
can eliminate pinning effect between CBP and MoOx layer. This eventually increase
hole transport property in QLEDs and enhance balance of electron and hole transport
rate to QD emissive layer. To clarify the relation between operational condition and
lifetime of QLED, we quantitatively conduct the comparison between electrical
properties of QLEDs and photophysical properties of the QD emissive layer within
the devices under various operation condition. As these analytic researches are taken
in the QLEDs which have nearly identical structure, the result shows intuitive
understanding on the effect of operational condition in QLEDs.

As a result, the QLEDs with Ceo interlayer showed 10% reduced initial rapid

luminance drop compared to non-Ceo interlayer QLEDs which leads to 5 times
ii ] 2 11



increase in operational lifetime at 1000 nit. (75% lifetime (LTs) ~ 5.6 hours @ 1000
cd/m? for non-Cs interlayer QLEDs and (LT7s) ~ 36.5 hours @ 1000 cd/m? for Ceo
interlayer QLEDs).

Comprehensive study across spectroscopic analysis on the QD emissive layer
and optoelectronic characterization on working devices under all-else-being-equal
operation conditions enable us to understand the key factors that are responsible for
the device degradation. The device efficiency drop at Stage | is attributed solely to the
charge injection imbalance into QDs. The device efficiency loss at Stage Il is also
attributed mainly to the charge injection imbalance, and further exacerbated by the
increase in the operation voltage.

These results shows the impact of charge injection balance on the device
performance, and suggest that the equalized charge injection will enable complete
eradication of device degradation factors and promise prolonged operation lifetime of
QLEDs.

| believe that engineering at the interface between QDs and HTL will certainly

enable the complete charge injection balance and a long-lived QLED.

Keywords: Quantum Dot Based Light-Emitting Diodes, Operational Stability,
Charge Injection Balance, Hole Injection Barrier, Fullerene.

Student Number: 2014-21662
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Chapter 1

Introduction

1.1  Colloidal Quantum Dot Light-Emitting Diodes

Colloidal quantum dot (QD) based light-emitting diodes (QD-LEDs) are p-i-n
junction diodes, in which electrically pumped charged carriers recombine within QDs
to generate photons [1-9]. By exploiting advantageous features, quantum dot have
applied to widespread fields such as displays [10, 11], lighting [12], lasing [13-16],
solar cells [17, 18], bio-imaging [19], and sensor applications. Especially, QD-LEDs
exhibit excellence in color gamut and brightness, and light-weight and flexible form
factors, promising their use in next-generation displays and lightings [20]. After the
first demonstration by V.L Colin and Louis Brus [3, 10], QD-LEDs have evolved to
equip with high efficiency and brightness [1, 9, 13, 16], and recently QD-LEDs with
near unity efficiency [21, 22] and high brightness [23] that are comparable to the
performance of commercialized liquid crystal display (LCD) and organic light-

emitting diodes (OLEDs).
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Figure 1.1 (a) Wavelength-tunable characteristics of QDs. By varying the
chemical composition and nanoparticle size, quantum dots can illuminate all visible
wavelength region [24]. (b) Comparison of red, green and blue EL spectra with
(dashed lines) OLEDs and (solid lines) QD-LEDs [25]. (c) The CIE (Commission
Internationale de 1’Eclairage) 1931 chromaticity diagram. As full-width-half-
maximum of the quantum dot narrows from 60 to 25 nm, the simulated spectral locus

grows close to the edge of the CIE diagram. Simulations assume a Gaussian QD

emission profile. [26].

Compared to the OLEDs, which has similar device structure and already

commercialized, QD-LEDs has its own superior features. First, QDs can make all
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visible region wavelength emission by modifying the chemical composition of
core/shell structure and controlling the size of nanoparticles (Figure 1.1a). Second,
although OLEDs show numerous progress, the broad width of the
electroluminescence (EL) emission band is a drawback of the OLED technology. Full-
width at half-maximum (FWHM) of OLEDs is greater than 40 nm due to the vibronic
states of organics dyes. On the other hand, QDs exhibit narrow (less than 30 nm)
emission spectra of FWHM due to its quantum mechanical features. Figure 1.1b
shows the narrow EL spectra of QD-LEDs compared to that of typical OLEDs. Last,
the narrow bandwidth feature of QD emitter leads to widening of the color
reproducible range in the color gamut. (Figure 1.1c). These virtues in QDs make QD-
LEDs as high color purity and excellence in color gamut, which is better than most of
commercialized displays, and as convincing candidate for next-generation display and
light source.

The progress of QD-LED performance is presented in Figure 1.2. Starting with
simple device structure of indium tin oxide (ITO)/poly(p-paraphenylene vinylene)
(PPV)/CdSe QDs/Mg by V.L Colin et al. [3], the EQE of QLEDs is now reached over
30 %, which is satisfied the requirements for displays. Numerous efforts have been
made to enhance device performance. S. Coe et al. applied tris-(8-hydroxyquinoline)
aluminium (Alg3) as ETL and N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1’-
biphenyl)-4,4’ -diamine (TPD) as HTL for efficiency electron and hole injection into
the QD emissive layer. This first demonstrated ETL/QD emissive layer/HTL structure,
which is now formal matrix of QD-LED structure, improved 25-fold of luminescence
efficiency (1.6 cd/A at 2,000 cd/m?) compared to the previous QD-LED results [2].
Although they introduced 3-(4-biphenylyl)-4-phenyl-5-t-butylphenyl-1,2,4-triazole
(TAZ) hole blocking layer (HBL) to reduce an adjacent layer peak from Alq3, the
result still showed small parasitic peak from ETL and HTL due to incomplete exciton

3 21 2 11 &l



energy transfer from the TPD HTL to the QD emissive layer. To isolated QD
luminescence process and charge transport, the research on the modification of HTL,
ETL, and QDs has been reported substantially. Changing the size of QD or ligand
improved charge injection property and packing density of QDs [27] and various
doping or bilayer structure of CTL controlled electron and hole injection into QDs
emissive layer [28, 29]. J. Kwak et al. reported a new device architecture, i.e., an
inverted structures which introduce ZnO nanoparticles as bottom ETL and thermally
evaporated small molecules as HTL [5]. This inverted structure has broadened the
number of hole transport material, introducing a new types of solution to resolve to
hole injection difficulty in QD-LEDs. Since then, both conventional structure and
inverted structure have been made great progress in efficiency and lifetime. Based on
this progress, cd-based green and blue QD-LEDs reached near theoretical limit value
(20 %) and cd-based red QD-LEDs reached even high value, 30 % [9, 30, 31]. J. Song
at el. and H. Shen at el. high efficient red and green QD-LEDs by modification of
QDs chemical architecture. J. Song at el. inserted intermediate ZnSe layer with an
ultrathin ZnS outer layer as the shell materials and introduced 2-ethylhexane-1-thiol
as ligand, resulting dramatic improvement of hole injection efficiency and thus lead
to high balanced charge injection. By placing the emission zone at a quarter
wavelength away from the reflector, which maximize the light interference
enhancement in light extraction, they exceeded the ever reported theoretical efficiency
limit (20 %) and achieved above 30 % EQE of red QD-LEDs. Similarly, H. Shen at
el. accomplished high efficiency of green QD-LEDs by using ZnSe as the shell
material and the presenting of Se throughout the CdSe/ZnSe core/shell regions. This
method results high-quality interfaces, balanced charge injection and high current

density at low voltage due to the easy accessing of hole injection in the devices. As
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such, the drastic improvement of device efficiency, which is fully qualified for
commercialize criteria, indicates QD-LEDs as future display applications.

Besides, non Cd-based QD-LEDs also showed great progress within few years.
Recently, C. Ippen at el., the members of Nanosys and LG Display reported high
efficiency non Cd-based QD-LEDs with EQE = 16.9 %, 13 %, 9 % for red, green, and
blue, respectively [32]. By optimizing the efficient InP-based QDs shell thickness, the
device EQE initially improves because of the better charge confinement and reduced
energy transfer among the QDs. The non Cd-based QD-LEDs is essential for a viable
long-term solution for next generation displays and its device performance for

commercialization nearly achieved.
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Currently, the main providers of QD technology for use in TVs are Nanosys and
3M, which provide the Quantum Dot film (QDEF) option for use with Full Array
backlit LED/LCD TVs. The use QDs has taken big leap forward as several TV makers
have shown off Quantum Dot-enabled TVs at tradeshows including Samsung, TCL,
Hisense/Sharp, Vizio, and Philips. Samsung and Vizio have brought models to market
in the U.S. QLED TVs are much more similar to traditional LED TVs: they have an
LED backlight behind a layer of pixels that generates the picture. However, unlike
traditional LED TVs, they use quantum dots as a filter to produce more accurate and
better saturated colors. Furthermore, while their response time is very good, they don’t
suffer from the same stuttering that OLED TVs do. Their black levels are good for an
LED TV and viewing angles are more akin to LED TVs as well.

While OLED is able to make screens much darker for better contrast, QLED
display screens are a lot brighter. This makes it ideal for brighter rooms and content
that are HDR. They also come in various sizes, big to small, and is also a lot affordable
in comparison to OLEDs. To compare, Samsung's QLED TVs come in 43-inch to 98-
inch sizes. This is an advantage as large televisions fastest-growing segment of the
market, which makes Samsung the better option in this aspect. It also has the better
outlook in being able to evolve further and better, as Samsung has revealed a version
of QLED that does use emissive technology, much like OLED and plasma. Known as
direct-view quantum dot, it dispenses with the liquid crystal layers and uses quantum

dots themselves as the light source.



Blue LED

Figure 1.3 QLED and OLED (a) application on the premium TVs and (b) composition

(Pictures are referred to following websites: www.insidevina.com, www.stuff.tv)
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1.2 Charge Balance Issues in QLEDs

QD-LEDs are expected to serve as a next-generation display technology,
succeeding organic light-emitting diodes. However, there are several problems related
to QD-LEDs, such as leakage current through QD surface states and insufficient
charge injection into the QD cores, due to the energy barriers of QD shells; these
charge injection imbalance result in exciton quenching and auger recombination,
leading to degradation of device performance. As previously mentioned, the charge
carrier injection balance is important for high-performance QD-LEDs. Metal oxides,
such as Zn0O, SnO- and zinc tin oxide (ZTO), have been used to fabricate electron
transport layers (ETLs), which could improve electron injection into the QD emissive
layer [34]. Inorganic compounds, such as metal oxides, have superior thermal stability
and resistance against oxygen and moisture compared to organic compounds and have
high mobility which can efficiently transfer electrode to QDs. Among the various
metal-oxide ETL materials, solution-processed ZnO nanoparticles (NPs) provide
superior QD-LED performance compared to other vacuum-deposited metal oxides.
Inspired by the results of QD-LEDs with the ZnO NP ETL, there has been continuous
research on solution-processed metal-oxide ETLs [35-37]. Nevertheless, the inverted
QD-LED:s also face difficulties and challenges of charge-injection imbalance caused
by the large potential energy barrier between QDs and hole transport layers (HTLS)
as well as the carrier mobility difference between ETLs and HTLs. In particular, the
electron injection from ETL to QDs is promoted due to a nearly barrier free
transporting channel, whereas the hole injection from HTLs to QDs is much difficult,
which is induced by a large energy barrier (0.6 eV or more). Moreover, the electron
mobility of ETLs (ZnO, widely used) is higher than the hole mobility of HTLs [38-
40]. Thereby, it is desirable for a hole transport material having high LUMO and low

9 i



HOMO energy level simultaneously, which can block the electron to diffuse into HTL
and enhance the hole injection from HTL to QDs. In other words, a wide band gap
hole transport material is necessary for efficient QD-LEDs. Various processes have
been proposed to form the HTL, including phase separation [41], thermal
polymerization, and evaporation [42]. However, how to design a highly efficient HTL
structure is still a major challenge in the conventional QD-LEDs due to the limitation
of solution technology, in which the underlying solvent-sensitive organic layers are
inevitably damaged to a certain extent to achieve a multilayer device structure even
though orthogonal solvents are used. In addition, most of the reported QD-LEDs
suffer from unbalanced charge transport due to the misalignment between the
extremely low valence band edge of QDs against the HOMOs of organic HTLs and
lower hole mobility of polymer hole transport materials than that of ZnO nanoparticle
ETL. For this reason, there are many reports in QD-LEDs aims for reducing charge
injection imbalance [9, 23, 31, 32, 39, 43, 44].

Also, despite substantial progress made in the performance, the state-of-the-art
QD-LEDs are still in need of operational stability that is a prerequisite factor for their
practicable use. The origin of operational instability of QD-LEDs is unveiled to
originate from the charge injection imbalance [45]. The disparity between charge
carrier injection rates results in the accumulation of excess charge carriers within the
QD emitters that promotes non-radiative Auger recombination processes [25, 46-48],
leading to a reduction of luminance efficiency of QD-LEDs. In addition, the overflow
of charge carriers across the QD emissive layer toward counter electrodes provokes
degradation of charge transport layers [49-51] that causes irreversible degradation of
QD-LEDs.

Equalized charge carrier injection rates promise a long-lived QD-LED [52-56].

The most widely attempted approach to reach the charge carrier balance is
10 ] _© '



decelerating the injection rate of dominant charge carriers. Inserting an electron
blocking layer at the interface between the electron transport layers (ETL) and the QD
emissive layer [27, 57-59] or lowering the carrier mobility of electron transport layers
[60, 61] are the representative examples for the state-of-the-art QD-LEDs, in which
the injection rate of electrons into QDs far exceeds that of hole. These negative
incentives permit the increase in the device efficiency, but simultaneously accompany
an unwanted outcome, the increase in the operation voltage to gain the fixed current
density, that could accelerate degradation of the device by Joule heating. Therefore it
is prerequisite to alleviate the charge injection imbalance not by reducing electron
injection property (‘“Negative approach”) but by enhancing hole injection property

(“Positive approach”) of QD-LEDs.
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1.3 Outline of Thesis

This thesis consists of five chapters, including the Introduction and Conclusion.
As an introduction, Chapter 1 describes the previous research on colloidal QD-LEDs
and the key issues for improving efficiency and lifetime of QD-LED. Chapter 2
includes the methods for preparing materials: the methods used to prepare ZnO
nanoparticles; the highly luminescent type | red heterostructured QDs; and the organic
materials used in this thesis are described in detail. In addition, the fabrication and
characterization methods for the QD-LED devices are summarized in this chapter, and
the electrical and morphological characterization methods for thin films used in this
thesis are depicted. Characterization methods for electrical and morphological
characteristics of thin films are also described in this Chapter. In Chapter 3, the
influence of hole injection interlayer (HIIL) with deep HOMO energy level on the
performance of QD-LEDs is evaluated. The HIIL of Bis[2-(diphenylphosphino)
phenyl] ether oxide (DPEPO), 1,4-Bis(triphenylsilyl)benzene (UGH-2), fullerene
(Ceo), Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN)
and 4,4 -bis(triphenylsilanyl)-(1,1",4",1"")-terphenyl (BST) are screened to
investigate the efficiency and turn-on voltage of QD-LEDSs. Then we found that when

we use 4,4"-bis(N-carbazolyl)biphenyl (CBP) has HTL higher HOMO energy level

of HIIL leads to the enhanced device performance. We choose Cg as the most
optimized HIIL for QD-LEDs and analyzed the enhanced electrical property of hole
only devices (HODs) and QD-LEDs by impedance spectroscopy and temperature
experiment. The impedance spectroscopy result shows enhanced interlayer property
between CBP (HTL) and MoOx (HIL) due to the elimination of universal hole
injection barrier by pinning effect of MoOx. This enhanced interlayer property was

reconfirmed by temperature experiment which we could obtain reduced activation
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energy of HODs with thin Cgo HIIL compared to that of HODs without thin Ceo HIIL.
Overall device performance (Turn-on voltage, leakage current, efficiency, luminance,
and lifetime) was enhanced by reduced charge injection imbalance into QD emissive
layer. Lifetime and operational stability of QD-LEDs with and without Ceo HIIL is
discussed in Chapter 4. By applying unique structure that comparing two architecture
had almost similar but only difference with thin Cg HIIL which is suggested in
previous Chapter, we quantitatively assessed operational stability of QD-LEDs. We
isolated electroluminescence and photoluminescence of QDs and QD-LEDs and
compared degradation factors in the devices. The impedance spectroscopy analysis of
degraded QD-LEDs was conducted to confirm the HTL degradation effect and effect
of joule heating was analyzed by temperature lifetime studies. Finally, in Chapter 5,

we summarize our work and present concluding remarks.
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Chapter 2

Experimental Methods

2.1 Materials

2.1.1 Preparation of ZnO Nanoparticles

ZnO nanoparticles were synthesized modifying the method reported by
Pacholski et al.[62] At first, 1.23 g of Zn(Ac).-2H,O was dissolved in 55 ml of
methanol at room temperature. Then, 25 ml of a methanol solution containing 0.48 g
of KOH was added dropwise at 60 C with magnetic stirring. The reaction mixture
was kept at 60 C for 2 h under N, atmosphere. The product appeared as white
precipitate. After collecting by centrifugation, this white precipitate was washed with
methanol. Finally, 0.1 ml of butylamine was added for stabilization and the precipitate

was redispersed in butanol (20 mgml?).
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2.1.2 Synthesis of Red-color Emitting CdSe(core radius (r) = 2.0

nm)/Zn;.xCdxS(shell thickness (h) = 6.0 nm) Core/shell

Heterostructured Quantum Dots

Chemicals: Zinc acetate (Zn(ac)2, 99.99%, metals basis), Oleic acid (OA, 90%),
1-octadecence (ODE, 90%), tri-n-octylphosphine (TOP, > 99%), sulfur (S, 99.998%,
powder), and selenium (Se, 99.99%, pellet) were purchased from UniAm (Korea).
Cadmium oxide (CdO, 99.95%, metals basis), myristic acid (MA, > 99%), and 1-
dodecanethiol (DDT, >98%) were purchased from Alfa Aesar. All organic solvents
were used as received from Daejung (Korea) without purification.

Synthesis of CdSe/Zn;.xCdxS ODs: QDs were synthesized same method reported
by Kwak at el. and Bae at el..[5, 47] Synthesized QDs were purified 10 times by the
precipitation/redispersion (ethanol/toluene) method. Final products were dispersed in
hexane at a concentration of 20 mgml™!. All chemistry was conducted under an inert
condition (Ar) by using the Schlenk line technique. We prepared stock solutions (0.5
M Cd(OA), and Zn(OA); diluted with ODE for cation precursors, and 2 M TOPSe
and TOPS for anion precursors) and used them for QD synthesis. For CdSe core
(radius = 2 nm) synthesis, 1 mmol of CdO, 3 mmol of myristic acid (MA) and 15 mL
of ODE were stirred and degassed at 110 °C for an hour. After back-filled with Ar,
the reaction flask was heated to 300 °C. At the elevated temperature, 0.25 mL of 2 M
TOPSe was rapidly injected into the reaction flask to initiate CdSe nucleation. After
3 min of reaction, 3 mL of Zn(OA), precursor and 1 mmol of 1-dodecanethiol (DDT)

were added to grow the first ZnyCdi«S shell. After 30 min of reaction, 2 mL of
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Cd(OA), precursor, 4 mL of Zn(OA), precursor and 1.5 mL of 2 M TOPS were
additionally injected in a minute for second ZnxCd;«S shell growth. This step is
repeated for 4times. After 10 min of reaction, the reaction flask was cooled down to
room temperature to complete the reaction. Synthesized QDs were purified repeatedly
via precipitation (acetone) and redispersion (toluene) method. Final products were

dispersed in toluene (15 mg/ml) and kept in a refrigerator for device fabrication.

2.1.3 Organic Materials

4,4'-bis(carbazol-9-yl)biphenyl (CBP), Bis[2-(diphenylphosphino) phenyl] ether
oxide (DPEPO), 1,4-Bis(triphenylsilyl)benzene (UGH-2), fullerene (Ceo),
Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN) and
4,4 -bis(triphenylsilanyl)-(1,1",4",1"")-terphenyl (BST) are purchased from OSM as
hole injection interlayer. Chemical structures of organic materials used in this thesis

are as follows.
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Figure 2.1 Chemical structures of CBP, UGH-2, HAT-CN, Cg and BST.

17 % A H_, | "f’],- Tl



2.2 Device Fabrication and Characterization Methods

2.2.1 Device Fabrication

All QD-LED devices were basically fabricated using the inverted structures and
the detail structures, materials and processes are introduced in each chapter. First of
all, patterned ITO glass substrates were prepared, which were cleaned with acetone,
isopropanol and deionized water in an ultrasonicator (Branson 5510). And then the
cleaned ITO glass substrates were dried in the oven at 120 °C. For the inverted
structure, 20 mg/mL of the ZnO nanoparticle solution was spin-coated on a patterned
ITO glass with a spin-rate of 2000 rpm for 60 sec and dried at 90 °C for 30 min in the
oven filled with N2 gas. The thickness of ZnO layer as electron injection/transport
layer was about 40 nm. QD solution was spun on the bottom layer at 4000 rpm for 30
sec, followed by baking in N, oven at a temperature of 70 °C. Then HTLs CBP, HIIL
(UGH-2, HAT-CN, C60 and BST), MoOy, and Al electrode were thermally
evaporated under a vapor pressure of 1 x 10 torr onto QDs coated substrates. The
deposition rates of each layers were 1 A s for CBP, UGH-2, HAT-CN, C60 and BST
sole layer. And then MoOx, and Al were thermally evaporated with rate of 0.2 As™,

and 4-5 A s, respectively.

18 2]



2.2.2 Current-voltage-luminance Measurement

The current-voltage (I-V) characteristics were measured with a Keithley 236
source measurement unit, while the electroluminescence was measured with a
calibrated Si photodiode (Hamamatsu, S5227-1010BQ) with a size of 10 mm x 10
mm placed at an angle normal to the device surface, assuming that the device was a
Lambertian source. To detect a turn-on voltage of light-emitting diodes, we use an
ARC PD438 photomultiplier tube (PMT) with the Keithley 236 source measurement
unit. The electroluminescence (EL) spectra and the Commission Internationale de
L’Eclairage (CIE) color coordinates were measured with a Konica-Minolta CS-1000A
spectroradiometer. The luminance and efficiency were calculated from the
photocurrent signal of photodiode with a Keithley 2000 multimeter, and corrected
precisely with the luminance from spectroradiometer (CS-2000).

The chromatic characteristics were calculated from EL spectra measured by the
CS-1000A spectrometer using the CIE 1931 color expression system. The tristimulus

values XYZ can be calculated by following equations,

X =Kn [ 2(D)P(D)dA (2.1)
Y =Ky [,” y()P(A)dA (2.2)
Z =Ky [, Z(A)P(D)dA (2.3)

where, P() is a given spectral power distribution of emissive source, X, ¥ and z are
the CIE standard color matching functions (see Figure 2.2) and Km is the weighing
constant (683 Im W1). From the tristimulus values, the CIE color coordinates

calculated by following equations,
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X = X+Y+Z (2.4)
Y
Y = Xtv+z (2.5)
VA
z= (2.6)
X+Y+2Z

Any color can be plotted on the CIE chromaticity diagram.
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Figure 2.2 The CIE standard observer color matching functions

20 : .«L‘] _-:‘Ii_ ]” '-:,j}



2.2.3 Efficiency Calculation Methods

To evaluate the emission properties of light-emitting diodes, the commonly
employed efficiencies are the EQE, the current efficiency (C.E.) and the power
efficiency (P.E.).

The external quantum efficiency can be defined by the following equation.

number of emitted photons

EQE = (%)

number of injected electrons

Typically, QLEDs or OLEDs emit light into the half plane due to the metal
contact. Without any modification for increasing out-coupling efficiency, over 80%
of the emission can be lost to internal absorption and wave-guiding in a simple planar
light-emitting device.

Since human eye has different spectral sensitivity in visible area, the response of
the eye is standardized by the CIE in 1924 (see y in Figure 2.2). The luminous
efficiency weighs all emitted photons according to the photopic response of human
eye. The difference is that EQE. weighs all emitted photons equally. C.E. can be
expressed by the following equation.

luminance
C.E.= —(cd A7)
current density

The luminance value (cd m?) can be easily measured by the commercial
luminance meter (CS-1000A in this thesis).

The power efficiency is the ratio of the lumen output to the input electrical power
as follows,

luminous flux 1
P.E.= - (Im w=1)
electrical power

The EQEs can be useful to understand the fundamental physics for light emission
mechanism, while the PEs can be useful to interpret the power dissipated in a light-

emitting device when used in a display application.
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2.2.4 Measurement of Electrical Characteristics

Device fabrication and characterization of hole only device (HOD): HOD
with CBP HTL and thin Ceo HIIL were fabricated and characterized to analyze
enhanced electrical property of interface between CBP and MoOx. Indium tin
oxide (ITO) patterned glass was cleaned with acetone, isopropyl alcohol, and
deionized water sequentially and then used as substrate for HOD. The prepared
Poly(3,4’-ethylenedioxythiophene)-poly(styrenesulfonate) (PEODT:PSS)
solution was spun-cast on patterned ITO substrates with a spin rate of 4000
rpm for 60 s. PEDOT:PSS films were then annealed at 120 °C under 100 mtorr
pressure for 30 min. Then HTLs CBP, HIILs (UGH-2, HAT-CN, C60 and
BST) , MoOx, and Al electrode were thermally evaporated under a vapor
pressure of 1 x 10 torr. Impedance spectroscopy were measured within the
frequency range of 1 Hz to 1 MHz at an oscillation amplitude of 10 mV with
varying DC bias voltages. The frequency dependent measurements were
performed with impedance analyzer (Wayne Kerr 6500B). The relationship

g=pxexu,

relating conductivity (o), mobility («), and carrier density is used to calculate the hole

density (p), where e is 1.602x1071°C.
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2.2.5 Modeling and Simulation

Time-Correlated Single Photon Counting (TCSPC) measurement: The
fabricated QD-LEDs were taken TCSPC measurement to analyze photo
characteristics of devices. The absolute PL QY of the QD emissive layer before
operation (t = 0) was measured with the PL measurement system coupled with the
integrating sphere. The time-dependent PL QYs of the QD emissive layer were
estimated by comparing PL intensities of the QD emissive layer that were measured
under unbiased condition (applying voltage = 0) after device operation with the initial
PL intensity. We note that the PL intensity and PL decay dynamics of the QD emissive

layer remain constant during the ex situ measurements (~3 min).

Optical Characterization: UV—vis absorption and photoluminescence spectra
were obtained with a Lambda 35 spectrometer (PerkinElmer) and a Fluoromax-4
spectrometer (Horiba Science), respectively. The absolute PL QYs of film samples
were obtained at an excitation wavelength of 520 nm with a C11347-01 (Hamamatsu
Photonics). The measurements to characterize the PL decay dynamics were conducted
with a TCSPC system from Horiba-Jovin Yvon, which has a resolution of about 100

ps. The samples were excited at 2.38 eV at a repetition rate of 200 kHz.

Modeling and Simulation: The fraction of charged QDs and the electronic
injection rate at a given time are assessed by taking into account the Coulombic
interactions between the charge carrier within the QD emissive layer and the charge
carrier in charge transport layers. The lowest quantized electronic states of QDs are
calculated by performing the quantum mechanical calculation including self-

consistency and dielectric mismatch effect in three dimension.
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Modeling and Simulation: The fraction of negatively charged QDs and the
electron injection rate at a given time (J(t)) under constant current density (Jr =
constant) can be obtained by considering coupled rate equations.
dC(t)

dt

]e(t) =J.(0)(1 - a%)

Je(@®) —Jn =

where Je(t) and Jn is the number of injected electrons and holes into QDs in unit
area (cm?) at time t, N is the number of QDs in unit area (cm?), C(t) is the number of
charged QDs in unit area (cm?) at time t, and a is the repulsion coefficient for
electron injection from ZnO ETL into negatively charged QDs.
From these equations, we can get the fraction of charged QDs and the electron

injection rate at a given time (Je(t)).

€O _ 1o~y e O
F(t) = N = 7.00) (1—exp <— N t))
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2.2.6 Other Characterization Methods

UV-Visible Spectroscopy: The transmission and absorption spectra were
measured with DU-70 UV/Vis Scanning Spectrophotometer (Beckman Coulter, Inc.)
or Agilent 8454 UV-Vis. diode array spectrometer. In case of solution, materials were
dissolved in toluene or chlorobenzene. For the film measurement, materials were spin-
coated or evaporated thermally in the thickness of ~50 nm on quartz substrate. The
reflectance spectra were measured by a Varian Cary 5000 spectrophotometer. The
average transmittance (Tavg) Was calculated by the following equation.

2T)dA

— 2.7)

Tavg =

Where T(}) is the transmittance as a function of the wavelength, Tagwas usually

calculated by integrating T(L) from 400 nm (41) to 800 nm (/12).

Ultraviolet Photoelectron Spectroscopy (UPS): The UPS spectra were
performed using Kratos AXIS-NOVA, employing He | light source and a
hemispherical analyzer. The valence band maximum (VBM) of the nanocrystals was
calculated using the following equation.

VBM = 212 eV — |Ecurors - Eonset| (2.8)

The conduction band minimum (CBM) value was obtained by using the VBM

and the excitonic band gaps of QDs, estimated from the PL spectra of QDs.
Film Thickness Measurement: Ellipsometers (L2W15S830 with 632.8-nm He-

Ne laser light, Gaertner Scientific Corp. and M2000D, Woollam) and an AFM (XE-

100, Park Systems) were used for measuring the thicknesses of films
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Transmission electron microscopy (TEM): The TEM images of the QDs were
obtained using a Tecnai TF30 ST at 200 KV to analyze their average size and size
distribution. The energy dispersive x-ray (EDX) spectra of QDs were acquired
through Si-Li detector of Oxford INCA Energy attached on main body of TEM. Low-
coverage samples were prepared by placing a drop of a dilute toluene dispersion of
QDs on a copper grid (300 mesh) coated with an amorphous carbon film. The
composition of QDs was measured with inductively coupled plasma optical emission

spectroscopy (Agilent ICP-OES 720).

ODs’ general characterization: A photoluminescence quantum yield (PL QY)
was acquired in the comparison of their fluorescence intensities with those of primary
standard dye solution (coumarin 545, quantum yield = 95 % in ethanol) at the same
optical density (below 0.05) at same excitation wavelength (400 nm). For
photoluminescence lifetime measurements, the samples were excited at 488nm (pulse
width ~ 40 ps) at a repetition rate of 2 MHz. PL dynamics were measured using time-
correlated single-photon counting (TCSPC) system that consists of avalanche
photodiodes (timing resolution ~ 350 ps) and a multi-channel analyzer (Picoquant

Hydraharp).
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Chapter 3

Modification of Hole Transport Layer
for Efficient and Stable Quantum Dot

Light-Emitting Diodes

Colloidal quantum dot light-emitting diodes (QD-LEDs) are p-i-n junction
diodes exhibiting excellence in color gamut, brightness and flexible form factors,
promising their use in next-generation displays.[1-3, 5] Within the last few decades,
QD-LEDs have demonstrated great progress in efficiency and brightness that are
comparable to the performance of commercialized organic light-emitting diodes (OD-
LEDs) are reported.

To enhance performance of QLEDs, lots of attempts have been made on QD and

QD-LED, such as modifying core/shell composition and structure, surface ligand
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modification, and optimization QLEDSs device architectures. [52, 63] Through these
methods, tremendous improvement in terms of photoluminescence quantum yields
(PL QY) of QDs and EQE of QD-LEDs have been accomplished. However, there are
several problems related to QD-LEDs, such as leakage current through QD surface
states and insufficient charge injection into the QD cores, due to the energy barriers
of QD shells; these charge injection imbalance result in exciton quenching and auger
recombination, leading to degradation of device performance. the inverted QD-LEDs
also face difficulties and challenges of charge-injection imbalance caused by the large
potential energy barrier between QDs and hole transport layers (HTLs) as well as the
carrier mobility difference between ETLs and HTLs. In particular, the electron
injection from ETL to QDs is promoted due to a nearly barrier free transporting
channel, whereas the hole injection from HTLs to QDs is much difficult, which is
induced by a large energy barrier (0.6 eV or more). One way to alleviate charge
imbalance is reducing electron injection property by reducing electron mobility of
ETL or inserting electron blocking layer (EBL) between ETL and QD EML [4, 52,
60, 64]. However this “Negative approach” of balancing charge injection result in
increasing operational condition of QD-LEDs which is critical for stable operating
devices. Therefore it is important to enhance hole injection property of QD-LEDs
(“Positive approach”) for high efficient and stable devices.

In this study, we demonstrated improved QD-LEDs lifetime and performance
with enhanced hole transport property by insertion of thin fullerene (Ceo) as hole
injection interlayer between CBP HTL and MoOy layer. Insertion of buffer layer
which has high highest occupied molecular orbital (HOMO) level such as Ceo can
eliminate pinning effect between CBP and MoOy layer. This eventually increase hole
transport property in QD-LEDs and enhance balance of electron and hole transport

rate to QD emissive layer.
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As a result, the QD-LEDs with Ce interlayer showed 10% reduced initial rapid
luminance drop compared to non- Cg interlayer QD-LEDs which leads to 5 times
increase in operational lifetime at 1000 nit. (75 % lifetime (LT7s) ~ 5.6 hours @ 1000
cd/m? for non-Cs interlayer QLEDs and (LT+s) ~ 36.5 hours @ 1000 cd/m? for Ceo
interlayer QD-LEDs).
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3.1 QDs based LEDs made of a Series of HIIL with Deep
HOMO Energy Levels

We have synthesized CdSe/Zn.Cdi1«S core/shell heterostructured QDs for
emissive material of QD-LEDs. Synthesized QD is composed of core radius = 2.0 nm
and shell thickness = 5.5 nm and stabilized with oleic acids that allow QDs dispersed
in toluene solvent and preserve aggregation of QDs. Transmission electron
microscopy (TEM) image of QDs shows the uniform distribution of synthesized QDs
and photoluminescence (PL) spectra of CdSe/Zn«CdixS core/shell heterostructured
QDs is centered at 640 nm. Injected charge carrier imbalance within QD emissive
layer cause non-radiative Auger recombination process. To alleviate charge injection
imbalance, we inserted deep HOMO level material between CBP and MoOy to
increase hole injection property of QD-LEDs. To figure out relation between HOMO
energy level of HTL and the device characteristics of QD-LEDs, we screen the
commercially available deep HOMO energy level material range over 6.0 eV, which
is the HOMO level of CBP. Bis[2-(diphenylphosphino) phenyl] ether oxide (DPEPO)
[65, 66], 1,4-Bis(triphenylsilyl)benzene (UGH-2) [67, 68], fullerene (Ceo) [69, 70],
Dipyrazino[2,3-f:2',3'-h]Jquinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN) [71,
72] and 4,4 -bis(triphenylsilanyl)-(1,1",4",1" ")-terphenyl (BST) [67, 73] are treated

as HIIL of QD-LED.
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Figure 3.1 (a) Transmission electron microscopy (TEM) images and (b) absorbance

and photoluminescence spectra of CdSe (r =2 nm)/ Zn,Cd1S (h = 5.6 nm) type 1 red

QDs. (c) solution PL decay curve [74]
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Table 3.1 HOMO energy level characteristics of hole injection interlayers (HIIL).

HOMO (eV) LUMO (eV) Reference
HAT-CN 9.7 5.8 70,71
DPEPO 6.8 2.6 64, 65
UGH-2 7.2 2.8 66, 67
Ceo 6.4 3.7 68, 69
BST 6.25 25 66, 72
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3.2 Characteristics of Electroluminescence Devices with

various HIIL.
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Figure 3.2 (a) Schematic illustration (left) and cross-sectional transmission electron
microscopy (TEM) image (right) of red QD-LEDs with HIIL and architecture of type
1 11 nm diameter red QDs (bottom).[74] (b) Energy level diagram of QD-LEDs
employing BST, DPEPO, UGH-2, Cg and HAT-CN as HIIL.

Figure 3.2a shows the inverted structure of QD-LEDs in a configuration of
ITO//ZnO/IQDs//CBP//HIIL//MoOx//Al. BST, DPEPO, UGH-2, C60 and HAT-CN

are chosen to their deep HOMO energy level compared to CBP (6 eV). Energy level
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of each layer is illustrated in Figure 3.2b. The device characteristics of QD-LEDs
using BST, HAT-CN, and Ceo as HIIL is displayed in Figure3.3 ~ Figure3.6. The
devices with various BST HIIL showed maximum EQEs of each 5.2 %, 5.3 %, 5.2 %,
5.0 % and 5.0 % for thickness of 0, 1, 3, 5, and 7 nm respectively. (Figure 3.3) The
EQE of device is increased with the thin layer of BST HIIL and more importantly the
EQE of low current density region largely increased. The driving voltage (operation
voltage of device at the brightness of 100 cdm) of each deviceis 4.4V, 4.3V, 4.1V,
4.2V, and 4.5 V for thickness of 0, 1, 3, 5, and 7 nm respectively. The driving voltage
of device is reduced as the insertion of BST HIIL. This result means that the insertion
of BST HIIL enhances hole injection property of QD-LEDs due to eliminating
energetic barrier between CBP HTL and MoOy HIL by pinning effect of MoOy [75-
77]. The approach simply involves an insertion of a thin interlayer, which has higher
ionization energy (IE) than an organic HTL, between the metal oxide and an organic
HTL. Along with its easy applicability to QD-LEDs employing hybrid CTLs without
altering either the device configuration or the CTL materials, the approach enables to
individually control the hole injection current. The barrier reduction is accomplished
by electrostatic decoupling of the MoOy from the organic hole transport material with
an insertion of deep HOMO energy level thin interlayer. This interlayer highly
alleviate the effect of the attractive image potential near the MoOy interface which
reduces the pinning effect, and eliminates the DOS broadening present at the
HTL/MoOy interface, while restoring Fermi-level alignment. Less effective but
similar characteristics also can be seen HIIL with HAT-CN HIIL. (Figure 3.4)
Although the devices with 3 nm HAT-CN HIIL showed reduced maximum EQEs
from 5.0 % (pristine QD-LEDs) to 4.9 % (with 3 nm HAT-CN HIIL QD-LEDs), the
EQE of low current density region increased. The driving voltage reduced as same as

BST HIIL from 4.1 V (pristine QD-LEDSs) to 3.9 V (with 3 nm HAT-CN HIIL QD-
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LEDs). Most of all, the insertion of Cg HIIL showed most effective enhancement on
electroluminescence characteristics of QD-LEDs. (Figure 3.5) For the specific
analysis of enhancement on electrical and optical property of QD-LEDs, we choose

Ceo as HIIL layer and conducted various analysis.
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Table 3.2 EL characteristics of QD-LEDs with controlling the thickness of BST HIIL.

Driving voltage @ 100 cd/m? [V] Peak EQE [%0]

w/o 44 5.2
1nm 4.3 53
3nm 4.1 52
5nm 4.2 5.0
7nm 4.5 5.0

Table 3.3 EL characteristics of QD-LEDs with HAT-CN HIIL.

Driving voltage @ 100 cd/m? [V] Peak EQE [%0]

w/o 4.1 5.0

3nm 3.9 4.9
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The state-of-the-art QD-LED with a record efficiency employs hybrid charge
transport layers (CTLs, inorganic ETL and organic hole transport layer (HTL)) that
deliver charge carriers from electrodes toward the QD emissive layer (Figure 3.6a)
[78]. For a QD-LED showing an internal quantum efficiency (IQE) close to the
photoluminescence quantum yield (PL QY) of the QD emissive layer, the disparity
between electron versus hole injection rates into QDs is calculated to be insignificant
(here, [Je(0) - Jn(0)]/Je(0) = 6.5x10°). This promises that the increase in the hole
current will certainly achieve the charge injection balance in QD-LEDs and thus
enhance the operational stability of devices. We modulate the hole current density by
controlling the thickness of Cg HIIL and characterize their influence on the device
performance. As a test bed, we adopt inverted QD-LEDs that employ ZnO
nanoparticles and 4,4’-bis(9-carbazolyl)-1,1’-biphenyl (CBP) as ETL and HTL,
respectively. CdSe (radius = 2.0 nm)/ZnxCd1.xS (shell thickness = 3.5 nm) type |
core/shell heterostructured QDs, whose photophysical properties are well understood,
are chosen as the emissive materials. The reference QD-LED (without an interlayer)
shows peak EQE of 6.7 % at the current density (J) of 25 mA/cm? (applied voltage
(V) = 3.6 V). Considering PL QY of the QD emissive layer (43 %) and the out-
coupling efficiency (770.) Of current devices (20 %), the insertion of Ceo interlayer
enhance the device efficiency close to the theoretical limit (~ 8.6 %). We insert
fullerene (Ceo, IE = 6.4 eV) layers of varying thicknesses (i.e., 0, 2, 3 and 5 nm) at the
interface between HTL and MoOx hole injection layer (HIL).

The insertion of Ce interlayer helps suppress the leakage current below the
threshold voltage (< 2.0 eV), indicating that the interlayer plays as the tunneling
barrier for hole leakage from MoOx toward CBP. The trend in the current density of
QD-LEDs above the threshold varies significantly depending on the thickness of Ceo

interlayer. Specifically, 3 nm thick Cgo interlayer enhances the current density of
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devices at most by a factor of 8 at the applied voltage of 4 V, whereas 5 nm thick Cgo
interlayer reduces the current density by 30 % at the same applied voltage. QD-LEDs
with 2, 3 nm thick Ceo interlayer exhibit enhanced luminescence efficiency at the
current density below 200 mA/cm?, suggesting that electron-hole injection imbalance
into the QD emissive layer is mitigated at the low current density (applied voltage)
regime. As a combined result of the reduction in the operation voltage and the
enhancement of the charge injection balance, QD-LEDs having 2, 3 nm thick Ceo
interlayer show significant improvement of power efficiency at the low current

density (applied voltage) regime.
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Table 3.4 EL characteristics of QD-LEDs with controlling the thickness of Ceo HIIL.

Driving voltage @ Turn on Voltage Peak EQE Peak PE

100 cd/m? [V] @ 1 cd/im? [V] [%0] [%0]
w/o 35 2.7 6.2 35
2nm 3.2 2.5 6.4 4.1
3nm 3.2 24 6.7 4.6
5nm 5.3 3.9 5.8 2.6
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3.3 Electrical Characteristics of HODs with HIIL analyzed by

Impedance Spectroscopy

The notable changes in the current density are apparently attributed to the
variation of the hole current by the insertion of Ce interlayer. To identify changes in
the hole current from cathode to HTL, we fabricate hole-only-devices (HODs) with
varying Ceo interlayer thicknesses and assess their electrical properties (Figure 3.7a,b).
HOD:s are constructed in an architecture of ITO (150 nm)//PEDOT:PSS (40 nm)//CBP
(60 nm)//Ceo interlayer (thickness = 0, 2, 3 or 5 nm)//MoOx (10 nm)//Al (130 nm).
The cole-cole plots in impedance spectroscopy (IS) analysis on HODs (Figure 3.10
a~c) and full devices (Figure 3.10 d~f) show significant reduction of device resistance
with the insertion of 2, 3 nm thick Ceo interlayer, indicating that the employment of
Ceo interlayer reduces the resistance at the interface between CBP and MoOx//Al. The
hole current rises at most by factor of 8 with the insertion of 3 nm thick Ce interlayer,
but decreases when 5 nm thick Cg interlayer is implanted. Electrical characteristics
of devices and impedance spectroscopy coherently attest that insertion of 2, 3 nm Cg
interlayer enables Ohmic contact between MoOx toward CBP by eliminating the
universal hole blocking barrier existing at the interface and facilitates the hole supply
to the QD emissive layer. Simultaneously, the Cg interlayer plays as the tunnel barrier
for hole injection, and thus the increase in the interlayer above the critical thickness
(here, 3 nm) in turn gives rise to the reduction of hole currents and deteriorates the
device efficiency.

Eliminating the universal hole blocking barrier at the interface between CBP and
MoOx//Al increases the device efficiency substantially at the lower current density
regime (J < 50 mA/cm?). The increment in the device efficiency by the implanted

interlayer diminishes at higher current density regime and eventually the impact
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vanishes at the current density above 200 mA/cm?. Regardless of the current density
or the device efficiency, the insertion of Ce interlayer alters the operation voltage to
reach the fixed current density. Therefore, comparative analysis among QD-LEDs
with varying interlayer thicknesses both at the low current regime (J = 30 mA/cm?, L
=1,000-2000 cd/m?) and the high current density regime (J = 200 mA/cm?, L = 10,000
cd/m?) enables us to understand the impact of the device characteristics (e.g., charge

injection imbalance, operation voltage) on the operational stability of QD-LEDs.
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Table 3.5. Cole-Cole plot fitting result by Z-View (HOD w/o Ceo HIIL)

Vbias (V) R1(Q) R2(Q) C1(nF) Rs (Q) Rs Error (%) Ca (nF) Ca Error (%)
0.2 123.7 2.83E+06 7.56E-01 12983 2.6634 7.85E+00 0.61195
0.4 118.7 6.50E+05 7.62E-01 11085 0.63192 7.07E+00 1.0667
0.6 119.4 66915 8.60E-01 9901 1.5256 3.42E+00 1.3235
0.8 116.8 25161 7.05E-01 2792 1.1213 2.53E+01 0.49072
1.0 116.7 10786 6.98E-01 954.2 0.63364 4,27E+01 0.29433
1.2 120.4 5617 7.01E-01 471.7 0.54958 4.90E+01 0.49222
1.4 140.4 2615 7.31E-01 303.8 0.52431 7.66E+01 0.23454
1.6 155.9 2100 7.51E-01 124.2 0.49857 1.04E+02 1.5259
1.8 174.5 1386 8.09E-01 70.23 0.84271 1.51E+02 2.3317
2.0 199.1 935.1 9.24E-01 38.34 1.3793 2.48E+02 3.4776

Table 3.6 Cole-Cole plot fitting result by Z-View (HOD w/ 3 nm Ceo HIIL)

Vhias (V) R1(Q) Rz (Q) C1 (nF) R3(Q) Rz Error (%) C; (nF) Cz Error (%)
0.2 147 3.35E+06 7.70E-01 13640 3.4763 7.59E+00 0.64026
0.3 148.5 7.03E+05 7.90E-01 13514 0.70984 6.20E+00 1.0774
0.4 153.3 99172 7.46E-01 12421 1.1034 9.20E+00 1.0364
0.6 178.3 6978 7.45E-01 919.1 1.2034 3.31E+01 0.78292
0.8 265.6 1450 9.57E-01 203.9 1.7134 7.16E+01 4.8012

1 321.8 471.5 1.95E+00 59.12 3.5383 1.67E+02 9.0726
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Table 3.7 Cole-Cole plot fitting result by Z-View (HOD w/ 5 hm Cg HIIL)

Vhias (V) R1(Q) Rz (Q) C1 (nF) Rz (Q) Rs Error (%) C2 (nF) Cs Error (%)
0.2 113 5.21E+06 7.22E-01 11151 5.6519 7.12E+00 0.59422
0.4 112.3 1.54E+06 7.19E-01 8872 1.5978 7.32E+00 0.64789
0.6 111.9 4,09E+05 7.18E-01 6097 0.50623 7.28E+00 0.94739
0.8 111.1 1.31E+05 7.62E-01 7517 1.7408 4,54E+00 3.263
1 110.6 58042 9.29E-01 12601 7.8727 3.18E+00 1.26
16 109.8 12680 9.95E-01 11025 2.181 3.87E+00 1.24
18 109.8 11604 8.80E-01 6789 1.7 2.48E+00 12,133
2 109.7 10573 7.92E-01 3982 1.025 3.62E+00 8.3145
2.2 109.6 8964 7.60E-01 2720 8.4453 4.45E+00 6.2486
24 108.6 7894 7.17E-01 1598 4,818 6.91E+00 3.3643
2.6 109.2 6909 6.85E-01 867.3 2.3364 1.26E+01 1.4633
2.8 108.6 5785 6.78E-01 629.1 1.9146 1.52E+01 1.1506
3 109.2 4943 6.68E-01 399.8 1.1829 2.41E+01 0.61988
3.2 108.9 4158 6.66E-01 313.6 1.0419 2.74E+01 0.51586
3.4 109.3 3528 6.63E-01 235.4 0.925 3.43E401 0.41853
3.6 109.1 2998 6.63E-01 193.1 0.71508 3.69E+01 0.30999
3.8 106.1 2525 6.63E-01 186.1 1.0913 3.00E+01 0.4828

108.3 2230 6.61E-01 122.1 0.51924 4.99E+01 0.21104
4.2 109.1 1939 6.61E-01 94.41 0.4016 6.43E+01 0.18099
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To investigate the origin of enhanced hole transport property of HODs, the
electrochemical impedance spectroscopy (EIS) analysis have taken to match with the
hole transport property. The EIS was used to study the charge transport and carrier
accumulation in a physical and electrical mechanism [79-82]. The impedance was
measured over the range of 1 Hz to 0.5 MHz with an oscillation amplitude of 10 mV.
Different DC bias range was applied to each devices, 0.2-2.0V for pristine device, 0.2-
1.0V, 0.2-4.4V for 3nm, 5nm of Ceo HIIL respectively. (Figure 3.8)

We extracted resistance and capacitance values by fitting the cole-cole curve
using Z-view software. The equivalent circuit to analyze HOD IS data is shown in
Figure 3.7c, composed of contact resistance (Rs), transport resistance (Ry), transport
capacitance (Cy), interlayer resistance (R,) and interlayer capacitance (C,). Transport
resistance and capacitance stands for hole transport in bulk materials such as CBP and
PEDOT:PSS. Interlayer resistance and capacitance, which can be called chemical
capacitance, represents the mobile charge carrier density at the interface of CBP and
MoOx. Chemical capacitance extracted by fitting the cole-cole plot of the HOD with
different Cgo HIIL thickness versus DC bias voltage is shown at Figure 3.9. The
interlayer capacitance - applied voltage graph matches well with the capacitance-
voltage (C-V) curve measure by EIS. (Figure 3.10) 3 nm Cg HIIL HODs showed
faster the enhancement in C, than non-Ceo HOD and 5 nm Ce HIIL HODs showed
rather slow enhancement increasing at 3 V. For the accurate comparison with the
result of electron-hole injection rate imbalance factor, C, value were extracted at 30
mA/cm? current density. As the current density enhancement rate in QD-LEDs and
HODs showed same, we assumed the interlayer condition of CBP and MoOy in QD-
LEDs and HODs will be similar at the same current density. The interlayer
capacitance depending on Cgo HIIL thickness is shown on Figure 3.9b. We found that

the calculated interlayer capacitance versus Ceo HIIL thickness trend is consistent with
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electron-hole imbalance factor trend. This reflects the enhancement in hole injection
carrier between HTL and MoOy reduce QLEDs electron-hole imbalance by enhancing

the interlayer property of CBP and MoOx.
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Figure 3.9 Fitting result of HODs with various Ceo interlayer plotted by applied
voltage. (a) Interfacial resistance — applied voltage plot (b) Interfacial capacitance —

applied voltage plot.

3 fi _17 1
50 "J*"i O | &



a
25
. HODs
~ 20 wio Cgo
X =0O—w/ 3nm Cgy
_CE: 15 == w/ 5 nm Cgy
§
S 10
B
(=1
E
4 6
Voltage (V)
b - -
@
w
©
L
o
1 1 1
0 2 4 6
Voltage (V)
Cc
20
— HODs
'9 15— wlo Cgy
x — w/3nm Cg,
w — w/ 5 nm Cgq
8 10
c
s
©
a8
® S5
o
0 ] ]

0 1 2 3 4 5

Voltage (V)

— B ET AT QLEDs
2 wio Cgp
X 20 =O= w/ 3 nm Cgq
. == w/ 5 nm Cgq
g sk
8
@
- 10+~
(9]
Q
E 5L
oll 1
0 1 2 3 4 5 6
Voltage (V)
e

Phase (°)

Voltage (V)
f

o~ or QLEDs

‘o wio Cgg

x 8r — w/3nm Cqg
w — w/5nm Cg
8 &

c

3

T a4k

=

©

o 2

0 ] 1 ]

0 1 2 3
Voltage (V)

Figure 3.10 Impedance spectroscopy analysis of the HODs and QD-LEDs. (a)

Impedance-voltage (b) Phase-voltage (c) Capacitance-voltage characteristics of the

HODs and (d) Impedance-voltage (e) Phase-voltage (f) Capacitance-voltage

characteristics of the QD-LEDs with the frequency of 1 kHz employing varying

thicknesses of Ceo interlayer.[74]

51 S B8 i)



3.4 Electrical Characteristics of HODs with HIIL analyzed by

Temperature Experiment

To confirmed the injection enhancement property of HODs and QD-LEDs by
insertion of Cg HIIL, the activation energy (E:) was calculated through temperature
dependent J-V measurement (180 ~ 320 K). (Figure 3.11a, b and Figure 3.12a, b) The
J-V characteristics show dramatic increase in current at a given voltage with
increasing temperature, we surmise this is due to the increase in mobility and decrease
in material resistivity of organic hole transport layer with increasing temperature. This
is reasonable since mobility in small-molecule organics is essentially a thermally
driven process. The J-V characteristics fitted well with the trap charge limited current
(TCLC) model, which is reported by Shen et al. [83] The J-V curves of QD-LEDs

fitting well with the power law function which can be expressed as [84-86]

= Joesp (- %)

J o< (V—V)m+t

Where Ea is activation energy at the largest state density, Kg is Boltzmann
constant, Vi is threshold voltage, and m is the slope of log-log plot in the TCLC
voltage region. The calculated E; dependent on the applied voltage is plotted and
shown that by inserting thin Ceo HIIL the activation energy greatly reduced starting at
the low voltage region both in HODs and QD-LEDs. In the point of HODs, it is
intuitive to estimate the origin of reduced activation energy because the biggest charge
transport barrier in the architecture is between CBP and MoOy. Although the starting

activation energy is 80 meV, which is smaller that the 0.3 eV of hole injection barrier
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due to the pinning effect of MoOy, the activation energy abruptly decrease as insertion
of thin Cg HIIL. On the other hand, the activation energy of pristine HODs barely
decreased even at the high applied voltage region. As the previous study shown [75],
this can be interpret as insertion of deep HOMO level material can eliminate the
universal hole injection barrier.

As a result, we could easily surmise that the insertion of Cg reduces hole
transport barrier between CBP and MoOxy and resulting alleviation of trap activation
energy in the HODs. By considering the result, the reduced activation energy at the
QD-LED:s also can be understand that the enhancement of hole injection property
results reduction in the activation energy in all applied voltage region. Although the
activation energy of pristine QD-LEDs also showed reduced value at high applied
voltage, this is surmised as the effect of accumulated electrons in the QDs EML. The
accumulated electrons in the QDs EML exude large electronic field which attracts
hole carriers from counterpart. However with the insertion of thin Cg HIIL, the
activation energy of QD-LEDs decreased rapidly with the small applied voltage

region.
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from 180 K to 320 K of HODs (a) with Ce and (b) without Cg HIIL. () The
calculated activation energy of devices by applying Arrhenius' Equations..
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The value of m and calculated E: depend on the temperature was plotted on the
Figure 3.13. At all temperature range the devices with thin Ceo HIIL showed smaller
E: value from 0.02 eV at 320 K and 0.05 eV at 200 K in HODs, and 0.01 eV at 360 k
and 0.02 eV at 240 K in QD-LEDs. The E; increased gradually as the temperature

increases.
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Figure 3.13 Calculated parameter of slope m and activation energy (E:). Both HODs
and (b) QD-LEDs show reduced activation energy factor in all temperature region as

insertion of Cg interlayer.

56 :_"E O 1]



3.5 Summary

In summary, we improved the hole injection property of QD-LEDs by inserting
a deep HOMO buffer layer (UGH-2, HAT-CN, C60 and BST) between the CBP hole
transport layer and the MoOy hole injection layer. Among them the fullerene (Ceo)
efficiently enhance the hole injection property and resulting overall charge injection
balance in the devices. As a result, the QD-LEDs with Cgo interlayer showed 10%
reduced initial rapid luminance drop compared to non- Cg interlayer QD-LEDs which
leads to 5 times increase in operational lifetime at 1000 nit. (75 % lifetime (LT7s) ~
5.6 hours @ 1000 cd/m? for non-Cso interlayer QLEDs and (LT+s) ~ 36.5 hours @
1000 cd/m? for Ceo interlayer QD-LEDS).

We systematically analyzed the enhancement of electrical property of devices by
impedance spectroscopy and temperature analysis. To remove the hole injection
barrier between QDs and CBP (HTL), we fabricate HODs architectures without
inserting QDs layer. The impedance spectroscopy analysis result shows that the
enhancement of QD-LEDs performance arises from the enhancement hole injection
property. By decompose each components in the HODs with the fitting data of applied
equivalent circuit, we have conclude that the interface component (Resistance and
capacitance) greatly enhanced by the insertion of Cg HIIL. By the temperature

analysis, this interfacial enhancement property was revalidated.
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Chapter 4

Analysis on the Operation Stability of
Quantum Dot Light-Emitting Diodes

Despite substantial progress made in the performance, the state-of-the-art QD-
LEDs are still in need of operational stability that is a prerequisite factor for their
practicable use. The origin of stability degradation of QD-LEDs is unveiled to
originate from the charge injection imbalance [45]. The disparity between charge
carrier injection rates results in the accumulation of excess charge carriers within the
QD emitters that promotes non-radiative Auger recombination processes [46, 47],
leading to a reduction of luminance efficiency of QD-LEDs. In addition, the overflow
of charge carriers across the QD emissive layer toward counter electrodes provokes
degradation of charge transport layers [45, 49, 50] that causes irreversible degradation

of QD-LEDs.
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Equalized charge carrier injection rates promise a long-lived QD-LED. The most
widely attempted approach to reach the charge carrier balance is decelerating the
injection rate of dominant charge carriers. Inserting an electron blocking layer at the
interface between the electron transport layers (ETL) and the QD emissive layer [4,
52, 54-57, 60] or lowering the carrier mobility of electron transport layers [23, 60, 61]
are the representative examples for the state-of-the-art QD-LEDs, in which the
injection rate of electrons into QDs far exceeds that of hole. These negative incentives
permit the increase in the device efficiency, but simultaneously accompany an
unwanted outcome, the increase in the operation voltage to gain the fixed current
density, that could accelerate degradation of the device by Joule heating.

In the previous chapter, we presented a “positive incentive” approach to enhance
the operational stability of QD-LEDs by inserting a thin fullerene (Cqo) interlayer. The
insertion of thin layer changed electrical and optical property of QD-LEDs and HODs.
In this chapter by applying the unique structural feature, we guantitatively assess the
extent of charge injection imbalance within the QD emissive layer from combined
analysis on electrical properties of QD-LEDs and photophysical properties of the QD
emissive layer within the devices, and discuss their impact to optoelectronic

performance and operational stability of QD-LEDs.
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4.1 Lifetime Characteristics of Electroluminescence Devices

assisted by Deep HOMO Level HIIL

In the previous chapter, we presented an enhanced performance and lifetime of
QD-LEDs by inserting a thin fullerene (Ce) HIIL. Compared to conventional
architecture of QD-LEDs, the proposed structure only differs by the insertion of thin
(~ 5 nm) Ceo HIIL between CBP (HTL) and MoOy (HIL). (Figure 4.1) However the
electroluminescence property enhanced greatly due to the increase of minority carrier
(Hole carrier) of the QD-LEDs. Compared in the same operated current density, the
QD-LEDs with Ceo interlayer applied low operational voltage compared to that of
QD-LEDs without Cg interlayer. This characteristic is excellent system for
comparing the operational stability of two different QD-LEDs which has nearly same
device architecture due to the minimization of variation of experiment.

We briefly discussed the lifetime characteristics of QD-LEDs with varying Ceo
HIIL in the previous chapter. The QD-LEDs with 3 nm Cg interlayer showed 10%
reduced initial rapid luminance drop compared to non- Cg interlayer QD-LEDs which
leads to 5 times increase in operational lifetime at 1000 nit. (75 % lifetime (LT7s) ~
5.6 hours @ 1000 cd/m? for non-Ceo interlayer QLEDs and (LTzs) ~ 36.5 hours @
1000 cd/m? for 3 nm Cgo interlayer QD-LEDs). However, the operational condition
such as operational current density and operational voltage is largely different with
the thickness of Ceo HIIL. The operational current density at 1000 cd/m? is 22.83,
19.15, and 24.13 mA/cm? for QD-LEDs with 0, 3, and 5 nm Cgo HIIL respectively.
The initial operational voltage at 1000 cd/m? is 4.1, 3.5, and 6.4 mA/cm2 for QD-
LEDs with0, 3, and 5 nm Cgo HIIL respectively. (Figure 4.2 and Table 4.1) Although
QD-LEDs with 3 nm Cg HIIL shows most prolonged lifetime, the origin of

operational stability is veiled. When we compare lifetime in same luminance
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condition for all devices, the operational conditions (Operational current density,
applied voltage, and charge imbalance factor) will be different in all devices and
undesirable for finding the impact of key factors that deteriorate QD-LEDs. Therefore
to investigate the operational stability of QD-LEDs, it is prerequisite to compare them
not in the same luminance conditions, but in the same operational conditions, such as
current density or applied voltage. Comparative analysis among QD-LEDs with
varying interlayer thicknesses both at the low current regime (J = 30 mA/cm?, L =
1,000-2000 cd/m?) and the high current density regime (J = 200 mA/cm?, L = 10,000
cd/m?) will enable us to understand the impact of the device characteristics (e.g.,
charge injection imbalance, operation voltage) on the operational stability of QD-

LEDs
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Figure 4.1 Structural unigueness for analyzing the operational stability of QD-

LEDs. The proposed structure only differs in the thin (~ 5 nm) Ceo HIIL.
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Figure 4.2 Lifetime characteristics of QD-LEDs by controlling the thickness of Ceo
HIIL. Time dependent (a) luminance decay graph and (b) operated voltage graph.

Initial luminance (Lo) is 1000 cd/m?.

Table 4.1 Operational current density for 1000 cd/m? of QD-LEDs with varying

thickness of Cgo HIIL

w/0o Ceo 3nm 5nm

Operation Current Density
22.83 19.15 24.13

@ 1000 cd/m? [mA/cm?]

63



4.2 Characteristics of Electroluminescence and
Photoluminescence of QD based LED assisted by Deep
HOMO Level HIIL

We assess the operation stability of QD-LEDs by monitoring the
electroluminescence (EL) traces as a function of the operation time at the constant
current density (Figure 4.3). Concurrently, we also monitor the traces of
photophysical characteristics of the QD emissive layers within the working devices
and estimate the degree of QD charging and its contribution to the efficiency drop of
devices. Irrespective of the operation current density, the device efficiency of QD-
LEDs declines in two steps:[45] the rapid decrease in the device efficiency at the early
operation stage accompanying PL QY loss of the QD emissive layer (Stage 1) and the
slow but steady decay of the device efficiency after the PL QY of the QD emissive
layer ceases to decrease (Stage Il). (Figure 4.5a) We estimate the degree of charge
injection imbalance into the QD active layers ((Jeo-Jn)/Jeo) from the PL QY decay
dynamics and correlate it with the device efficiency and the operational stability. We
define the switch time from Stage | to Stage Il (T1) when ca. 98 % of PL QY decay
completes and rescale the device efficiency curves from T1 to evaluate the device

decay rate at Stage I1.
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Figure 4.3 Changes in optical characteristics of the QD emissive layer under the
device operation (a) luminance decay trend of QD-LEDs with varying Cg interlayer
thickness (0, 3, 5 nm) which could eventually correspond to internal quantum
efficiency (IQE) trend (b) PL QY decay trend of QD which is operated under the

constant current density.

Charge injection imbalance ((Jeo-Jn)/Jeo) is calculated by using QD charging
model [45]. The fraction of negatively charged QDs and the electron injection rate at
a given time (J(t)) under constant current density (J» = constant) can be obtained by

considering coupled rate equations. (Figure 4.4)

dc
Jo® —Ju = Z2
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C(t)

]e(t) =J.(0)(1 - aT)

where Je(t) and J, is the number of injected electrons and holes into QDs in unit
area (cm?) at time t, N is the number of QDs in unit area (cm?), C(t) is the number of
charged QDs in unit area (cm?) at time t, and a is the repulsion coefficient for
electron injection from ZnO ETL into negatively charged QDs.

From these equations, we can get the fraction of charged QDs and the electron

injection rate at a given time (Je(t)).

F(t) _ C(t) _ ]e(O) _]h (1 — exp <_]e(0)a t))

N (0 N

_ Jo(0)a
Je(®) = Jo(0) = (e (0) = J) (1 = exp  —=—t ])

When QD is fully charged, remaining efficiency and the fraction of charged QD

(F) correlate with injection imbalance.
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Figure 4.4 Influence of the structural formulations of QDs on the early efficiency
drop in QLEDs. Operation time-dependent traces of the fraction of charged QDs (F)
in the QD emissive layer of (a) QLEDs implementing CdSe (r = 2.0 nm)/Zno5CdosS(h
= 6.3 nm) type | QDs under the current densities of 10, 20, 30, 90, and 180 mA/cm?,
(b) The imbalance between electron and hole injection rate ((Je-Jn)/Jn) as a function of

operation time. (This work is from the reference [45])

The fitting data of IQE and PL QY is illustrated at Figure 4.5. The operation
stability of QD-LEDs with varying Ceo interlayer thicknesses under operation at 30
mA/cm?, The degradation trend of QD-LEDs at Stage | matches well with the decay
trend observed in PL QY of the QD emissive layer, indicating that the rapid decrease
in the device efficiency at Stage | is predominantly attributed to the luminescence

efficiency loss of the QD emissive film via QD charging and subsequent non-radiative

p
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Auger recombination processes. The similarity enables us to extract the initial charge
injection imbalance into QDs in working devices (t = 0) from PL QY traces. Figure
4.5b compares the device efficiency and the charge injection imbalance of QD-LEDs
employing varying thicknesses of Cgo interlayer at the initial operation time (t = 0).
The initial device efficiency (EQE (0)) is inversely proportional to the initial charge
injection imbalance ((Jeo-Jn)/Jeo) in chosen variation of Cgo interlayer thickness,
implying that the device efficiency enhancement by the presence of Cgo interlayer is
an outcome of the mitigated charge injection imbalance into the QD emissive layer.
The reduction of the charge injection imbalance by implanting Ceo interlayers aids to
suppress the extent of the device efficiency drop by QD charging at Stage | and also

delays the device degradation at Stage I.
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Figure 4.5 (a) Operation time dependent-traces of internal quantum efficiencies (IQES)
of QD-LEDs employing varying thicknesses of Ce interlayer. Photoluminescence
quantum yields (PL QYs) of QD emissive layers within corresponding devices are
overlaid for comparison. An inset shows the change in PL QY of the QD emissive
layer under operation at 30 mA/cm?. (b) The degree of the initial charge injection
imbalance ((Jeo-Jn)/Jeo) in QD-LEDs and EQEs at 30 mA/cm? depending on the Ceo
interlayer thickness. All QD-LEDs were operated at a constant current density of 30

mA/cm?.[74]
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The device degradation rates at Stage | (K,) and the extent of efficiency drops at
Stage | are linearly correlate with the initial charge injection imbalance ((Jeo-Jn)/Jeo).
These results validate the previous model that rationalizes QD-LED degradation at
Stage | with the luminescence efficiency loss of the QD emissive layers via QD
charging and subsequent non-radiative Auger recombination processes. The insertion
of Ceo interlayers also aids to impede the device degradation rate at Stage Il (Figure
4.6). As depicted in Figure 4.5b, the charge imbalance factors are deeply related with
the EQE of device. As a result, comparing operational stability of QD-LEDs only in
the same applied current density is insufficient, resulting the prolonged devices
determined by the EQE value of the devices. Therefore for all-else-being-equal
conditions, it is necessary to conduct analysis of operational stability not only at the
same operational current density but also at the point where all devices has same EQE.
We choose 200 mA/cm? as the point where the devices shows nearly similar EQE,
and conducted 3 different applied current density points of analysis on the operational
stability of QD-LEDs with various Ceo interlayer thickness (0, 3, and 5 nm). The
electroluminescence characteristics of QD-LEDs with 0, 3, and 5 nm Cg interlayer is

shown in the Table 4.2.
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Figure 4.6 (a) Device degradation rates at Stage | (K,) and the ratio between the initial
PL QY and the remaining PL QY of the QD emissive layer (B/A). (b) Device
degradation rates at Stage Il (K;) as a function of the degree of initial electron-hole
injection imbalance into QDs ((Jeo-Jn)/Jeo). All QD-LEDs were operated at a constant

current density of 30 mA/cm?2.[74]
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Table 4.2 Electroluminescence characteristics of QD-LEDs with varying thicknesses

of Ceo interlayer at current densities of 30, 100 and 200 mA/cm?.

30 mA/cm? EQE (%) Voltage (V) Luminance (NIT)
w/o Ceo 5.7 4.1 1,320
3nm Ceo 6.7 3.7 1,570
5nm Ceo 55 6.4 1,280
100 .
mA/em? EQE (%) Voltage (V) Luminance (NIT)
w/o Ceo 6.1 4.6 4,700
3nm Ceo 6.5 39 5,000
5 nm Cso 58 7.1 4,400
200 .
mA/em? EQE (%) Voltage (V) Luminance (NIT)
w/o Ceo 6.3 5.1 10,600
3nm Ceo 6.4 42 10,700
5 nm Cso 5.5 7.6 9,200
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4.3 Quantitative Assessment of Operational Stability of

Electroluminescence Devices

For all-else-being-equal conditions, it is necessary to conduct analysis of
operational stability not only at the same operational current density but also at the
point where all devices has same EQE. We choose 200 mA/cm? as the point where
the devices shows nearly similar EQE (6.3 % and 6.4 % for pristine QD-LEDs and 3
nm Ceo interlayer QD-LEDs respectively), and conducted 3 different applied current
density points (30, 100, and 200 mA/cm?) of analysis on the operational stability of
QD-LEDs with various Cep interlayer thickness (0, 3, and 5 nm). The comparative
analysis among QD-LEDs with varying interlayer thicknesses both at the low current
regime (J = 30 mA/cm?, L = 1,000-2000 cd/m?) and the high current density regime
(J =200 mA/cm?, L = 10,000 cd/m?) enables us to understand the impact of the device
characteristics (e.g., charge injection imbalance, operation voltage) on the operational

stability of QD-LEDs
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Figure 4.7 Degradation trends of QD-LEDs with varying thicknesses of Cg interlayer
at high current density (100 mA/cm?). (a) Operation time dependent PL QY of QD
emissive layer within device and IQE of QD-LEDs with varying thicknesses of Ceo
interlayer. (b) The degree of the initial charge injection imbalance ((Jeo-Jn)/Jeo) in QD-
LEDs and EQEs at 100 mA/cm? depending on the Ceo interlayer thickness. (c) Device
degradation rates of Stage | (Ki), remaining efficiency (B/A) and (d) device
degradation rates at Stage Il (K;) as a function of the degree of initial electron-hole
injection imbalance into QDs ((Jeo-Jn)/Jeo). All QD-LEDs were operated at a constant

current density of 100 mA/cm?.[74]
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Figure 4.8 Degradation trends of QD-LEDs with varying thicknesses of Cg interlayer

at high current density (200 mA/cm?). (a) Operation time dependent PL QY of QD

emissive layer within device and IQE of QD-LEDs with varying thicknesses of Ceo

interlayer. (b) The degree of the initial charge injection imbalance ((Jeo-Jn)/Jeo) in QD-

LEDs and EQEs at 200 mA/cm? depending on the Ceo interlayer thickness. (c) Device

degradation rates of Stage | (K)), remaining efficiency (B/A) and (d) device

degradation rates at Stage Il (K, as a function of the degree of initial electron-hole

injection imbalance into QDs ((Jeo-Jn)/Jeo). All QD-LEDs were operated at a constant

current density of 200 mA/cm?.[74]
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4.4 Characteristics of Operational Stability of QD based LED
based on All-Else-Being-Equal Conditions

We conduct the device operational stability tests under operation at 100 mA/cm?
and 200 mA/cm?, where the device efficiency barley changes upon the variation in
Ceo interlayer thickness (Figure 4.7 and 4.8) and summarize the relationships between
the device operation stability and the device characteristics (Figure 4.9 and 4.10). The
device degradation rates at both Stage | (K,) and Stage Il (Ky)) have linear relationships
with the charge carrier injection imbalance into QDs (Jeo-Jn) (Figure 4.10). The extent
of efficiency drop at Stage | (1-B/A) is linearly proportional to the extent of the initial
charge injection imbalance ((Jeo-Jn)/Jeo) (Figure 4.9). These results consistently attest
that the disparity of charge carrier injection rate is the primary reason for the device
degradation at both Stage | and Stage Il. The charge injection imbalance yields the
accumulation of excess charge carriers within the QD emissive layer that escalates the
probability of non-radiative Auger recombination processes, leading to the device
efficiency drop at Stage |. The leakage of extra charge carriers accumulated in the QD
emissive layer toward counter CTLs causes structural deformation of CTLs (here,
CBP) that becomes charge carrier traps and reduces the device efficiency at Stage II.

Both the device degradation rate and the extent of device efficiency at Stage |
disregard the influence of the applied voltage. By contrast, the device degradation rate
at Stage Il is primarily determined by the charge injection imbalance and also
influenced by the applied voltage (Figure 4.10b). We attribute the reason to the origin
of device degradation at stage Il that involves irreversible degradation of HTL via
chemical reaction. In the present case, exocyclic C-N bond in CBP is known as a weak
bond and liable to undergo structural deformation that creates deep trap sites. The

electrons that escape from the QD emissive layer toward HTL play a decisive role in
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the HTL degradation processes, and higher applied voltage and subsequent heat
supply to the system expedite the electron leakage to HTLs and consequently the HTL
degradation. The insertion of 3 nm thick C60 interlayer not only enhances the charge
injection balance within the QD emissive layer but also reduces the operation voltage
by ~ 0.4V, 0.7 V and 0.9 V for operating 30, 100 and 200 mA/cm?. As a combined
result of suppressed charge leakage and the lowered Joule heating, QD-LED
employing 3 nm thick Ceo interlayer displays enhancement in the device stability at
Stage Il compared to the reference ones (without Ceo interlayer) under varying
operation current densities (Figure 4.10b). We note that the device operation
instability of QD-LED:s is strongly related with the charge injection imbalance and
the operation voltage rather than the single exciton luminescence efficiency (PL QD)

of QDs or the extraction efficiency (nout).
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Figure 4.9 QD-LED degradation characteristics: Efficiency loss of the QD emissive
layer by QD charging (1-B/A) versus the extent of the initial charge injection
imbalance ((Jeo-Jn)/Jeo). The inset extrapolates the efficiency loss by QD charging in

QD-LEDs at the equalized charge injection condition ((Jeo-Jn)/Jeo=0).[74]
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The decay rates estimated from the fitted lines approximate to nearly 0 for the
case with complete charge injection balance ((Jeo-Jrn) = 0), promising the complete
suppression of device degradation under operation. The present approach, eliminating
the hole blocking barrier at the interface between cathode and HTL with insertion of
Ceo interlayer, is an effective way of improving the hole current from cathode to HTL,
but the outcome that we could achieve in working devices appears to be rather limited.
Specifically, HOD experiments imply that the optimum thickness Ceo interlayer can
boost the hole current from cathode into HTL by approximately one order of
magnitude, but the enhancement of charge injection imbalance in the QD emissive
layer within working devices appears to be at most 10 %. The notable gap between
enhancements of the hole current versus charge injection balance is attributed to the
energy barrier for hole injection at the interface between HTL and QDs. This in return
suggests that, in addition to the present approach, the reduction of hole injection
barrier between the QD emissive layer and HTL is necessary to accomplish the
complete charge balance in the QD emissive layer. We consider that engineering at
the interface between QDs and HTL, for example, reducing the ligand length [87] or
lowering the energy barrier of the shell [34, 88, 89], will further boost the hole

injection into QDs and eventually enable the complete charge injection balance.
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Figure 4.10 QD-LED degradation characteristics: (a) The degradation rate at Stage |
(K)) versus the initial charge injection imbalance into QDs (Jeo-Jn). (b) device
degradation rates at Stage Il (Ky) versus the initial charge injection imbalance into

QDs (Jeo-dn).[74]
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Table 4.3 Electroluminescence characteristics of QD-LEDs with varying thicknesses

of Ceo interlayer at current densities of 30, 100 and 200 mA/cm?.[74]

EQE*  \oltage* Luminance* K1 K (Jeo-Ju)/ Jeq

) W (NIT) &) @) sy
30 mA/cm?
wio Ceo 5.7 41 1320 157 11 65 053
2 nm Ceo 6.3 37 1.410 13.2 04 6.1 0.56
3 nm Ceo 6.7 37 1.570 12.6 0.2 0.60
5 nm Cep 55 6.4 1.280 158 49 68 0.51
100 mA/cm?
wio Ceo 61 46 4,700 475 159 6.0 0.55
3 nm Cep 63 39 5.000 553 48 4 0.59
5 nm Cep 58 7.1 4.400 69.6 238 7.1 0.49
200 mA/em?
wio Ceo 63 51 10,600 637 286 58 0.59
3 nm Ceo 64 42 10,700 67.0 256 57 0.56
5 nm Ceo 5.5 7.6 9.200 137.4 476 72 0.46
* Device characteristics at the initial operation (t=0).
80 1 2 11



4.5 Characteristics of Operational Stability of QD based LED

with various HTL

In the previous section, we identified the relation between operational conditions
and lifetime of QD-LEDs. However, although we conducted the measurement of
operational stability of QD-LEDs which is shows general tendency in QD-LEDs,
there should be a verification with the different QD-LEDs structure. Therefore we
conducted same stability analysis with the 26DCzPPy (2,6-bis[3-(9H-Carbazol-9-
yl)phenyl]pyridine) HTL, which has -6.05 eV of HOMO level and -2.65 eV of LUMO
level with relatively high T4 (102 °C).

The EL characteristics of 26DCzPPy based QD-LEDs with and without Ceo
interlayer is shown in figure 4.11. The enhancement trend showed consistent trend
with the previous CBP based QD-LEDs results. Reduced turn-on voltage and
increased EQE at low current density region. Also the operational stability
comparison with the constant current density of 30 mA/cm? and 100 mA/cm?. The
stability of 26DCzPPy based QD-LEDs with Cg interlayer showed prolonged lifetime
compared to that of pristine QD-LEDs.

The degradation characteristics of 26DCzPPy based QD-LEDs is shown in
figure 3.12. The decay rates estimated from the fitted lines approximate to nearly 0
for the case with complete charge injection balance ((Jeo-Jn) = 0), which is consistent
with the CBP based QD-LEDs result. Also the Stage Il linearly followed the charge
injection imbalance and marginally follows the operational voltages at each current
density points. This result showed that our stability analysis systems can be applied

to various HTL based QD-LEDs.
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4.6 Effect of Joule Heating on the Electroluminescence

Devices

We have identified the operational voltage mainly effect the long term of
operational stability in QD-LEDs (Stage 11). We attribute the reason to the origin of
device degradation at stage Il that involves irreversible degradation of HTL via
chemical reaction. In the present case, exocyclic C-N bond in CBP is known as a weak
bond and liable to undergo structural deformation that creates deep trap sites. The
electrons that escape from the QD emissive layer toward HTL play a decisive role in
the HTL degradation processes, and higher applied voltage and subsequent heat
supply to the system expedite the electron leakage to HTLs and consequently the HTL
degradation.

It is well known that CBP has low thermal stability. (T4 = 62°C) There has been

a lot of studies to enhance the thermal stability of CBP by changing the chemical
architecture, especially the exchanging the hydrogen on the carbazole side by C-N
bond. Thus, the Joule heat generation during device operation may have critical effect
on the QD-LEDs. To identify the temperature of devices which rises from Joule
heating, we measured the temperature of QD-LEDSs on the operation conditions (From
30 mA/cm? to 250 mA/cm?) by IR-camera. (Figure 4.11) The temperature trend
followed as the increased applied current density. The maximum temperature of each
pixel was 33.1, 30.9, and 43.1°C for QD-LEDs with 0, 3, and 5 nm Cg interlayer.
From the Figure 4.12, the temperature strongly influenced by the current density and
applied voltage, which eventually gives us to importance of low operational condition

on the device operational stability.
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Table 4.4 Temperature characteristics of operated QD-LEDs with 0, 3, and 5 nm of

Ceo interlayer (Applied current density from 30 to 250 mA/cm?).

wio Cso 30 mA/cm?® 50 mA/fcm? 100 mA/ecm® 150 mAfem® 200 mAfcm® 250 mAfcm®
Voltage (V) 40 42 4.6 48 5.0 5.2
*v 120 210 460 720 1000 1300
Temperature (°C) 26.6 26.7 27.8 293 31.5 331
3 nm Ceo 30 mA/cm? 50 mA/cm® 100 mAfem® 150 mAfem® 200 mAfcm® 250 mA/cm’
Voltage (V) 3.7 3.8 4.0 4.2 4.3 4.4
I 111 190 400 630 860 1100
Temperature (°C) 25.9 26.0 27.0 28.1 29.8 30.9
5 nm Cso 30 mA/em? 50 mA/cm? 100 mAfem® 150 mAfem’ 200 mAfcm® 250 mAjcm’
Voltage (V) 5.1 5.8 7.1 7.4 7.6 7.8
¥V 153 290 710 1110 1520 1950
Temperature (°C) 27.8 28.5 31.0 35.4 39.3 425
40 w/o Cgy
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Figure 4.14 Fitting result of pixel temperature depend on the multiply of current

density and applied voltage (J*V) of QD-LEDs with 0, 3, and 5 nm of Cg interlayer.
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To verify the thermal effect on the lifetime of QD-LEDs, we measured lifetime
of standard QD-LEDs (ITO//ZnO NPS//Type 1 CdSe(r = 2 nm)/Cdi.xZnxS(h = 5.5
nm) QDs//CBP//MoO,//Al) along with the additional external temperature. The
applied temperature is 25, 35, and 45°C. As depicted in Figure 4.13, the temperature
on the lifetime of QD-LEDs mainly influenced on Stage Il term. The result is
consistent with the analysis of various operational stability resulting that the evidence
of thermal energy affects rarely affect to the Stage | but mainly affect to the Stage Il

term.
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Figure 4.15 Lifetime of QD-LEDs with applied temperature form 25°C to 45°C.
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4.7 Summary

In summary, we have assessed comprehensive study across spectroscopic
analysis on the QD emissive layer and optoelectronic characterization on working
devices under varying operation conditions which enabled us to understand the key
factors that are responsible for the device degradation. The quantitative assessment of
operational stability in QD-LEDs with all-else-being-equal conditions unveiled the
effect of operational conditions (Applied current density, applied voltage, and charge
imbalance factor) on the device stability. The device efficiency drop at Stage 1 is
attributed solely to the charge injection imbalance into QDs. The device efficiency
loss at Stage 11 is also attributed mainly to the charge injection imbalance, and further
exacerbated by the increase in the operation voltage. The temperature rise during
device operation was measured by IR-camera to define the temperature variation on
the operation conditions. The lifetime test assessed by additional external temperature
showed consistent result that Stage | disregard the effect of temperature however

Stage Il is influenced by additional temperature due to the HTL degradations.
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Chapter 5

Conclusion

In this thesis, we devised QD-LEDs employing hybrid CTLs with enhanced
charge injection balance and characterized the device performance of QD-LEDs.
Insertion of a thin Cgo interlayer at the interface between organic HTL and MoOx//Al
promotes the hole current, an inferior carrier than its counterpart, by eliminating the
universal energy barrier, and lowers the operation voltage of QD-LEDs. As a
consequent of enhanced charge balance in the QD emissive layer within working
devices and reduced operation voltage, QD-LEDs employing C60 interlayer exhibit
significantly enhanced device efficiency and operation stability.

First, we demonstrate QD-LEDs assisted by various deep HOMO hole injection
interlayer to enhance to hole injection property. Thin HIIL layer eliminate the
electrical dipoles between CBP and MoOy, resulting reduced the universal ohmic

contact which existed by pinning effect of metal oxide and organic materials.
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Efficiency and lifetime of QD-LEDs enhanced evidently with the insertion of thin (~
5 nm) HIIL. To define the origin of device enhancement, the electrical characteristics
were analyzed by impedance spectroscopy and temperature analysis. We fabricated
hole only devices without QDs to specifically observe interface component (Between
CBP and MoOy) and the cole-cole plot fitting result showed that the insertion of HIIL
high reduce the interface resistance and increase interface capacitance, which defines
as mobile charge carriers. Lastly the activation energy calculated by temperature
experiment ensured us the abrupt decrease in HODs and QD-LEDs assisted by deep
HOMO interlayer.

Comprehensive study across spectroscopic analysis on the QD emissive layer
and optoelectronic characterization on working devices under varying operation
conditions enable us to understand the key factors that are responsible for the device
degradation. The quantitative assessment of operational stability in QD-LEDs with
all-else-being-equal conditions unveiled the effect of operational conditions (Applied
current density, applied voltage, and charge imbalance factor) on the device stability.
The device efficiency drop at Stage | is attributed solely to the charge injection
imbalance into QDs. The device efficiency loss at Stage Il is also attributed mainly to
the charge injection imbalance, and further exacerbated by the increase in the
operation voltage. The temperature rise during device operation was measured by IR-
camera to define the temperature variation on the operation conditions. The lifetime
test assessed by additional external temperature showed consistent result that Stage |
disregard the effect of temperature however Stage Il is influenced by additional
temperature due to the HTL degradations.

In conclusion, this thesis offers a strategy to enhance QD-LEDs and unveiled the
relation between operational conditions and stability of devices. These results lie in a

same line with previous studies that reported the impact of charge injection balance
89 ] 2 11



on the device performance, and suggest that the equalized charge injection will enable
complete eradication of device degradation factors and promise prolonged operation
lifetime of QD-LEDs. Apparent next step to enhance device operational stability is
realizing the complete balance in charge injection in QDs by reducing the energy
barrier between HTL and the QD emissive layer. We believe that engineering at the
interface between QDs and HTL will certainly enable the complete charge injection

balance and a long-lived QD-LED.
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