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Abstract 

WHITE QUANTUM DOT LIGHT-

EMITTING DIODES BASED ON 

INVERTED DEVICE STRUCTURE  

HEEYOUNG JUNG 

DEPARTMENT OF ELECTRICAL AND  

COMPUTER ENGINEERING 

COLLEGE OF ENGINEERING 

SEOUL NATIONAL UNIVERSITY 

 

Colloidal quantum dots (QDs) have many advantages given their superior 

optical and electrical properties when used in optoelectronic devices. High 

photoluminescence quantum yields, broad absorption and narrow emission spectra, 

and stability with regard to thermal and optical stimuli make QDs excellent 

materials for light-emitting diodes (LED). After many years of research and 

advances in the development of materials and device engineering, quantum-dot 

light-emitting diodes (QLEDs) have undergone numerous improvements in terms of 

their performance capabilities and architectures. Among the possible applications, 
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white-light-emitting QLEDs have attracted significant attention due to the simplicity 

of their device architecture and the good flexibility of their emission spectrum. 

However, the charge carrier imbalance caused by the relatively large bandgap of 

blue QDs represents a hurdle preventing the achievement of high-performance white 

QLEDs. This thesis discusses the engineering of the hole transport layer (HTL) to 

control the hole injection rate into large-bandgap QDs and subsequent improvements 

in the device characteristics of white QLEDs. 

I demonstrate an efficient blue QLED with a larger bandgap through HTL 

engineering. First, the influence of the highest occupied molecular orbital (HOMO) 

energy level in the HTL on the performance of QLEDs employing blue QDs with 

larger bandgaps is evaluated. Specifically, HTLs with various HOMO energy levels, 

i.e., the CBP, mCP, TCTA, TAPC and NPB, are screened to investigate the device 

performance capabilities of blue QLEDs. Subsequently, CBP and mCP are chosen 

for use in the HTL of blue QLEDs. However, mCP when deposited onto the QD 

layer shows a non-uniform surface caused by a mismatch in the surface energy. 

Eventually, it was found that the co-deposition of CBP and mCP could successfully 

enhance the hole injection rate into blue QDs with larger bandgaps and could enable 

a uniform deposition on top of the QD layer. Blue QLEDs employing a CBP:mCP 

co-deposited layer exhibit a two-fold enhancement in the hole injection rates and 

thereby the luminescence efficiency. 

A highly efficient and color-stable white QLED is then exhibited by 

implementing the CBP:mCP co-deposited layer. Red, green and blue primary-color 

QLEDs are fabricated with a CBP or a CBP:mCP co-deposited layer, after which all 

samples are characterized. Spectral changes and device efficiency rates with respect 

to the mixing ratio of the red, green and blue QDs are investigated. White QLEDs 

using a CBP or a CBP:mCP co-deposited layer are fabricated and the relationships 
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between the enhancement of each primary-color QLED and that of white QLEDs are 

investigated. The co-deposition of CBP and mCP allows a two-fold enhancement of 

the hole injection rate into the large-bandgap QDs, resulting in a considerable 

enhancement of the device performance in terms of the luminescence efficiency and 

the operational stability of corresponding QLEDs. Furthermore, the co-deposited 

HTL reduces the driving voltage of the large-bandgap QDs and subsequently 

improves the color stability of white QLEDs for improved temporal and operational 

dependency. The resulting white QLEDs emit white-emission around an equal 

energy point in the Commission Internationale de l’Eclairage 1931 chromaticity 

diagram and exhibit an external quantum efficiency rate exceeding 5 % at brightness 

levels ranging from 100 to 10,000 cdm-2. 

I believe that the suggested device architecture and the technological guideline 

presented in this thesis will be helpful to those developing efficient and color-stable 

white QLEDs. 
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Chapter 1 

Introduction 

1.1 Colloidal Quantum Dot Light-Emitting Diodes 

Colloidal quantum dot (QD) has attracted significant attention as a promising 

illuminant since it discovered by Alexey Ekimov [1] and Louis Brus [2] in early 

1980’s. QDs have several unique characteristics, wide absorption, narrow emission 

spectra, tunable emission wavelength by composition and size controlling, and 

solution processability [3-9]. These properties make QDs adoptable to multiple 

applications like light-emitting diodes (LEDs) [10-13], color filter [14-17], solar cell 

[18-20], luminescence solar concentrators [21-24], bioimaging [25-27], et cetera. 

Especially, QDs are promising lumophors for LEDs. These are many advantages of 

Quantum dot light-emitting diodes (QLEDs) s for application to display. First, QDs 

shows narrow emission spectra. Organic dyes have tails in spectra due to vibronic 

states, but QDs have very narrow emission spectra with gaussian shape. Narrow  
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Figure 1.1 (a) Comparison of red, green and blue EL spectra with (dashed lines) 

OLEDs and (solid lines) QLEDs. (The figure is taken from reference [8]) (b) The 

spectrum of red, green and blue QDs depending on the FWHM range from 30 nm to 

50 nm. (c) The CIE (Commission Internationale de l’Eclairage) 1931 chromaticity 

diagram of theoretical QDs emitting 430, 530, and 630 nm with 30 nm (red line), 40 

nm (orange line) or 50 nm (blue line) of FWHM. Rec. 2020 (green line) and Rec. 09 

(black line) color gamut are also illustrated. The emission spectra of QDs are 

assumed as Gaussian shape. 
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emission bandwidth guarantees high color purity and wide area in Color Gamut, 

compared to liquid crystal display (LCD) and organic light-emitting diodes (OLED) 

display. Despite rapid advances in the technologies and expansion in the display 

market of OLEDs, 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, FWHM of QLEDs employing cadmium (Cd)-based QD emitter is 

similar or less than 30 nm. Figure 1.1a shows that the EL spectra of typical OLEDs 

is broader than the Cd-based QLEDs. Narrow bandwidth of QD emitter widen the 

color reproducible range of QLEDs in the color gamut. As each FWHM of red-, 

green- and blue-QD are smaller, represented color reproducible range of QLEDs 

becomes wider and closes to the Rec.2020 in the color gamut (Figure 1.1b). Thanks 

to the superior color reproducibility of QDs, global TV suppliers such as Samsung 

Electronics, LG Electronics, TCL Corporation and Sony had released the TV display 

employing QDs in the global market (Figure 1.2). Color conversion films consist of 

polymer matrix and QDs attached in front of back-light unit (BLU) of LCD. High 

photoluminescence quantum yield (PLQY) and small FWHM allow LED TV using 

QD color conversion film to be more vivid and bright than that using phosphor color 

converter. Second, QDs have bandgap tunability in terms of engineering core size 

and core composition of QDs. Core size of QD decides center wavelength of 

emission spectra. So it is possible to realize QLEDs that emits various color range 

including infrared (IR), visible, ultraviolet (UV). Finally, QLEDs shares the 

structure and material with OLEDs. QLEDs have composed of anode, hole injection 

layer (HIL), hole transport layer (HTL), QD emissive layer, electron transport layer 

(ETL), electron injection layer (HIL) and cathode electrode. This makes QLEDs 

adopt pre-developed charge transport materials (CTMs) in OLED fields as efficient 



 

4 

 

charge transport layer (CTL) of QLEDs. Various CTMs developed in OLED field 

and device operation mechanism elucidated by researcher working in OLED field 

helps the evolution of inorganic-organic hybrids types QLEDs. Luminescence and 

device efficiency of QLEDs are increased steeply. Outstanding optoelectronic 

properties of QDs and rapid development of QLEDs guarantee that QLEDs would 

be the rising EL devices for the next generation display. 

 

Figure 1.2 Display application of QDs 
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The research trend of QLEDs is shown in figure 1.3. The first QLED was 

developed in 1994 [28]. V.L Colin et al. fabricated the QLEDs that had simple 

structure of indium tin oxide (ITO)/poly(p-paraphenylene vinylene) (PPV)/CdSe 

QDs/Mg. The device performance in terms of a maximum luminosity of 100 cdm-2 

and an external quantum efficiency (E.Q.E.) of 0.001-0.01 % is not sufficiently 

enough to distinguish the emission from QDs and nearby PPV organic layer. Few 

years later, a device efficiency of QLEDs was increased significantly with adopting 

a multilayer structure by S. Coe et al [29]. They used the N,N’-diphenyl-N,N’-bis(3-

methylphenyl)-1,1’-biphenyl)-4,4’ -diamine (TPD) as HTL and tris-(8-

hydroxyquinoline) aluminium (Alq3) as ETL. Insulting HTL and ETL to QLEDs 

enabled the efficient charge injection into QDs emissive layer and isolate the 

luminescence process from charge conduction. As a results, they obtained the device 

efficiency of 0.52 % E.Q.E. Although they fabricated multilayer QLEDs, there were 

still an issue for fabrication. Because the solvent of QDs dissolved the underlying 

organic HTL during solution process deposition, they used the phase separation 

method. Organic hole transport material (HTM) and QDs were dissolved in same 

solution then spin-casted at the same time. But phase separation method could not 

make the perfect bilayer structure, so they observed the aggregation of QDs onto 

TPD layer by morphological analysis. Q.-J Sun et al. introduced the cross linkable 

HTL to QLEDs, that allows spin-casting QD layer without any damage to below 

cross linked HTL [30]. The solvent robust of cross linked HTL allows uniform spin-

coating of QDs on top of organic HTL and resulting devices shows brightness over 

9,000 cdm-2. Studies about the functional ligands attached to QDs started to give 

them the unique properties that helps QLEDs overcome the problems likes uniform 

film formation, balanced carrier transporting [31, 32]. For many years, carrier 

injection, especially the hole injection to QD is barrier to obtain high performance  
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Figure 1.3 Research trends of QLEDs. The first development of QLED, multi-

layered QLEDs, QLEDs employing cross-linkable HTL, research on functional 

ligand, cd-free QLED and development of inverted structure are illustrated.. 

 

QD optoelectronic devices. The difference between high valence band edge (VBE) 

energy level of inorganic QDs (~ 7 eV) and highest occupied molecular orbital  

(HOMO) energy acts of HTM (5-6 eV) as the energetic barrier to inject hole from 

HTL into QD emissive layer. Screening various HTMs to reduce the hole injection 

barrier of QLED is limited by the solution process orthogonality. HTMs has to stand 

against the solution process deposition of QDs. J. Kwak et al. introduced an inverted 

structure QLEDs [33]. The inverted structure QLEDs enabled varied small molecule 

materials available for the HTL of the QLEDs. This inverted system facilitates 

HOMO energy level engineering by employing variety of organic HTLs with 

different HOMO energy levels processed by thermal evaporation onto solution 

processed QDs. The performance of the QLEDs increased dramatically by the 

HOMO level engineering of the HTLs. To avoid environmental issues and industrial 

restrictions caused by using Cd-based material, QLEDs implanting Cd-free QDs  
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Figure 1.4 Research trends of QLEDs. Cd-free QLEDs with inverted structure, 

studies on efficiency roll-off, white QLEDs, high performance QLEDs, pixilation of 

QLEDs and researches for applications are described. 

 

were developed and studied. InP QDs [34-36], CuInS (CIS) QDs [37-39] or Mn 

doped ZnSe QDs [21, 40, 41] were suggested to substitute for Cd-based QDs. 

Device performance of Cd-free QLEDs were improved by adopting techniques 

researched in Cd-based QLEDs fields and modulating core/shell structure of Cd-free 

QD but still below the performance of Cd-based QLEDs[36]. Other limitations of 

QLEDs like efficiency roll-off due to charge imbalance, the auger recombination 

and energy transfer between QDs are studied [42, 43]. High performance white 

QLEDs are realized by just mixing the red, green, and blue QDs in single layer [10, 

11, 44]. Nowadays, primary color of red-, green- and blue-QLEDs exceed over 10 % 

E.Q.E. [45] and red QLEDs are reached 21 % E.Q.E. [46]. QDs start to be used in 

commercial applications especially in display so that researchers are interested in 

QLEDs for real applications, i.e. high resolution patterning [47-49], flexible and 

transparent display [50] or extremely high efficiency using out coupling effect [51]. 
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1.2 White Quantum Dot Light-Emitting Diodes 

White luminescence sources have been developed for a long history due to their 

importance in human society. White light emission is most important role of EL 

devices for its potential applications to BLU of LCD, LEDs or lighting sources. As a 

white luminescence source, white-QLEDs have remarkably attractive properties and 

functionalities. Every single QD has inherent color spectra decided by the core 

composition and core size. Overlap of individual QDs that have difference color 

generates white emission spectra. In the same way, mixed colored QD layer in 

QLEDs produces white light emission. White-QLEDs could be fabricated in the 

same way with the single colored QLEDs and spectrum of white emission could be 

simply adjustable by mixing QDs with requisite spectrum. Due to the simplicity in 

the device architecture and flexibility in the emission spectrum, white-QLEDs have 

attracted great attention as next generation solid state light source for display [46, 52, 

53] and lighting [12, 54] applications.  

There were efforts to succeed QDs to phosphor of white LEDs owing to 

superior optical characteristics of QDs such as high PLQY, narrow emission spectra 

and bandgap tunability as well as robust material characteristics of QDs such as high 

photo stability [55] and thermal stability [56, 57]. Red and green QDs were 

dispersed in epoxy resin. QDs dispersed resin were integrated with inorganic LED 

and QDs converted blue light of inorganic LED to red and green light with narrow 

band linewidth [14, 58]. Surrounding resin passivated QDs from external harsh 

atmosphere and protected QDs during packing process. Simple process, high 

robustness, excellent PLQY, superior color reproducibility and compatibility with 

conventional display technologies have made QD color converter commercially 

viable prior to QLEDs display. 
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Figure 1.5 Various applications of white QLEDs (The image is taken from 

reference [11]). 

Successive development of materials and device structure for white QLEDs 

allows dramatic improvements of white QLEDs in device efficiency and color purity. 

The first white QLEDs with mixed colored QDs developed by P. O. Anikeeva et al. 

exhibited 0.36 % E.Q.E. [10]. The PLQY of primary color QDs have been improved 

and suitable device architecture and CTLs have been developed to reduce the 

energetic barrier for balanced carrier injection. As a results, E.Q.E. of white-QLEDs 

exceeds 10 % these day [44]. In 2014, W. K. Bae et al. reported white-QLEDs that 

showed dichromatic, trichromatic and tetrachromatic white color [11]. Individual 

QDs with red, yellow, green, cyan and blue color were synthesized and mixed for 

fabricating dichromatic, trichromatic or tetrachromatic white-QLEDs. Dichromatic 

white-QLEDs consisted of blue and yellow QDs realized white light using simple 

double colored QDs and clear red, green and blue light could be obtained by 

filtering white light emitted from trichromatic white-QLEDs through red, green and 

blue color filter. White light with excellent color rendering index (CRI) over 93 

emitted by tetrachromatic white-QLEDs appropriated for reproducing daylight 

illumination. 

Despite these improvement of white-QLEDs, device performance of white-

QLEDs still far from real display application. Relatively large band gap of blue-QDs 

compared to red- or green-QDs in the white-QLEDs prevents efficient hole injection 



 

10 

 

from HTL into blue-QDs. Mixing large number fraction of blue-QDs for emissive 

layer of white-QLEDs is inevitable owing to the relatively low efficiency of blue-

QLEDs as well as the energy transfer from blue QD to smaller bandgap red and 

green QD [59-61]. The device efficiency of white-QLEDs is largely affected by 

blue-QDs that have large portion in red-, green- and blue-QDs mixture. Key issue 

for improving the efficiency of white-QLEDs is enhancing device performance of 

blue-QLEDs by reducing charge injection imbalance and thereby the device 

performance of white-QLEDs.  

 

Table 1.1 Performance parameters of white QLEDs using single layer of red, green 

and blue QDs. 

Peak w of 
red QDs 

(nm) 

Peak w of 
green QDs 

(nm) 

Peak w of 
blue QDs 

(nm) 

Max 
E.Q.E. 

(%) 

Max C.E. 
(cd/A) 

Max P.E. 
(lm/W) 

Max 
luminance 

(cd/m2) 
CIE x CIE y Ref. 

624 545 453 1.3  2.4 6400 0.34 0.36 [11] 

611 520 448 10.9 21.8  23352 0.22 0.188 [44] 

611 520 448     0.317 0.325 [44] 

620 540 440 0.36 0.9 0.57 830 0.35 0.41 [10] 

618 539 499  0.4   0.37 0.45 [90] 

640 520 440 0.6   3000   [91] 

640 520 440 1.6   4000 0.39 0.38 [91] 
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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 QLEDs 

and the advantages of white QLEDs and key issues for improving white QLED. 

Chapter 2 includes the methods for preparing materials: the methods used to prepare 

ZnO nanoparticles; the highly luminescent type I red, green and blue 

heterostructured QDs; and the organic materials used in this thesis are described in 

detail. In addition, the fabrication and characterization methods for the QLED 

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 HOMO 

energy level of HTL on the performance of QLEDs employing larger-bandgap blue-

QDs is evaluated. The HTL of 4,4'-bis(carbazol-9-yl)biphenyl (CBP), 1,3-Bis(N-

carbazolyl)benzene (mCP),  4,4’,4’’-tris(N-carbazolyl)-triphenylamine (TCTA), 

4,4’-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) and N,N’-

Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) are screened to 

investigate the efficiency and turn-on voltage of blue-QLEDs. Then we found that 

higher HOMO energy level of HTL leads to the enhanced device performance 

except for the case of mCP. We analyzed the morphologies of CBP and mCP on the 

QD layer. Surface energy mismatch between mCP and QD layer leads to the uneven 

surface of mCP layer on QD layer and short current path. Then we devised the 

CBP:mCP co-deposited layer that modified the surface energy of mCP and formed 

the uniform surface on QD layer. Blue-QLEDs employing CBP:mCP co-deposited 

layer have been fabricated and investigated. Proposed device displays enhanced hole 
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injection rates and thereby the luminescence efficiency owing to the higher LUMO 

energy level and hole density of CBP:mCP co-deposited layer In Chapter 4, 

suggested architecture in previous Chapter is applied to the white QLED. Red, green 

and blue primary colored QLEDs are fabricated with CBP or CBP:mCP co-

deposited layer then characterized. Spectral changes and device efficiency with 

respect to the mixing ratio of red, green and blue QD are investigated. White QLEDs 

using CBP or CBP:mCP co-deposited layer are fabricated and the relationship 

between the enhancement of each primary colored QLEDs and that of white QLEDs 

are investigated. We found that the ratios in EL increment in red, green and blue of 

white-emission resulting from employment of CBP:mCP co-deposition layer agree 

well with E.Q.E. increment of red, green and blue emitting primary color QLEDs. 

The color stabilities along with the temporal dependency and operational 

dependency are investigated. White QLEDs employing CBP:mCP co-deposited 

layer exhibits superior stability characteristics. 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. At first, 1.23 g of Zn(Ac)2·2H2O 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 ºC with magnetic stirring. The reaction mixture was kept at 60 

ºC for 2 h under N2 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-1).  
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2.1.2 Synthesis of Red-color Emitting CdSe(core radius (r) =  2.0 

nm)/Zn1-XCdXS(shell thickness (h) = 6.0 nm) Core/shell 

Heterostructured Quantum Dots 

Chemicals: Cadmium oxide (CdO, 99.9%), zinc oxide (99.9%), selenium (200 

mesh, 99.999%), 1-dodecanethiol (DDT, 98%), tri-n-octylphosphine (TOP, 90%), 

myristic acid (MA, 90%) were purchased from Alfa Aesar. Sulfur (99.9%), oleic 

acid (OA, technical grade) and 1-octadecene (ODE, 90%) were obtained from 

Sigma Aldrich. General organic solvents were acquired from Daejung (Korea). All 

chemicals were used as received without further purification. 

Synthesis of CdSe/Zn1-XCdXS QDs: QD synthesis was preceded with the 

Schlenk line technique under inert conditions. The cationic precursors (0.5 M 

cadmium oleate (Cd(OA)2) and 0.5 M zinc oleate (Zn(OA)2)) were prepared by 

dissolving the 100 mmol of CdO and ZnO in mixed solvent of 100 ml of OA and 

100 ml of ODE (total volume 200 ml) under N2 at 300 °C for 1hr. The anionic 

precursors (2 M TOPSe and 2 M TOPS) were made by dissolving 20 mmol of 

selenium and sulfur in 10 ml of TOPSe under N2 at 100 °C for 1hr. For CdSe/Zn1-

XCdXS (r = 2.0 nm, R = 4.5 nm), 1 mmol of CdO, 3 mmol of MA and 15 ml of ODE 

were loaded in 3 neck flask and heated up to 300 oC under the inert conditions to 

form Cd(MA)2 complex. After reactants were turned to be optically clear, 0.25 ml of 

2 M TOPSe was rapidly injected into the reaction flask to form CdSe core. After 3 

min of reaction, 3 ml of 0.5 M Zn(OA)2 precursor and 1 mmol of DDT were added 

drop wisely within 1 min. The reaction was preceded for 30 min to yield Zn0.4Cd0.6S 

inner shell. 2 ml of 0.5 M Cd(OA)2, 4 ml of 0.5 M Zn(OA)2 and 1.5 ml of 2 M 
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TOPS were added into the reaction flask within 1 min for Zn0.5Cd0.5S shelling and 

the reaction was proceeded for 10 min. The repeated precursor injection yielded the 

successive growth of Zn0.5Cd0.5S outer shell growth. 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-1. 

 

2.1.3 Synthesis of Green-Color Emitting Cd1-XZnXSe(r = 1.5 nm)/ZnS(h 

= 6.2 nm) Core/shell Heterostructured Quantum Dots 

Chemicals: Cadmium oxide (CdO, 99.95%, metals basis), selenium (Se, 

99.99%) and myristic acid (MA, ≥ 99%) were purchased from Alfa Aesar. Zinc 

acetate (Zn(Ac)2, 99.99%, metals basis), 1-octadecene (ODE, 90%), sulfur (S, 

99.998%), oleic acid (OA, technical grade 90%), 1-dodecanethiol (DDT, ≥ 98%) 

and tri-n-octylphosphine (TOP, ≥ 99%) were purchased from UniAm (Korea). Zinc 

acetate dihydrate (Zn(Ac)2·2H2O, ≥ 98 %), Potassium hydroxide (KOH, Reagent 

grade, 90%) and butylamine (99.5%) was obtained from Sigma-Aldrich. Organic 

solvents were obtained from Sigma-Aldrich and used as purchased. 4,4’-Bis(N-

carbazolyl)-1,1’-biphenyl (CBP,  > 99.9 %) and 1,3-Bis(N-carbazolyl)benzene 

(mCP, >  99.9 %) were purchased from OSM (Korea). 

Preparation of stock solutions: We prepared the stock solutions [0.5 M 

cadmium oleate (Cd(OA)2), 0.5 M zinc oleate (Zn(OA)2), 2M selenium dissolved in 

tri-n-octylphosphine (TOPSe), 2M sulfur dissolved in tri-n-octylphosphine (TOPS) 

and 0.5M sulfur dissolved in ODE (SODE)]. 50 mmol of CdO (or Zn(Ac)2) in a 

mixed solution of 50 ml of OA and 50 ml of ODE were degassed at 110 oC for 2 h. 
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The reaction flask was back-filled with Ar, then heated up to 240 oC for 1 h, 

degassed again at 110 oC. 2M TOPSe and TOPS were prepared by dissolving 60 

mmol of selenium and sulfur powder in 30 ml of TOP at 100 oC for 1 h under Ar 

atmosphere. 0.5 M SODE precursor was prepared by dissolving 10 mmol of sulfur 

powder in 20 ml ODE at 100 oC under Ar atmosphere. 

Synthesis of Cd1-XZnXSe/ZnS green QDs: As a typical synthetic procedure, 0.4 

mmol of CdO, 4 mmol of Zn (Ac)2, 17.6 mmol of OA, and 20 mL of ODE were 

placed in a 100 ml round flask. The mixture was heated to 150 °C, degassed for 30 

min, and back-filled with Ar gas. The reaction flask heated up to 300 °C to form a 

clear solution of Cd(OA)2 and Zn(OA)2. At this temperature, 0.4 mmol of TOPSe 

and 4 mmol of TOPS mixture were quickly injected into the reaction flask. After the 

injection, the reaction was preceded for 10 min to form a CdZnSe core and 4 mmol 

of Zn(OA)2 and 4 mmol of TOPS was injected drop wisely within 10 min. After 10 

min of reaction, QDs were purified by adding 20 ml of toluene and an excess 

amount of ethanol (5 times); they were then redispersed in toluene at a concentration 

of 30 mgml-1. 

 

2.1.4 Synthesis of Blue-color Emitting Cd1-XZnXS(r = 2 nm)/ZnS(h = 2.3 

nm) Quantum Dots 

As a synthetic procedure, 1 mM of CdO, 10 mM of Zn(acet)2, 7 mM of OA were 

placed in a 100 mL round flask. The mixture was heated to 150 °C, degassed under 

100 mTorr pressure for 20 minutes, filled with N2 gas, added with 15 ml of 1-ODE 

and further heated to 300 °C to form a clear solution of Cd(OA)2 and Zn(OA)2. At 

this temperature, 2 mM of S powder dissolved in 3 mL of 1-ODE were quickly 
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injected into the reaction flask. After the first injection of S precursors, the 

temperature of the reaction flask was elevated to 310 °C for further growth of Cd1-

xZnxS cores. After the elapse of 8 min of reaction, 8 mM of S powder dissolved in 

tributylphosphine (TBP, 90 %) were introduced into the reactor to overcoat existing 

Cd1-xZnxS cores with ZnS shells without any purification steps. Aliquots of QDs 

were taken during the reaction to analyze the development of QDs. After the 

reaction was completed, the temperature was cooled down to room temperature. 

QDs were extracted and purified by adding 20 ml of chloroform and an excess 

amount of acetone (done twice); then they were redispersed in chloroform or hexane 

for further characterization. In order to adjust the optical properties of QDs, the 

amount of S precursors in the first injection was varied maintaining the other entire 

parameters constant. 
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2.1.5 Organic Materials 

4,4'-bis(carbazol-9-yl)biphenyl (CBP), 1,3-Bis(N-carbazolyl)benzene (mCP),  

4,4’,4’’-tris(N-carbazolyl)-triphenylamine (TCTA), 4,4’-Cyclohexylidenebis[N,N-

bis(4-methylphenyl)benzenamine] (TAPC) and N,N’-Di(1-naphthyl)-N,N’-

diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) are purchased from OSM as hole 

transport layer.  Chemical structures of organic materials used in this thesis are as 

follows. 

N N

N N

N

N

N

N

N N

N N

CBP

mCP

TCTA

TAPC

NPB

 

Figure 2.1 Chemical structures of CBP, mCP, TCTA, TAPC and NPB. 
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2.2 Device Fabrication and Characterization Methods 

2.2.1 Device Fabrication 

All QLED 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 45 nm. QD solution was spun on the bottom 

layer at 4000 rpm for 30 sec, followed by baking in N2 oven at a temperature of 

70 °C. Then HTLs (NPB, TAPC, TCTA, CBP, mCP or CBP:mCP (1:1) co-

deposited layer), MoOx, and Al electrode were thermally evaporated under a vapor 

pressure of 1 × 10-6 torr onto QDs coated substrates. The deposition rates of each 

layers were 1 Ås−1 for NPB, TAPC, TCTA, CBP or mCP sole layer. CBP and mCP 

were evaporated with deposition rates of 0.5 Ås−1 simultaneously for CBP:mCP (1:1) 

co-deposited layer. And then MoOx, and Al were thermally evaporated with rate of 

0.2 Ås−1, and 4–5 Ås−1, respectively.  
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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 × 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, 

𝑋𝑋 = 𝐾𝐾𝑚𝑚 ∫ �̅�𝑥(𝜆𝜆)𝑃𝑃(𝜆𝜆)𝑑𝑑𝜆𝜆∞
0                   (2.1) 

𝑌𝑌 = 𝐾𝐾𝑚𝑚 ∫ 𝑦𝑦�(𝜆𝜆)𝑃𝑃(𝜆𝜆)𝑑𝑑𝜆𝜆∞
0                   (2.2) 

𝑍𝑍 = 𝐾𝐾𝑚𝑚 ∫ 𝑧𝑧̅(𝜆𝜆)𝑃𝑃(𝜆𝜆)𝑑𝑑𝜆𝜆∞
0                   (2.3) 

where, P(λ) is a given spectral power distribution of emissive source, x�, y� and z� 

are the CIE standard color matching functions (see Figure 2.2) and Km is the 

weighing constant (683 lm W-1). From the tristimulus values, the CIE color 

coordinates calculated by following equations, 
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𝑥𝑥 = 𝑋𝑋
𝑋𝑋+𝑌𝑌+𝑍𝑍

                      (2.4) 

𝑦𝑦 = 𝑌𝑌
𝑋𝑋+𝑌𝑌+𝑍𝑍

                      (2.5) 

𝑧𝑧 = 𝑍𝑍
𝑋𝑋+𝑌𝑌+𝑍𝑍

                      (2.6) 

Any color can be plotted on the CIE chromaticity diagram. 

 

Figure 2.2 The CIE standard observer color matching functions 
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2.2.3 Efficiency Calculation Methods 

To evaluate the emission properties of light-emitting diodes, the commonly 

employed efficiencies are the external quantum efficiency (E.Q.E.), the current 

efficiency (C.E.) and the power efficiency (P.E.). 

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

E. Q. E. =  
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑑𝑑 𝑝𝑝ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑛𝑛𝑜𝑜
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑒𝑒𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖𝑒𝑒𝑛𝑛𝑑𝑑 𝑛𝑛𝑒𝑒𝑛𝑛𝑖𝑖𝑒𝑒𝑛𝑛𝑜𝑜𝑛𝑛𝑜𝑜 

(%) 

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 𝑦𝑦� in Figure 2.2). The luminous 

efficiency weighs all emitted photons according to the photopic response of human 

eye. The difference is that E.Q.E. weighs all emitted photons equally. C.E. can be 

expressed by the following equation. 

C. E. =  
𝑒𝑒𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛𝑙𝑙𝑛𝑛𝑖𝑖𝑛𝑛  

𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒 𝑑𝑑𝑛𝑛𝑛𝑛𝑜𝑜𝑒𝑒𝑒𝑒𝑦𝑦
(𝑖𝑖𝑑𝑑 𝐴𝐴−1) 

The luminance value (cd m-2) 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, 

P. E. =  
𝑒𝑒𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛𝑜𝑜𝑛𝑛𝑜𝑜 𝑜𝑜𝑒𝑒𝑛𝑛𝑥𝑥  
𝑛𝑛𝑒𝑒𝑛𝑛𝑖𝑖𝑒𝑒𝑛𝑛𝑒𝑒𝑖𝑖𝑙𝑙𝑒𝑒 𝑝𝑝𝑜𝑜𝑝𝑝𝑛𝑛𝑛𝑛

(𝑒𝑒𝑛𝑛 𝑊𝑊−1) 

The E.Q.E.s 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 of thin films 

Device fabrication and characterization of hole only device (HOD): 

HOD with CBP, mCP or CBP:mCP co-deposition HTL were fabricated and 

characterized to obtain the conductivity, hole density and impedance of HTLs. 

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, mCP or CBP:mCP 

(1:1) co-deposited layer), MoOx, and Al electrode were thermally evaporated 

under a vapor pressure of 1 × 10-6 torr. Transient characteristics were 

measured by using oscilloscope (MDO4000) and the current density–voltage 

(J–V) characteristics were measured by using Keithley-236 source 

measurement unit using the closed cycle cryostat for temperature variation of 

the sample. The frequency dependent measurements were performed with 

impedance analyzer (Wayne Kerr 6500B). The relationship  

σ = p × e × μ, 

relating conductivity (σ), mobility (μ), and carrier density is used to calculate 

the hole density (p), where e is 1.602×10−19C.  
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Device fabrication and characterization of metal-insulator-

semiconductor (MIS) diodes: MIS diodes with CBP or CBP:mCP co-

deposition HTL were fabricated and characterized to obtain the mobility of 

HTLs. For preparing Ta2O5 sol-gel solution, 0.65 ml of tantalum ethoxide 

(Ta(OC2H5)5) and 0.14 ml of acetic acid was dissolved in 5 ml of ethanol at 

room temperatureS5. Then the Ta2O5 sol-gel solution was stirred overnight. 

Then prepared Ta2O5 sol-gel solution was spun-cast on patterned ITO 

substrates with a spin rate of 8000 rpm for 40 s. Ta2O5 sol-gel films were 

then annealed at 400 °C for 1 hour. Then HTLs (CBP or CBP:mCP (1:1) co-

deposited layer), MoOx, and Al electrode were thermally evaporated under a 

vapor pressure of 1 × 10-6 torr onto Ta2O5 layer. Transient characteristics 

were measured by using oscilloscope (MDO4000) and the mobility (𝜇𝜇) of the 

HTLs were obtained by the relationship  

𝜇𝜇 = 2𝑑𝑑𝑠𝑠2

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡2
�1 + 𝜖𝜖𝑠𝑠𝑑𝑑𝑖𝑖

𝜖𝜖𝑖𝑖𝑑𝑑𝑠𝑠
�, 𝑒𝑒𝑡𝑡𝑡𝑡 = 4

𝜋𝜋
𝑒𝑒2𝑗𝑗0  

where 𝜖𝜖𝑠𝑠 (𝜖𝜖𝑖𝑖 ) is the relative permittivity of the semiconductor (insulator) and 

ds (di) is the thickness of the semiconductor (insulator) layer. t2j0 is the time to reach 

the current with off-set bias (Uoff) to the double of current without off-set bias (j0).  
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2.2.5 Morphological analysis of thin films 

Surface energy analysis: The contact angles of QDs onto ZnO substrates were 

measured by the sessile drop method using a contact angle measurement system 

(Pheonix-300, SEO Corporation) equipped with a video capture apparatus. The 

surface energy were calculated by the Owen-Wendt method using Young’s equation 

(1), Owen-Wendt equation (2) and equation (3). 

γ𝑆𝑆𝑆𝑆 =  γ𝑆𝑆𝑆𝑆 + γ𝑆𝑆𝑆𝑆 cos 𝜃𝜃 (1) (Young’s equation) 

γ𝑆𝑆𝑆𝑆 =  γ𝑆𝑆𝑆𝑆 + γ𝑆𝑆𝑆𝑆 − 2�𝛾𝛾𝑆𝑆𝑆𝑆𝑑𝑑 ∙ 𝛾𝛾𝑆𝑆𝑆𝑆𝑑𝑑 �
1
2 −  2(𝛾𝛾𝑆𝑆𝑆𝑆

𝑝𝑝 ∙ 𝛾𝛾𝑆𝑆𝑆𝑆
𝑝𝑝 )1/2  (2) (Owen-Wendt 

equation) 

γ𝑆𝑆𝑆𝑆 =  𝛾𝛾𝑆𝑆𝑆𝑆𝑑𝑑 + 𝛾𝛾𝑆𝑆𝑆𝑆
𝑝𝑝  (3)  

Where γ𝑆𝑆𝑆𝑆 is the surface energy of liquid and gas, γ𝑆𝑆𝑆𝑆 is the surface energy 

between solid materials and gas, 𝛾𝛾𝑆𝑆𝑆𝑆𝑑𝑑  is the dispersion component of surface energy 

and 𝛾𝛾𝑆𝑆𝑆𝑆
𝑝𝑝  is the polar component of surface energy. To determine the surface energy, 

two measure liquids, for example deionized water (DI) and ethylene glycol (EG), 

whose surface energy and polar and dispersion components of surface energy are 

known are used. The polar component of DI is 51 mJ/m2 with total surface energy 

72.8 mJ/m2 and the polar component of EG is 19 mJ/m2 with total surface energy 48 

mJ/m2. In order to calculate the surface energy of the analyzed materials (CBP, mCP, 

and QD films with ligands), the contact angles (𝜃𝜃) with the DI and EG were 

measured. Then, we obtained γ𝑆𝑆𝑆𝑆 from solving the equation (1), (2), and (3).  

 

Atomic Force Microscopy (AFM): Topography of each film was measured by XE-

100 (Park Systems) AFM System. Most of the films were measured in non-contact 
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mode with NCHR probe tip (320 kHz, 42 N m-1) followed by image processing in 

XEI v.1.7.1. 
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2.2.6 Device simulation method 

The device simulator SimOLED (v4.2.1) models [62] the electrical 

behavior of QLED devices by assuming electrical properties of quantum dot 

as organic materials. The draft-diffusion equation is solved based on the 1-D 

finite element method (FEM) for holes and electrons and the involved 

excitons. Followed Poisson equation, continuity equations are numerically 

solved using FEM. 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

=
𝑞𝑞
𝜀𝜀𝜀𝜀0

(𝑝𝑝(𝑥𝑥, 𝑒𝑒) + 𝑛𝑛(𝑥𝑥, 𝑒𝑒)) 

Poisson equation is expressed as above, while F is the electric field 

inside the QLEDs, q is the elementary charge, ε is the dielectric permittivity 

of the organic materials, ε0 is the dielectric constant, p and n are the charge 

carrier concentrations for holes and electrons (includes free and trapped 

charges), respectively. Continuity equation for electron is stated as 

𝜕𝜕𝑛𝑛𝑓𝑓(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 1
𝑞𝑞
𝜕𝜕𝐽𝐽𝑛𝑛𝑓𝑓(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝑥𝑥
− 𝑅𝑅 − 𝑇𝑇, 

whereas nf is the charge carrier concentration of free electrons, Jnf is the 

electron current density, R is the recombination rate (between free and 

trapped carriers), T is the trapping rate for free carriers. 

𝜕𝜕𝑜𝑜(𝑥𝑥, 𝑒𝑒)
𝜕𝜕𝑒𝑒

= c ∙ R + 𝐷𝐷𝑠𝑠
𝜕𝜕𝑜𝑜(𝑥𝑥, 𝑒𝑒)
𝜕𝜕𝑥𝑥

−
𝑜𝑜(𝑥𝑥, 𝑒𝑒)
𝜏𝜏𝑠𝑠

− 𝑄𝑄 

Therefore exciton density s is formulated in the above equation whilst c is a 

factor due to spin statistics (1/4 for singlet, 3/4 for triplet), Ds is the diffusion 
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constant for excitons, τs is the exciton lifetime, and Q is includes quenching terms 

for excitons (i.e. quenching at contacts, free carriers or excitons).  
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2.2.7 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. 

𝑇𝑇avg =  
∫ 𝑇𝑇(λ)dλλ2
λ1
λ2−λ1

    (2.7) 

Where T(λ) is the transmittance as a function of the wavelength, Tavg was usually 

calculated by integrating T(λ) from 400 nm (λ1) to 800 nm (λ2). 

 

Ultraviolet Photoelectron Spectroscopy (UPS): The UPS spectra were performed 

using Kratos AXIS-NOVA, employing He I light source and a hemispherical 

analyzer. The valence band maximum (VBM) of the nanocrystals was calculated 

using the following equation. 

𝑉𝑉𝑉𝑉𝑉𝑉 =  21.2 𝑛𝑛𝑉𝑉 −  �𝐸𝐸𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 – 𝐸𝐸𝑐𝑐𝑛𝑛𝑠𝑠𝑜𝑜𝑡𝑡�   (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). 

 

QDs’ 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 

Efficient Blue Quantum Dot Light-

Emitting Diodes via Co-deposited Hole 

Transport Layer 

Since the first QLEDs had been developed, there were considerable efforts to 

enhance the device performance of QLEDs in terms of bright emission, high 

luminescence efficiency and low driving voltage for meeting the requirements in the 

display applications. As fabrication process issues arisen from the solution process 

of QDs have been settled by adopting cross linkable polymer HTL or thermally 

evaporable small molecule HTL through inverted structure, studies elucidating 

relation between device efficiency and electronic properties among each layer of 

QLEDs have been increased gradually. Researches regarding to device 
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characteristics of QLEDs imputes the reasons for low efficiency of QLEDs to the 

non-radiative Auger recombination process that causes excitons in QD to vanish 

without emitting light. The non-radiative Auger recombination process is promoted 

by the excess charge carrier in QD originated from charge injection imbalance. 

Energetic barrier between deep VBE energy level of QDs (~ 7 eV) and relatively 

shallow HOMO energy level of organic HTL (5-6 eV) hinder efficient hole injection 

from HTL to QD layer while similar conduction band edge (CBE) energy level of 

QDs and metal oxide ETL facilitate electron injection from ETL to QD layer. 

Difference of charge injection rates into QD layer causes excess electron charge 

carrier within QDs thereby non-radiative Auger recombination process [63, 64]. To 

solve the charge imbalance problem, various methods have been suggested that 

cover material development and device structural solution. On the material side, 

type I core/shell heterostructured QDs whose shell have energetic barrier for 

electron injection effectively hinders electron injection, which dramatically enhances 

device efficiency and roll-off characteristics [43]. Increasing shell thickness of QD 

also elevates the performance of QLEDs [42]. On the device side, insulting 

interfacial layer that acts as insulating material or dipole layer at the interface of 

ETL and QD emissive layer works on balancing charge carrier injection [36, 46, 65, 

66].  

Despite recent advance in device performance of QLEDs, luminescence 

efficiency of blue-QLEDs is still low compared to red- and green-QLEDs composed 

of smaller bandgap QDs than blue-QDs. Deeper VBE energy level of blue-QD that 

consists of larger-bandgap composition likes ZnSe/ZnS [67-69] or Cd1-XZnXS/ZnS 

[33, 44, 70, 71] enlarges hole injection barrier into blue-QDs. Large hole injection 

barrier creates efficiency drops owing to the non-radiative recombination by charge 

carrier imbalance and electron overflowing over higher lowest unoccupied 
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molecular orbital (LUMO) energy level of HTLs. Enhancing hole injection rates into 

larger-bandgap blue-QD is important to improve the performance of blue-QLEDs. 

In Chapter 3, we conduct systematic studies to investigate correlation between 

electrical characteristics of HTL and device characteristics of blue-QLEDs using 

commercially available HTLs. Then we proposed the co-deposition of CBP and 

mCP for the HTL of blue-QLEDs. Suggested device exhibits improved hole 

injection rates and device efficiency rather than reference device through higher 

LUMO energy level and hole density of CBP:mCP co-deposited layer. 
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3.1 Larger-bandgap QDs based LEDs made of a series of 

HTLs with different HOMO Energy Levels. 

We have synthesized Cd1-XZnXS/ZnS core/shell heterostructured QDs for 

emissive material of blue-QLEDs. Synthesized QD is composed of core radius = 2.0 

nm and shell thickness = 2.3 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 Cd1-XZnXS/ZnS core/shell 

heterostructured QDs is centered at 450 nm. Ultraviolet photoelectron spectroscopy 

(UPS) measurement shows large energy barrier between blue-QDs and organic 

HTLs. Hole injection barrier arisen from difference between VBE energy level of 

QD and HOMO energy level of HTL leads hindrance of efficient hole injection from 

HTL into QDs [72, 73] while similar CBE energy level of QDs and ZnO ETL allows 

facilitated electron injection from ETL into QDs. Injected charge carrier imbalance 

within QD emissive layer cause non-radiative Auger recombination process. To 

figure out relation between HOMO energy level of HTL and the device 

characteristics of blue-QLEDs, we screen the commercially available HTLs 

spreading HOMO energy level range from 5.4 eV to 6.0 eV . N,N’-Di(1-naphthyl)-

N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) [74, 75], 4,4’-

Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) [76, 77], 

Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) [78, 79], 4,4′-Bis(N-carbazolyl)-1,1′-

biphenyl (CBP) [80] or 1,3-Bis(N-carbazolyl)benzene (mCP) [81, 82] are treated as 

HTL of QLED. 
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Figure 3.1 (a) Transmission electron microscopy (TEM) images and (b) absorbance 

and photoluminescence spectra of Cd1-XZnXS(r = 2 nm)/ZnS(h = 2.3 nm) blue QDs. 
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Figure 3.2 Ultraviolet photoelectron spectroscopy (UPS) spectra of (a) blue QDs, (b) 

mCP (solid line) and CBP (broken line) on ITO substrates. 
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Table 3.1 HOMO energy level, LUMO energy level characteristics of hole transport 

layers. 

 
HOMO (eV) LUMO (eV) reference 

mCP 6.0 2.4-2.5 This work, 81, 82 

CBP 6.0 2.9 This work, 79, 80 

TCTA 5.7 2.4 74, 76, 77, 78 

TAPC 5.5 2.0 74, 75 

NPB 5.4 2.3 78, 79 
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3.2 Characteristics of electroluminescence devices with 

various HOMO energy level. 

 

Figure 3.3 (a) Schematic illustration (left) and cross-sectional transmission electron 

microscopy (TEM) image (right) of blue QLED. (b) Energy level diagram of blue 

QLEDs employing NPB, TAPC, TCTA, CBP or mCP as HTL. 

 

Figure 3.3a shows the inverted structure of QLEDs in a configuration of 

ITO//ZnO//QDs//HTL//MoOx//Al. NPB, TAPC, TCTA, CBP and mCP are chosen 

to their various HOMO energy level. Energy level of each layer is illustrated in 

Figure 3.3b. The device characteristics of blue-QLEDs using NPB, TAPC, TCTA, 

CBP or mCP is displayed in Figure3.4. The Maximum E.Q.E.s of each device are 

0.2 %, 1.1 %, 1.4 %, 1.3 % and 0.01 % for device with NPB, TAPC, TCTA, CBP 
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and mCP, respectively. The E.Q.E. of device is increased as the HOMO energy level 

of HTL ascends. The turn-on voltage (operation voltage of device at the brightness 

of 1 cdm-2) and driving voltage (operation voltage of device at the brightness of 100 

cdm-2) of each device is (4.1 V, 6.5 V), (4.5 V, 5.9 V), (3.6 V, 5.0 V), (3.5 V, 4.8 V) 

and (4.0 V, -) for device with NPB, TAPC, TCTA, CBP and mCP, respectively. The 

turn-on voltage and driving voltage of device is reduced as the HOMO energy level 

of HTL is increased. This result means that lowering energetic barrier between VBE 

energy level of larger-bandgap blue-QD and HOMO energy level of HTL enhances 

the hole injection rates thereby the efficacy of device.  

Almost device characteristics of QLEDs agree with out anticipation but that of 

QLEDs using mCP does not follow our expectation. QLEDs with mCP shows 

almost 0 % E.Q.E. Turn-on voltage of QLEDs with mCP is 4.0 V higher than 

QLEDs with CBP and driving voltage of QLEDs with mCP could not be measured 

because the max brightness does not reach to 100 cdm-2. The device performance of 

QLEDs using mCP does not agree with the tendency because HOMO energy level 

of mCP is same as that of CBP. We conduct the morphological analysis to figure out 

the reason of extremely low efficiency of device with mCP. 
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Figure 3.4 (a) External quantum efficiency (E.Q.E.) characteristics of blue QLEDs 

with different HTLs (leftward triangle, rightward triangle, downward triangle, 

square or triangle symbol for NPB, TAPC, TCTA, mCP or CBP). (b) Turn on 

voltage corresponds to the brightness of 1 cdm-2 (closed symbol) and driving voltage 

corresponds to the brightness of 100 cdm-2 (open symbol) of blue QLEDs with 

various HTLs.  
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3.3 Influence of surface energy differences between QDs and 

HTLs on the morphological profiles of HTL films 

CBP and mCP have similar hole injection barrier into blue-QDs but blue-

QLEDs using mCP shows severely low device efficiency of 0.01 % E.Q.E. and 

maximum brightness of 45 cdm-2. To investigate the difference between blue-

QLEDs with CBP or mCP, morphological analysis is conducted. The atomic force 

microscopy (AFM) measurements bear out the reason of low luminescence 

efficiency of device with mCP. The morphological inhomogeneity of mCP largely 

affects the device characteristics of blue-QLEDs. We analyze the surface roughness 

(root mean square, RMS) of each layer step-by-step during fabrication of blue-

QLEDs through AFM measurements. The result of AFM analysis is shown in Figure 

3.5. The RMS value of bare ITO surface is 0.73 nm. The RMS value increases to 

0.98 nm after ZnO layer spin-coated. The RMS value after spin-coating blue-QDs is 

0.86 nm. After thermal evaporation of mCP, the RMS value changes to 33.20 nm 

while evaporation of CBP layer changes the RMS value to 2.89 nm. The RMS value 

of mCP in device is 11 times larger than that of CBP in device. Moreover, although 

we deposited 60 nm of the mCP layer by controlling using quartz crystal 

microbalance (QCM), peak-to-valley value of mCP layer is 140.50 nm higher than 

evaporated thickness owing to the aggregation of mCP layer onto QD layer during 

evaporation. Electrons leak into counter electrode via direct contact between QD 

layer and MoOx/Al electrode due to the island growth of mCP layer, which causes 

the significant efficiency loss in the device. The surface energy difference between 

evaporating material and underlying layer affects the growth behavior of HTL 

during thermal evaporation [83, 84]. The surface energy of each layer is calculated 

by Owens & Wendt model combined with the contact angle. Huge difference of 
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mCP (γ = 24.85) and QDs (γ = 32.21) causes morphological inhomogeneity, 

whereas similar surface energy level of CBP (γ = 32.12) makes an uniform layer on 

top of QD layer. We thermally evaporate CBP and mCP simultaneously to avoid the 

morphological inhomogeneity. CBP:mCP co-deposited layer shows the similar 

surface energy value (γ = 33.12) with the QD layer. As a result, we could obtain 

smaller RMS value of CBP:mCP co-deposited layer (1.16 nm) after evaporating 

onto QD layer than that of CBP and subsequent layer deposited uniformly.  
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Figure 3.5 AFM images of (a) ITO, (b) ZnO, (c) blue-QDs and (d-f) different HTLs 

evaporated on top of QDs. (d) CBP, (e) mCP and (f) CBP:mCP co-deposited layer 

are used as HTLs. 
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Figure 3.6 Photograph of deionized water (left) and ethylene glycol (right) droplets 

on top of (a) CBP (b) mCP (c) CBP:mCP and (d) QDs for measuring the contact 

angles between droplet and thin films. 
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Figure 3.7 (a) Cross-sectional TEM images of QLEDs with (a) CBP:mCP co-

deposited layer and (b) mCP. 

 

Table 3.2 Surface energy for different HTLs and QDs calculated from contact angle. 

 
CBP mCP CBP:mCP QDs 

𝛾𝛾 (mJm-2) 32.119 24.852 33.120 32.206 

𝛾𝛾𝑑𝑑 (mJm-2) 29.491 18.709 30.263 31.495 

𝛾𝛾𝑝𝑝 (mJm-2) 2.628 6.143 2.857 0.7111 
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3.4 Characteristics of electroluminescence devices made of 

carbazole derivatives co-deposition layer. 

Fabricated inverted structure blue-QLEDs with CBP:mCP co-deposited layer 

shows uniform morphologies. After evaluating the device characteristics of blue-

QLEDs with the line-up of HTLs (Figure 3.3), we narrow down candidates for 

HTLs of blue-QLEDs to CBP and CBP:mCP co-deposited layer. Organic HTLs with 

HOMO energy levels less than 6.0 eV are excluded, because such HTLs do not 

ensure sufficient hole injection into blue-QDs whose VBE energy level locates at 

6.7 eV (Figure 3.2), as reflected by the increase in the turn-on voltage and the 

decrease in the device efficiency of blue-QLEDs (Figure 3.4). To optimize the 

volume ratio of CBP and mCP in the co-deposited layer, we fabricated the blue-

QLEDs. CBP:mCP co-deposition layer was used for the HTL in the devices. We 

screened evaporated volume ratio of CBP from 25 vol% to 75vol% in the CBP:mCP 

co-deposited layer. Devices had configuration of ITO/ZnO/blue-QD/co-deposited 

HTL/MoOx/Al.  
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Figure 3.8 (a) Current density (J)-voltage (V) characteristics, (b) luminance (L)-V 

characteristics of blue QLEDs with CBP:mCP co-deposited layer. The volume ratios 

of CBP from 25 vol% to 75vol% in the CBP:mCP co-deposited layer are screened.  

 

Figure 3.8 shows the current density (J) – voltage (V) and luminance (L) - V 

characteristics of the devices fabricated with the different CBP and mCP deposition 

ratios. It is clearly observed that the current density and luminance of the devices 

show highest value in the device with 1:1 volume ratio of CBP:mCP co-deposited 

layer. Current densities at operation voltage 6 V are 88.3 mAcm-2, 144.2 mAcm-2 

and 77.3 mAcm-2 for the devices with 25 vol%, 50 vol% and 75vol% of CBP, 

respectively. Each device exhibits luminance of 602 cdm-2, 993 cdm-2 and 441 cdm-2 

at the same operational voltage for the devices with with 25 vol%, 50 vol% and 

75vol% of CBP. This results indicates that the 1 to 1 volume ratio of CBP and mCP 

co-deposited layer can transport hole carrier from MoOx/Al electrode to interface of 

blue-QDs and HTL efficiently compared to the different composition of CBP and 

mCP co-deposited layer.  
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Figure 3.9 (a) E.Q.E., (b) current efficiency (C.E.) and (c) power efficiency (P.E.) 

versus J of blue QLEDs with CBP or CBP:mCP co-deposited layer with CBP 

volume ratio from 25 vol% to 75vol%. (d) Maximum E.Q.E. and P.E. of devices 

with CBP volume ratio ranging from 25 vol% to 75vol%. 

 

The device performance in terms of E.Q.E., current efficiency (C.E.) and power 

efficiency (P.E.) versus J are shows in Figure 3.9. The efficiencies of device with 25 

vol% and 50 vol% of CBP are quite similar. The E.Q.E.s of devices with 25 vol% 

and 50 vol% of CBP are 2.40 % and 2.36 % at maximum points, corresponding to 
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0.686 cd/A and 0.688 cd/A in C.E. and 0.364 lm/W and 0.374 lm/W in P.E., 

respectively. The device with 75 vol% of CBP shows lower efficiency of 1.91 % in 

E.Q.E., 0.570 cd/A in C.E. and 0.309 lm/W in P.E. This results indicate that the 

small amount of mCP in CBP:mCP co-deposited layer could not affect the device 

characteristics. The E.Q.E. of device with 50 vol% CBP is slightly low compared to 

that of device with 25 vol% CBP but the C.E. and P.E. of devices with 50 vol% CBP 

come from behind owing to the higher current density in the device with 1:1 CBP 

and mCP volume ratio. Lower operation voltage of devices also affects the 

operational stability of blue-QLEDs. The decrease of luminance in the device is 

illustrated in Figure 3.10 where the initial luminance is 500 nit. Lower operational 

voltage of blue-QLED with 1:1 CBP and mCP co-deposited layer allows the lower 

driving power at the same initial luminance (0.436 Wcm-2, 0.420 Wcm-2 and 0.532 

Wcm-2 for 25 vol%, 50 vol% and 74 vol% of CBP, respectively). The device using 

1:1 CBP and mCP co-deposited layer exhibits longer lifetime (i.e. the luminance 

half-life time (T50) = 0.31 hr) compared to the device using other depositing volume 

ratios (T50 = 0.18 hr) due to the low operation power and high device efficiency. 

 

Figure 3.10 Operational stability test results of blue QLEDs with CBP:mCP (1:1) 

co-deposited layer. Initial luminance (L0) of QLEDs is 500 cdm-2. 
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After optimizing the device characteristics of blue-QLEDs with CBP and mCP 

depositing volume ratio, we compare the device characteristics of blue-QLEDs 

using CBP and 1:1 CBP and mCP co-deposited layer, whose HOMO energy levels 

(6.0 eV, Figure 3.2) position close to the VBE energy levels of blue-QDs (6.7 eV, 

Figure 3.2). Figure 3.11 contrasts the device characteristics of blue QLEDs using 

CBP versus CBP:mCP co-deposited layer. Blue QLEDs implementing CBP:mCP 

co-deposited layer exhibit the reduction in the driving voltage, and the enhancement 

in the current density and the brightness (Figure 3.11a, b). Specifically, the driving 

voltages and the current densities at the peak E.Q.E. descend from (5.6 V, 63.827 

mAcm-2) to (5.0 V, 59.694 mAcm-2). Furthermore, as a result of the dockage in the 

operational voltage, the power consumption also reduced in QLEDs utilizing 

CBP:mCP co-deposited layer. Specifically, blue-QLEDs using CBP:mCP co-

deposited layer show 0.7 V of reduction in the driving voltage for emitting the 

luminance of 100 cdm-2. These results confirm the role of CBP:mCP co-deposited 

HTL in the enhancement in the hole injection rate into QDs emissive layer and the 

improvement of the optoelectronic performance. Blue-QLED with CBP:mCP co-

deposited layer displays increase in the current density and the E.Q.E. by a factor of 

2 than that with blue-QLED with CBP (Figure 3.11a, c). Moreover, the employment 

of CBP:mCP co-deposited layer suppresses surface-related broad-band EL emission 

in the spectra (Figure 3.11d). These results represent that the use of CBP:mCP co-

deposited layer enhances the hole injection rate into the emissive core of the larger 

bandgap blue QDs and the luminescence efficiency of larger bandgap blue QDs.  
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Figure 3.11 (a) J - V characteristics, (b) L - V characteristics and (c) E.Q.E. versus J 

of blue QLEDs with CBP or CBP:mCP (1:1) co-deposited layer. (d) Normalized 

electroluminescence (EL) spectra of QLEDs with CBP or CBP:mCP (1:1) co-

deposited layer at operating current densities of 10 mAcm-2.  
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Table 3.3 Summary of device characters for the blue QLEDs employing CBP:mCP 

co-deposited layer or CBP sole layer as HTL.a 

HTL 
λ 

(nm) 

Von 

(V) 

VD 

(V) 

Max E.Q.E. 

(%) 

Max C.E. 

(cdA-1) 

Max P.E. 

(lmW-1) 

Max L 

(cdm-2) 

CBP:mCP 451 3.3 4.4 2.53 0.66 0.43 1613 

CBP 451 3.5 4.8 1.31 0.38 0.22 880 

a) Abbreviations: turn-on voltage (VON), driving voltage (VD), luminance (L), current 

efficiency (C.E.), power efficiency (P.E.). 
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3.5 Electrical characteristics of co-deposited hole transport 

layer 

The energetic barrier for hole charge injection into QDs from HTLs is defined 

by the energy level difference between HOMO energy level of hole transporting 

material and VBE energy level of the QDs and the distance between the QD layer 

and the HTL. Since the HOMO energy level is identical for both CBP, mCP and 

thereby CBP:mCP co-deposited layer, two-fold increase of current density and 

E.Q.E. in QLEDs employing CBP:mCP co-deposited layer implies the enhancement 

of hole injection rate from HTL into QDs. The hole injection rate is deduced to 

depend on the hole density (p) and local electric field on the side of HTLs nearby 

blue QDs. We have calculated the hole density of HTLs from the following 

relationship with mobility (μ) and the conductivity (σ). 

σ = p × e × μ  (where e = 1.602×10−19 C) 

The mobility of HTLs is measured by transient signal of dark injection 

measurement using a hole only devices (HODs, ITO//PEDOT:PSS//HTL//MoOx//Al) 

structure and the conductivity of HTLs is obtained from the J-V characteristics of 

HODs with CBP, mCP or CBP:mCP co-deposited layer. [85, 86]. Then charge 

extraction by linearly increasing voltage (CELIV) technique in a metal-insulator-

semiconductor (MIS) diode structure (MIS-CELIV) is utilized to cross check the 

mobility of HTLs [87] (Figure 3.12-14, Table 3.4). 

Given that CBP:mCP co-deposited layer holds higher hole density (pCBP:mCP 

= 6.74 × 1011 cm-3) than CBP (pCBP = 1.95 × 1011 cm-3), blue QLED using 

CBP:mCP co-deposited layer is expected to exhibit enhanced performance than the 

case of one using CBP. To better understand the origin of the increase in hole 

density at CBP:mCP co-deposited layer, we have measured the hole injection 
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efficiency from anode into HTLs. For that purpose, we have fabricated HODs 

implementing CBP:mCP co-doposited layer and CBP. We have estimated the hole 

injection efficiency by comparing J-V characteristics of devices with the theoretical 

space charge limited current density (JSCL).  

ηinjection =
𝐽𝐽𝑜𝑜𝑥𝑥𝑝𝑝
𝐽𝐽𝑆𝑆𝑆𝑆𝑆𝑆

 

𝐽𝐽𝑆𝑆𝑆𝑆𝑆𝑆 =
8
9
ϵµ

V2

d3
 

where 𝐽𝐽𝑜𝑜𝑥𝑥𝑝𝑝 is experimental steady-state current density.  

The hole injection efficiency from anode to CBP:mCP co-deposited layer is 

almost 3 times higher than the case with CBP only (Figure 3.15). This result is 

consistent with the impedance spectroscopic analysis (Figure 3.16) that displays 

CBP:mCP hold 3 times lower contact resistance than the case with CBP only. 

Impedance spectroscopic analysis reveals that CBP:mCP co-deposited layer retains 

less contact resistance with MoOx/Al anode and bulk resistance compared to these 

with CBP (Figure 3.16, Table 3.5). The decline in the electrical resistivity enlarges 

the hole density in HTL, amplifies the hole injection rates from HTL into QDs and 

consequently improves the performance of blue QLEDs, as signified by the 

enhancement in the current density and the improvement of the device efficiency. 
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Figure 3.12 Dark injection transient signals for hole-only device with HTLs. The 

structure of all device is ITO//PEDOT:PSS//HTL//MoOX//Al. Colored line is 

transient signals of the device and black lines are smoothed signals. (a) Transient 

signal of device with mCP. (b) Transient signal of device with CBP:mCP co-

deposited layer. (c) The mobility of CBP:mCP co-deposited layer and mCP 

extracted from dark injection transient signals. 
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Figure 3.13 Transient signals for the charge extraction by linearly increasing 

voltage (CELIV) technique in a metal-insulator-semiconductor (MIS) diode 

structure (MIS-CELIV) with HTLs (CBP, mCP or CBP:mCP co-deposited layer). 

The structure of all devices is ITO/Ta2O5/HTL/MoOx/Al. Black lines are transient 

signals of the devices without offset voltage and red lines are signals with offset 

voltage (Uoff). MIS-CELIV transient signals of devices with (a) CBP, (b) mCP and 

(c) CBP:mCP co-deposited layer. 
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Table 3.4 Mobility characteristics of charge transport layers. 

 
Mobility (cm2V-1s-1) reference 

CBP:mCP 9.73 × 10-5 This work 

mCP 1.63 × 10-4 This work 

CBP 1.0 × 10-3 This work 

ZnO 1.34 × 10-3 33 
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Figure 3.14 Current density-electric filed characteristics for hole only devices with 

(a) CBP, (b) mCP or (c) CBP:mCP co-deposited layer under 10 kV/cm. 

Experimental data (colored dotted lines with marker) are fitted line function (brown 

line). (d) Temperature dependence of the conductivity of devices. 
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Figure 3.15 J-V characteristics for hole only devices with (a) CBP:mCP co-

deposited layer versus (b) CBP. Theoretical space-charge limited current density 

(𝑱𝑱𝑱𝑱𝑱𝑱𝑱𝑱) (red line) are overlaid for comparison. (c) Calculated injection efficiency of 

hole only devices employing CBP:mCP co-deposited layer and CBP sole layer. 
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Figure 3.16 The Cole-Cole plots for hole-only devices with various HTLs. Devices 

with CBP, mCP or CBP:mCP co-deposited layer are fitted by a two-RC model and 

dashed lines are the fitting line. 

 

 

Table 3.5 Resistance and capacitance parameters of hole only devices with CBP, 

mCP and CBP:mCP co-deposited layer extracted using a two-RC model. 

 
CBP mCP CBP:mCP 

Rcontact (Ω) 2.05 × 102 1.98 × 102 2.11 × 102 

RInterface (Ω) 4.23 × 104 8.89 × 103 1.34 × 104 

CInterface (F) 9.88 × 10-11 1.42 × 10-10 1.26 × 10-10 

RBulk (Ω) 1.16 × 104 1.08 × 103 2.44 × 103 

CBulk (F) 2.62 × 10-8 3.88 × 10-8 4.34 × 10-8 

  



 

61 

 

A side to side with enlarged hole density, higher LUMO energy level of 

CBP:mCP co-deposited layer also affect the lower driving voltage of blue QLEDs 

compared to QLEDs using CBP sole layer. Since the height of charge injection 

barrier between larger-bandgap QDs and HTL that have HOMO energy level 6.0 eV 

is higher than that between blue QDs and ZnO ETL, electrons are accumulated after 

injected into QDs. Accumulated electrons are deteriorated by subsequent draft 

injection through HTL under the forward bias or non-radiative recombination by 

negative trion or multi-exciton formation. Diminution of accumulated electrons in 

QD layer is not dominant by Auger recombination at the low current density regime 

because the low chance of locating electron and exciton in single QD. Major of 

injected electrons disappear by transporting to CBP and counter electrode or 

recombine at the HTL that appears in the EL spectra in the high energy region 

around 400 nm or in the broad-band, surface-related EL emission (Figure 3d). 

Higher LUMO energy level of CBP:mCP co-deposited layer obstructs the leakage 

current flow of electron to HTL and confine electron within QDs layer (Figure 6b). 

Amplified population of electron in QDs layer boosts local electric field from QDs 

to Al anode, in the aftermath, local electric field from ITO cathode to QDs is 

enfeebled (Figure 3.17). The enhanced electric field from QDs to Al anode increases 

hole current density of QLEDs and the relieved local electric field from ITO cathode 

to QDs decreases electron current density of blue QLEDs (Figure 3.18) [88, 89]. As 

a result, The use of CBP:mCP co-deposited layer in larger-bandgap blue QLEDs 

accomplish the control over electron and hole injection from the electrode to the QD 

emissive layer then improve the electron-hole balance within QDs. 
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Figure 3.17 Energy band diagrams of blue-QLEDs employing (a) CBP:mCP (1:1) 

co-deposited layer and (b) CBP sole layer under operation condition. 
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Figure 3.18 Simulation results QLEDs using CBP:mCP co-deposited layer and CBP 

sole layer. (a,d) Electron density, (b,e) hole density and (c,f) electric field of devices 

with (a,b,c) CBP:mCP co-deposited layer or (d,e,f) CBP are simulated on operation 

condition from 2.5 V to 10.0 V. 
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3.6 Characteristics of electroluminescence devices made of 

carbazole derivatives bilayer. 

We fabricate and characterize the blue-QLED that employs bilayer of CBP and 

mCP as the HTL of device with configuration of ITO/ZnO/blue-QD/CBP/mCP/ 

MoOx/Al then compare with the blue-QLED employing CBP:mCP co-deposited 

layer. The performance of devices are shown in figure 3.19. This configuration of 

device has the interface blue-QD/CBP and mCP/anode. Comparing the blue-QLED 

with co-deposited layer and bilayer of CBP and mCP let us know the role of high 

LUMO energy of HTL in the device. The operation voltage of device with CBP and 

mCP bilayer relatively increase rather than that with CBP:mCP co-deposited layer. 

For the device with CBP and mCP bilayer, the driving voltage at 100 mAcm-2 is 

6.35 V. For the device with CBP:mCP co-deposited layer, the driving voltage at 

100mAcm-2 is 6.26 V. The efficiency of devices are quite different. The highest 

values of E.Q.E. are 2.24 % and 2.58 % for blue-QLEDs with bilayer and co-

deposited layer of CBP and mCP. The device with CBP sole layer shows driving 

voltage of 6.36 V at 100 mAcm-2 and maximum E.Q.E. of 1.66 %. The efficiency of 

device with CBP and mCP bilayer is higher than that of device with CBP sole layer 

but lower than that of device with CBP:mCP co-deposited layer. This result means 

that high performance of blue-QLED with CBP:mCP co-deposited layer is 

synergetic effects of electron blocking by the high LUMO energy level of HTL and 

higher hole density of HTL. The operational stability of the blue-QLED employing 

CBP:mCP co-deposited layer is improved by the enhanced device efficiency and 

reduced operation voltage.  
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Figure 3.19 (a) J - V - L characteristics, (b) E.Q.E. and (c) P.E. versus J of blue 

QLEDs with CBP sole layer, CBP/mCP bilayer or CBP:mCP co-deposited layer. (d) 

Operational stability test results of blue QLEDs with CBP sole layer, CBP/mCP 

bilayer or CBP:mCP co-deposited layer. Initial luminance (L0) of QLEDs is 200 

cdm-2. 

  



 

66 

 

3.7 Summary 

In summary, we have demonstrated blue QLEDs implementing co-deposition 

of hole transport layer that exhibits enhanced device performance. Co-deposition 

layer of CBP and mCP HTL has appropriate surface energy and electronic properties 

to produce uniform surface on blue QD and to improve the device efficiency. In 

detail, we have employed CBP:mCP co-deposited layer in 1:1 volume ratio as HTL 

of blue QLED to obtain morphological homogeneity during device fabrication as 

well as suitable electronic properties ,i.e. hole density and LUMO energy level of 

HTL, to enhance hole injection rates into larger bandgap blue QDs. Local electric 

fields from HTL to anode are enhanced due to electron accumulation, supports 

efficient hole injection into larger bandgap blue QD. Higher hole density of 

CBP:mCP co-deposition layer also elevates hole current over devices. Increased 

hole current and condensed local electric field enhance hole injection rates into blue 

QD layer synergistically, electron-hole balance within QD emissive layer and 

thereby luminescence efficiency of blue QLED is improved. As a result, blue QLED 

with CBP:mCP co-deposited layer shows two-fold increased E.Q.E. and reduced 

driving voltage. 
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Chapter 4 

White Quantum Dot Light-Emitting 

Diodes with Improved Efficiency and 

Stability Using Co-deposited Hole 

Transport Layer 

Recent achievements of QLEDs in the research field and industrial needs for 

the QLED as next generation display require the research on realization of the white 

QLEDs accomplished by pixelation of red, green and blue QD [59, 90, 91] or mixed 

layer of red green and blue QD [11, 44, 92]. Among realizing methods for white 

QLEDs, fabricating white QLED using mixed-colored QD emissive layer is 

potential approach due to the simple device architecture and controllable white color 
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quality. As discussed in Chapter 1, overall efficiency of white-QLEDs using mixed 

QD emissive layer is largely affected by blue-QDs. Enhancement in the efficiency 

of blue-QLEDs allows small fraction of blue-QDs in red-, green- and blue-QDs 

mixture by increasing electroluminescence (EL) intensity positioned at blue 

wavelength region in the white-emission spectra. The Synergetic effects of 

improved device efficiency of blue-QDs and reduced portion of blue-QDs in red-, 

green-, and blue-mixed QDs achieve high performance of white-QLEDs. In the 

previous section, we proposed the blue-QLEDs implanting CBP:mCP co-deposited 

layer and discussed the device characteristics depending on the electrical 

characteristics of HTLs in terms of surface energy, hole density and LUMO energy 

level. As a results, we achieved two-fold enhancement in the hole injection rates and 

device efficiency. In this Chapter, we apply proposed architecture to white-QLEDs. 

Spectral changes with respect to the mixing ratio of red-, green- and blue-QDs are 

studied and the performance of device is investigated in terms of luminescence 

efficiency, color stabilities along with the operation voltage and operation time. 
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4.1 Characteristics of individual red, green, blue  

electroluminescence devices made of a co-deposited hole 

transport layers 

The use of CBP:mCP co-deposited layer as HTL is expected to improve the 

hole injection rate into red and green QDs as well, and consequently the device 

efficiency of corresponding colored QLEDs. We have synthesized CdSe1-XSX(r = 1.5 

nm)/ZnS(h = 6.2 nm) and CdSe(r = 2.0 nm)/Cd1-XZnXS(h = 6.0 nm) core/shell type-I 

heterostructured QDs stabilized with oleic acids for green and red QDs, respectively 

(Figure 4.1). Figure 4.3 shows the device characteristics of red, green and blue 

QLEDs employing CBP versus CBP:mCP co-deposited layer. All red, green and 

blue primary color QLEDs using CBP:mCP co-deposited HTL exhibit the reduction 

in the driving voltage, and the improvement in the current density and the brightness 

(Figure 4.3a.b). Specifically, the operational voltages and the current densities at the 

peak E.Q.E. reduce from (5.0 V, 112.76 mAcm-2) to (4.6 V, 102.04 mAcm-2) for red 

QLED, from (5.9 V, 170.82 mAcm-2) to (5.3 V, 120.82mAcm-2) for green QLED, 

and from (5.6 V, 63.827 mAcm-2) to (5.0 V, 59.694 mAcm-2) for blue QLED, 

respectively. In addition, as a result of the decrease in the driving voltage, the power 

efficiency and the operational stability are also enhanced in QLEDs with CBP:mCP 

co-deposited HTL. More specifically, red, green and blue QLEDs using CBP:mCP 

co-deposited layer display 0.2 V, 0.3 V and 0.7 V of reduction in the driving voltage 

for emitting the luminescence of 100 cdm-2, and 26 %, 18 % and 7.4 % improvement 

in the operational lifetime, respectively (T50 refers time to reach 50 % of initial 

luminance under the continued operation at the fixed current density) (Figure 4.3e). 

These results endorse the role of CBP:mCP co-deposited HTL in the enhancement in 

the hole injection into QDs and the improvement of the device characteristics. We 
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note that the influence of the use of CBP:mCP co-deposited HTL on the device 

performance is less noticeable for smaller bandgap QLEDs. We attribute the reason 

to the diminished extent of the charge injection imbalance into relatively smaller 

bandgap QDs owing to the reduced energy level offset between the HOMO energy 

level of hole transport material and VBE energy level of smaller bandgap QDs. 

Figure 4.5b exhibits the Commission Internationale de l’Eclairage (CIE) 1931 color 

coordinates of red, green and blue QLEDs implementing CBP:mCP co-deposited 

layer. The combination of red, green and blue QLEDs guarantees white light with an 

exceptionally wide color gamut that corresponds to 150.9 % of National Television 

System Committee (NTSC) YR 1953 standard, 173.1 % of sRGB and 100.4 % of 

Rec. 2020.  
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Figure 4.1 TEM images (top) and absorbance and photoluminescence spectra 

(bottom) of (a) CdSe(r = 2 nm)/Cd1-XZnXS(h = 6.0 nm) red QDs and (b) CdSeS(r = 

1.5 nm)/Cd1-XZnXS(h = 6.2 nm) green QDs. 

 

 

Figure 4.2 UPS spectra of red, green and blue QDs. Cutoff region (left) and onset 

region (right) are highlighted. 
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Figure 4.3 (a) J-V, (b) L-V characteristics, (c) E.Q.E. versus J, (d) normalized EL 

spectra at 50 mAcm-2 and (e) operational stability test results of red, green and blue 

QLEDs with CBP and CBP:mCP (1:1) co-deposited layer. Initial luminance (L0) of 

QLEDs for the operational stability test is 1,000 cdm-2 for red and green QLEDs and 

100 cdm-2 for blue QLEDs, respectively. 



 

73 

 

4.2 Characteristics of white electroluminescence devices 

made of a co-deposited hole transport layers 

 

Figure 4.4 (a) Schematic illustration and (b) transmission electron microscopy 

(TEM) image of white QLEDs.  

 

The excellence color purities in the color gamut along with the simplicity in the 

device architecture confers impetus to realize full-color white QLEDs for displays 

application. White QLEDs implement the emissive layer comprising red, green and 

blue QDs, stacked by common ZnO ETL and organic HTL (Figure 4.4) and can be 

understood as a parallel circuit that consists of primary color QLEDs. [11] We 

prepare the mixed red, green and blue QD solution in various volume ratios. White 

QLEDs with mixture of red, green and blue QD are fabricated using CBP:mCP co-

deposited HTL and prepared solutions are spun coated as the white-emissive layer of 

white-QLEDs. Figure 4.5a shows the ternary phase diagram for E.Q.E. of primary 

color and white QLEDs. Red QLEDs exhibits highest maximum E.Q.E. value and 

blue QLEDs exhibits lowest maximum E.Q.E. value. The E.Q.E. of white QLEDs 

has relations with the mixing ratio of red, green and blue QD. As the portion of blue 
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QD increased, efficiency of white QLEDs go close to the blue QLEDs. In the same 

way, as the portion of red QD increased, E.Q.E. of device goes higher. 

 

 

Figure 4.5 (a) Ternary phase diagram for red, green, blue and white QLEDs with 

CBP:mCP (1:1) codeposited layer. Devices efficiencies (i.e. E.Q.E.) are represented 

by contour and primary red, green and blue QLEDs located at each vertex. White 

QLEDs with 6 different mixing ratio of red, green and blue QD solution are tested. 

(b) CIE coordinates of white-QLEDs with 6 different mixing ratio of red, green and 

blue QD solution. 

In this sense, we prepare the mixed red, green and blue QD solution in a 

volume ratio that corresponds to the inverse of E.Q.E. of primary color QLEDs (i.e., 

the volume ratio of red : green : blue QD solution = 0.184 : 0.204 : 0.612) to 

position the EL spectra of the white QLEDs close to the white point in CIE 

chromaticity diagram [93, 94]. Figure 4.6 present the influence of HTLs (CBP only 

versus CBP:mCP (1:1) co-deposited layer) on white QLED performance. As 

expected from primary color QLEDs, CBP:mCP co-deposited layer improves 
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Table 4.1 Device efficiencies (i.e. E.Q.E., P.E. and C.E.) and CIE coordinates of 

white QLEDs along with volume ration of red, green and blue QD solution. 

Volume ratio of red, green 
and blue QD solution Max. 

EQE (%) 
Max. PE 
(lmW-1) 

Max. CE 
(cdA-1) 

CIE (x, y) 
@1000 cdm-2 

R :G : B 

0.184 : 0.204 : 0.612 5.36 6.07 9.30 (0.302, 0.377) 

0.231 : 0.256 : 0.513 5.48 7.88 11.9 (0.366, 0.439) 

0.310 : 0.345 : 0.345 5.46 8.40 12.30 (0.414, 0.476) 

0.250 : 0.250 : 0.500 5.22 7.28 11.11 (0.382, 0.429) 

0.268 : 0.244 : 0.488 5.10 7.02 10.70 (0.397, 0.422) 

0.286 : 0.238 : 0.476 5.22 7.03 10.81 (0.407, 0.419) 

 



 

76 

 

 

Figure 4.6 (a) J-V characteristic, (b) L-V characteristic, (c) EL spectra and (d) E.Q.E. 

versus J results of white QLEDs with CBP:mCP (1:1) co-deposited layer versus 

CBP sole layer.  

 

the current density, the luminance and the E.Q.E. of white-QLED. Specifically, 

white QLED implementing CBP:mCP co-deposited layer exhibits the maximum 

E.Q.E. of 5.3 % and the maximum luminance of 35,527 cdm-2, which is 28 % and 

26 % enhancement compared to white QLED implementing CBP only. To the best 

of our knowledge, these are the record-high efficiency and luminance among white 

QLEDs displaying white-lights close to the white point in CIE chromaticity diagram. 

The improvement in EL intensity at higher energy regimes is more obvious (Figure 
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4.6c), suggesting that the improvement in the luminescence efficiency of blue and 

green QDs indeed leads to the increase in the E.Q.E. of white QLEDs. Due to the 

decrease in the driving voltage and the increase in the device efficiency, white 

QLED with CBP:mCP co-deposited layer requires less power (i.e. the product of 

current and voltage) for operation and thereby displays prolonged operational 

lifetime (max. T50 = 3.1 hr, average T50 = 1.19 ± 0.66 hr) compared with the case 

of CBP only (max. T50 = 1.4 hr, average T50 = 0.74 ± 0.26 hr) (Figure 4.7).  

 

Figure 4.7 Average operation lifetime of white QLEDs from each fabrication batch. 

White QLEDs with CBP:mCP co-deposited layer and CBP sole layer are compared. 

15 sets of white QLEDs from 3 different fabrication batches are characterized. 

 

We note that the ratios in EL improvement in red, green and blue emission of 

white emission resulting from HTL engineering (0.99, 1.21 and 1.79 for red, green 

and blue region, respectively) agree well with E.Q.E. improvements of red, green 

and blue emitting primary color QLEDs (0.97, 1.21 and 1.94 for red, green and blue 

QLEDs) (Figure 4.6c). The similarity observed in EL spectra of white QLEDs and 

the E.Q.E. of primary color QLEDs falls in line with previous explanation [11] that 

rationalizes white QLED as a parallel circuit consisted of red, green and blue 
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primary color QLEDs. Minor but apparent difference detected in blue (1.79 versus 

1.94) is attributed to the energy transfer from blue QDs to lower bandgap QDs 

within the mixed emissive layer of white QLEDs [11, 44, 59]. After optimization in 

the mixing ratios, we could realize white QLEDs shows the E.Q.E. of 5.36 % at the 

luminance of 740 cdm-2 and white-emissions located within the white zone over 

varying luminance from 100 cdm-2 to 10,000 cdm-2 (Figure 4.8). 

 

Figure 4.8 Change of the CIE 1931 x, y coordinates (a) over time and (b) over 

operational voltages for the EL spectra from devices with CBP:mCP (circle) and 

CBP (triangle). (a) CIE x, y coordinates correspond to EL spectra from the device 

are pointed temporal condition ranging from 0 min to 60 min in the interval of 5 min. 

(b) CIE x, y coordinates correspond to EL spectra from the device are pointed 

operational condition ranging from 4.5 V to 6.5 V in the interval of 0.5 V. 
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4.3 The role of co-deposited HTL on the temporal color 

stability of devices  

To better understand the role of HTLs on the operational stability, the time-

dependent changes of individual emissions (red, green and blue) from white QLEDs 

are inspected. We have measured EL spectra of white QLEDs on regular time basis 

while continuously operating devices under constant current densities (L0 ~ 1,000 

cdm-2) (Figure 4.9) and decoupled red (from 570 nm to 780 nm), green (from 480 

nm to 570 nm) and blue (from 380 nm to 480 nm) emission region from the white 

EL spectra (Figure 4.8c). Calculated initial luminance for red, green and blue region 

in white-emission is 287 cdm-2, 736 cdm-2 and 28 cdm-2 for the device using 

CBP:mCP co-deposited layer, and 326 cdm-2,  617 cdm-2 and 15 cdm-2 for the case 

using CBP only. The employment of CBP:mCP co-deposited layer increases the 

contribution of EL from green and blue that are less stable than the red (Figure 4.3). 

However, CBP:mCP co-deposited HTL improves the operation stability of all color 

components, particularly blue, and thus leads to the enhancement of the operational 

stability of white QLED (Figure 4.9c). As a result of higher initial luminance and 

slower decay of blue emission, white-emission from white QLEDs employing 

CBP:mCP co-deposited layer remains in the white zone after the luminance of 

devices decreases down to 50 % of initial luminance. 
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Figure 4.9 Temporal evolution of EL spectra of white QLEDs with (a) CBP:mCP 

(1:1) co-deposited layer and (b) CBP only. (c) Comparison of the operational 

stability of two devices in terms of total white light and decoupled red (570 nm – 

780 nm), green (480 nm – 570 nm) and blue (380 – 480 nm) emission region from 

the white EL spectra. Initial luminance (L0) is 1,051 cdm-2 for the white QLED with 

CBP:mCP and 958 cdm-2 for that with CBP. Decoupled L0 for red, green and blue 

region in white-emission is 287 cdm-2, 736 cdm-2 and 28 cdm-2 for the device with 

CBP:mCP co-deposited HTL, and 326 cdm-2, 617 cdm-2 and 15 cdm-2 for the case 

with CBP only. The dashed guidelines indicate 50 % of the initial luminance. 
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4.4 The role of co-deposited HTL on the color stability of 

devices over varying operational conditions 

Along with the improvement in the device efficiency and the temporal color- 

stability, the use of co-deposited HTL allows to achieve the color stability in white 

QLEDs over varying operation conditions. Figure 4.10 compares the spectral 

changes of white QLEDs employing CBP versus CBP:mCP co-deposited HTL over 

varying operation voltages (current densities or luminance). Despite large number 

fractions of blue and green QD (> 80 %) in the mixed QD emissive layer, their EL 

contribution in white QLEDs with CBP is less than 40 % at 4.5 V (70 cdm-2) and 

below 60 % until the operational voltage is increased to 6.5 V (3,020 cdm-2). 

Increasing the fractions of blue and green QDs enhances the color balance at the low 

operational voltage regime, but it results in the inevitable reduction in the device 

efficiency. By contrast, the use of CBP:mCP co-deposited layer enhances the color 

balance of white QLEDs over varying operational voltage from the same QD mixed 

active layer. The enhanced color balance of white-emission, particularly at the low 

applied voltage regime (< 5 V), is attributed to the decrease in the driving voltage of 

green and blue QDs that increases the exciton densities within these QDs at the low 

applied voltage regime. In addition, the facilitated hole injection via the engineered 

HTL helps enhance the charge balance within green and blue QDs and thereby 

improve their luminescence efficiency in the devices. Combined together, white 

QLED using CBP:mCP co-deposited HTL exhibits white-emissions with the 

enhanced color stability at the luminance ranging from 100 cdm-2 to 10,000 cdm-2. 

The spectral change over varying applied voltages (or current densities) is 

inevitable in the present device architecture, in which primary color QDs with 

different J-V-L characteristics consist of a parallel circuit. However, the results in 
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the present study represent that white-emissions appropriate for practicable 

applications, specifically, luminance ranging from 100 cdm-2 to 10,000 cdm-2 under 

operational voltage below 6.5 V, can be attained by means of the materials 

engineering. We believe that further development in materials along with the 

optimization of the device structure will advance the device performance in terms of 

the device efficiency, the operational stability and the color stability, and eventually 

lead us to utilize white-QLEDs in a variety of light-emitting applications. 

 

Figure 4.10 (a,b) EL spectra and (c,d) spectral color ratios of white QLEDs 

employing the HTL of (a,c) CBP:mCP (1:1) co-deposited layer and (b,d) CBP only 

layer under varying operating voltages from 4.5 V to 6.5 V. The EL spectra are 

normalized by the spectral area.  
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4.5 Summary 

In summary, we have proven that engineering the electronic properties of 

charge transport layer can significantly improve the device performance of white 

QLEDs. White QLEDs implementing co-deposited hole transport layer exhibit 

enhanced device efficiency, operational stability and color stability. In detail, we 

have condensed local electric field and increased hole density in HTL to enhance the 

hole injection rates into larger bandgap green and blue QDs. The electron-hole 

balance within QD emissive layer are improved sequentially by the increased hole 

injection rates into larger bandgap QDs. Larger bandgap QLEDs shows the 

improvement in device efficiency and reduction in driving voltages. White QLEDs, 

regarded as the parallel circuits of primary colored QLEDs, display enhanced device 

efficiency, operational stability and color stability accordingly. Resulting device, 

white QLED employing CBP:mCP co-deposited layer in 1:1 volume ratio exhibits 

outstanding performance in terms of white-lights emitting close to equal energy 

point in CIE 1931 chromaticity diagram realized by combining of red, green and 

blue primary color with E.Q.E. over 5 % and color-stability at the brightness ranging 

from 100 to 10,000 cdm-2. 
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Chapter 5 

Conclusion 

In this thesis, high performance white quantum dot light-emitting diodes based 

on inverted structure have been systematically studied in terms of device 

mechanisms and thereby device structure engineering. We demonstrated highly 

efficient and color-stable white quantum dot light-emitting diodes with co-deposited 

hole transport layer of carbazole derivatives. 

First, we have demonstrated blue QLEDs implementing co-deposition of hole 

transport layer that exhibits enhanced device performance. Co-deposition layer of 

CBP and mCP HTL has appropriate surface energy and electronic properties to 

produce uniform surface on blue QD and to improve the device efficiency. In detail, 

we have employed CBP:mCP co-deposited layer in 1:1 volume ratio as HTL of blue 

QLED to obtain morphological homogeneity during device fabrication as well as 

suitable electronic properties ,i.e. hole density and LUMO energy level of HTL, to 
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enhance hole injection rates into larger bandgap blue QDs. Local electric fields from 

HTL to anode are enhanced due to electron accumulation, supports efficient hole 

injection into larger bandgap blue QD. Higher hole density of CBP:mCP co-

deposition layer also elevates hole current over devices. Increased hole current and 

condensed local electric field enhance hole injection rates into blue QD layer 

synergistically, electron-hole balance within QD emissive layer and thereby 

luminescence efficiency of blue QLED is improved. As a result, blue QLED with 

CBP:mCP co-deposited layer shows two-fold increased E.Q.E. and reduced driving 

voltage. 

CBP:mCP co-deposited layer is also applied to white QLED. Suggested device 

structure has proven that engineering the electronic properties of charge transport 

layer can significantly improve the device performance of white QLEDs. White 

QLEDs implementing co-deposited hole transport layer exhibit enhanced device 

efficiency, operational stability and color stability. In detail, we have condensed 

local electric field and increased hole density in HTL to enhance the hole injection 

rates into larger bandgap green and blue QDs. The electron-hole balance within QD 

emissive layer are improved sequentially by the increased hole injection rates into 

larger bandgap QDs. Larger bandgap QLEDs shows the improvement in device 

efficiency and reduction in driving voltages. White QLEDs, regarded as the parallel 

circuits of primary colored QLEDs, display enhanced device efficiency, operational 

stability and color stability accordingly. Resulting device, white QLED employing 

CBP:mCP co-deposited layer in 1:1 volume ratio exhibits outstanding performance 

in terms of white-lights emitting close to equal energy point in CIE 1931 

chromaticity diagram realized by combining of red, green and blue primary color 

with E.Q.E. over 5 % and color-stability at the brightness ranging from 100 to 

10,000 cdm-2. 
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In conclusion, this thesis offers a technological guideline to enhance the carrier 

injection into larger bandgap QDs and improve device efficiency of QLEDs 

composed of larger bandgap QDS. We believe that approach method and designed 

device structure in this thesis can be useful to realize efficient and color-stable white 

QLEDs enough to use in real application. 
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한글 초록 

콜로이드성 양자점은 광소자에 사용하기에 적합한 광학적 전기적 

특성을 가지고 있다. 그중에서도 양자점은 높은 양자효율, 넓은 흡수 

파장대와 좁은 발광 파장대, 열안정성과 광안정성을 가지고 있기 때문에 

발광다이오드의 광물질로 사용하기에 적합하다. 다년간의 소재에 대한 

개발과 소자 구조에 대한 연구를 통하여 양자점 발광다이오드는 소자 

특성과 구조적으로 많은 발전이 있어 왔다. 양자점 발광다이오드의 다양한 

응용중에서 백색 발광 양자점 발광다이오드는 단순한 소자구조를 가지고 

있는 점, 그러면서도 백색 파장을 자유롭게 조절할 수 있다는 점에서 큰 

매력을 가지고 있다. 그러나 큰 밴드갭을 가지는 청색양자점은 양자점 

발광다이오드의 전하 주입 불균일을 야기하고 이는 고효율 백색 양자점 

발광다이오드를 구현하는데 큰 제한이 된다. 본 논문에서는 정공수송층의 

개발을 통하여 밴드갭이 큰 양자점으로의 정공주입속도를 제어하여 소자의 

특성을 향상시키고 최종적으로 높은 효유과 색 안정성을 가지고 있는 백색 

양자점 발광다이오드의 구현하였다. 

먼저 정공수송층 개발을 통한 밴드갭이 큰 청색 양자점 

발광다이오드의 특성을 향상시키는 연구가 진행되었다. 

최고준위점유분자궤도 (HOMO, Highest occupied molecular orbital) 에너지 

준위와 청색 양자점 발광다이오드의 소자 특성상과의 상관관계가 연구 

되었다. CBP, mCP, TCTA, TAPC, NPB 정공수송층을 소자에 적용하여 

HOMO 에너지 준위와 소자 성능과의 관계가 분석되었고, 이를 통하여 

고성능 소자를 구현하기 위한 정공수송층 물질로 CBP 와 mCP 가 

채택되었다.  양자점과 정공수송층과의 표면에너지 차이로 인하여 mCP 가 

양자점 위에 불균일하게 증착되는 현상이 발견되었고, CBP 와 mCP 의 동시 

증착을 통하여 이를 해결하였다. 또한 CBP 와 mCP 가 동시증착 된 
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정공수송층은 밴드갭이 큰 청색 양자점에 정공을 효율적으로 주입시켰으며 

이를 통하여 청색 양자점 발광다이오드의 소자효율을 두배로 증가시킬 수 

있었다. 

나아가 백색 양자점 발광다이오드에 대한 연구도 진행하였다. 적색, 

녹색, 청색 발광다이오드가 CBP 단독 HTL 과 CBP:mCP 동시 증착 HTL 을 

이용하여 각각 제작 및 분석되었다. 적색, 녹색, 청색 양자점의 혼합 비율에 

따른 소자효율 변화와 스펙트럼 변화 역시 분석하였다. CBP:mCP 동시 증착 

HTL 을 적용한 삼색 양자점 발광다이오드는 효율적인 정공주입으로 인하여 

소자 효율과 수자 수명이 각각 증가되었다. 소자 특성 향상폭은 양자점의 

밴드갭이 클수록 증가되었으며 밴드갭이 가장 큰 청색 양자점의 소자 

성능이 가장 큰 폭으로 증가하였다. 또한 청색 양자점 발광다이오드의 

구동전압이 가장 큰 폭으로 감소하였기 때문에 적색, 녹색, 청색 양자점을 

혼합한 백색 양자점 발광다이오드의 구동전압에 따른 색 변화율이 큰 

폭으로 감소하였다. 그 결과 소자 휘도 100 cdm-2 에서 10,000 cm-2 구간에서 

CIE (Commision International de l’Eclairage) 좌표상에서 백색에 위치하고 

외부양자효율 5 % 이상을 유지하는 백색 양아점 발광다이오드를 

구현하였다.  

본 논문에서 개발된 접근 방법과 소자구조는 미래에 높은 효율과 

색안정성을 가지는 백색 양자점 발광다이오드의 연구와 이를 통한 

디스플레이 제품 개발에 도움이 될 것이라고 생각한다. 
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