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Abstract

QUANTUM DOT LIGHT-

EMITTING DIODES WITH CHARGE 

BALANCED DEVICE 

ARCHITECTURE

YEONKYUNG LEE

DEPARTMENT OF ELECTRICAL AND 

COMPUTER ENGINEERING

COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

Quantum dot light-emitting diodes (QLEDs) have attracted great attention due 

to their various merits such as ease of color tunability by size control, excellence in

color purity and capability of cost-effective fabrication process. These outstanding 
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merits make QLEDs as a powerful candidate for the next-generation display and 

solid-state lighting, so intensive research studies on QLEDs have been conducted in 

both academia and industry.

High performance and stability are prerequisite for commercialization of 

QLEDs. For that purpose, understanding the luminescence mechanism of QD as 

well as operating mechanisms should be headed for successful realization of QLEDs. 

Especially, device structure of the balanced charge carrier injection into the QD 

emissive layer is necessary for achieving high efficiency and relieving the fast 

degradation of QLEDs.

In this thesis, I construct effective approaches to enhance the electron and hole 

carrier injection balance for realization of high performance QLEDs. The chemically 

grafted QD-semiconductor hole transporting polymer hybrid system was introduced 

in order to enhance hole and electron carrier balance in QD emission layer. The 

systematic analysis on the relationship between the morphology of emission layers 

and device performance was conducted. Moreover, the modification Zinc oxide 

(ZnO) electron transport layer by adopting Yttrium (Y) doping with sol-gel method 

or inserting self-assembled monolayer (SAM) was studied from the perspective of 

suppression of excessive electron injection to QD emission layers.

First of all, chemically grafted QD-semiconducting polymer hybrids are 

fabricated by the ligand exchange between QDs and synthesized block copolymer 

consisting of a carbazole-based elctroactive block with a low highest occupied 

molecular orbital level and a disulfide-based anchor block. The QD-polymer hybrids

are evenly distributed throughout the semiconducting polymer matrix, and they also 

provides the extend of the distance between QDs, so hybrids lead to the improved 

charge balance and suppressed photoluminescence quenching of QDs. As a result, 
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hybrid QLEDs with the peak external quantum efficiency (EQE) of 5.6% which 

outperform the conventional devices with QD-only emission layer are fabricated. 

Secondly, systematic studies for enhancing the charge balance of device by 

modifying electron transport layer (ETL) of QLEDs were performed. ZnO is the 

best candidate for electron-transport layer (ETL) in QLEDs because of its superior 

performance compared to other metal oxides. However, nearly barrier-free electron 

injection into the QD emission layer can lead to the spontaneous charge transfer and 

the imbalance of charge carriers, resulting in reduced device performance and the 

fast degradation. Thus we introduced rare-earth metal yttrium (Y)-doped ZnO (YZO) 

sol-gel ETLs into QLEDs to adjust charge balance and improve the performance and 

lifetime of QLEDs. Yttrium doped ZnO film exhibited not only the limited electron 

mobility compared to that of pure ZnO film, but also the smooth surface 

morphologies, resulting in the improvement of device efficiency and lifetime. As a 

result, by adopting the YZO ETL into the inverted structure QLED enables us to 

achieve color-saturated red emission, an improved EQE of up to 8.6%, and an 8 

times longer lifetime compared to the device with undoped ZnO.

Finally, the effect of the SAM treatment on ZnO electron transport layer on 

device performance was investigated. It is observed that the self-assembled 

molecule, 4-methoxybenzoic acid (MBA), has effects on blocking electron injection 

by its intrinsic insulativity and leads to better charge injection balance. Furthermore, 

SAM treated ZnO layer provides smooth surface morphology than that of ZnO 

nanoparticles. As a result, the efficiency of QLEDs was considerably increased, 

reaching a maximum EQE of 9.7% and prolonged lifetime without any changes in 

turn-on voltage.

This thesis proposes practical approaches to control the balance of electron and 

hole carriers at QD emission layer for achieving highly efficient QLEDs. By 
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modifying the morphology of QD emission layers for the applications of 

semiconducting hole-transporting polymer hybrids, improvement of the charge 

balance and suppression of photoluminescence quenching between QDs will be 

achieved. Furthermore, we believe that systematic studies on modifying electron 

transport layer of inverted structure QLEDs with metal doping method or SAM 

treatment will offer a useful platform for designing other charge-balanced 

optoelectronic devices.

Keywords: Colloidal Quantum Dot, Light-Emitting Diodes, Inverted Structures, 

Charge balance, Semiconducting Polymer, Self-Assembled Monolayer

Student Number: 2012-23232
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Chapter 1

Introduction

1.1 Colloidal Quantum Dot Light-Emitting Diodes

Nanocomposites of colloidal quantum dots (QDs) is one of the promising 

candidate for future display[1-6] and biomedical technologies[7-9]. QDs are 

colloidal semiconductor nanocrystals, which have unique size-dependent properties, 

exhibit different optical and physical characteristics compared to bulk structure[10, 

11]. These nanomaterials possess differentiated characteristics such as broadband 

absorption, size-controlled tunability on emission wavelengths, high 

photoluminescence quantum yields and high stability, due to nanocrystal scale of 

quantum confinement effect and discrete hole and electron states[12-14]. Since these 

various advantages are desirable in industry of display, there have been vigorous

studies to develop QD-based optoelectronical technologies [15-18].     
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In these days, organic light emitting diodes (OLEDs) have been successfully on 

TV and mobile applications because of their vivid colour, high flexibility, and 

availability of thin and light products[19-21]. However, despite of their 

superior characteristics, their drawbacks such as broad emission spectra, poor 

cost-efficiency and limited stability can threaten their industries. Compared to 

OLEDs, QLEDs have the room to get round those issues, thus researchers and 

industries have focused on QDs for future display [22]. First of all, the full 

width at half maximum (FWHM) of QDs is under 30 nm, thus it can present 

high color purity in wide range[23]. Besides, since the emission color of QDs 

can be tuned by their size and composition, cost for synthesizing emitter is 

cheaper than that of OLEDs[12, 24]. Moreover, QDs have inorganic 

semiconductor cores and are covered by wide bandgap shell materials, QDs 

show better stability and durability over organic materials. Because of those 

outstanding properties of QDs, QLEDs are expected to compete with OLEDs in 

near future.
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Figure 1. 1 (a) QD absorption and emission spectra of different QD dispersions (b) 

Solution of colloidal QDs of varying size and compositon, exhibiting PL under 

ultraviolet excitation (The images are taken from reference [7],[11])
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Figure 1.2 shows the evolution of QLEDs. The first QLED was reported in 

1994 by the group of V.L Colin. They reported simple structured QLEDs 

introducing just CdSe QDs without any shell materials, which exhibited low 

efficiency of 0.001 ~ 0.1% and log brightness under 100 cd/m2 [25].

The structures of QLEDs in this early 1990s imitated that of polymer LEDs. Since 

they utilized core only QDs without covering the surface of QDs with protectable 

materials, device efficiency was poor and they suffered from low durability. Besides, 

the imbalance of charge carrier injection from neighboring polymer materials and 

electrode, the formation of exciton was difficult in QD layers. 

After the initial invention of QLEDs, core/shell structured QDs are reported by 

P. Alivisatos’s group for better colloidal stability of nanocrystals. Moreover, 

researchers focused on the organic materials for better charge transport properties. 

They tried to utilize the device structures of OLEDs, which sandwich emission layer 

with organic materials of electron and hole transport layer. The devices with organic 

layer showed better performance compared to that of polymer-based QLEDs, 

however, the instability of organic materials and limited current densities of organic 

materials brought new issue to solve for efficient QLEDs.

On the other hand, studies of inorganic hole and electron transport layer had 

been conducted. Devices with all inorganic materials were expected to have high 

stability compared to devices with organic materials. Especially, metal oxides were 

strong candidate for devices due to their high and easily controllable electrical 

conductivity. Sputtered metal oxides such as NiO, TiO2 was introduced for transport 

layer, however, sputtering technique harmed the surface of QDs. Besides, the 

imbalance of energy barrier between QDs and sputtered inorganic materials brought 

about poor device efficiency.  
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Consequently, researchers moved on new structured QLEDs combining both 

organic and inorganic charge transport layer. These structures usually adopted metal 

oxide inorganic electron transport layer and organic hole transport layer, which 

exhibited high device performances compared to that of previous device structure 

designs. In both inverted and conventional types introducing organic and inorganic 

combined design, the EQEs of recently reported studies approaches to 20 %, which 

is comparable value to that of phosphorescent OLEDs.

Figure 1. 2 Comparison of red, green and blue EL spectra with (dashed lines) 

OLEDs and (solid lines) QLEDs
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Figure 1. 3 Progression of the max EQE of orange/red QLED performance as a 

function of time (The images are taken from reference [11]).
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1.2 Balance of Electron and Hole Injection for the Device 

Performance and Stability

As mentioned at previous section, the superior properties of QDs have attracted a 

great attention in full-color displays and solid-state lighting industries and 

tremendous studies have been conducted for improving not only the properties of 

QDs, but also the performances of devices[26]. However, there are still many rooms 

for enhancing the device performances and stability of QLEDs. The majority of 

previous researches have been focused on QD synthesis for high quantum yield and 

colloidal stability and increasing the efficiency of devices, therefore, the systematic 

study for understanding the parameter of degradation and limitation of efficiencies is 

lacking. In the respect of device fabrication, challenging issues concerned about the 

modification of design architecture of QLEDs is considered to the most critical 

parameter for achieving successful commercial application. Especially, imbalanced 

electron and hole carrier injection and non-radiative recombination loss of QDs 

should be taken into consideration.

Various studies about modifying device structure have been reported on 

both inverted and conventional structure QLEDs. Inverted structure QLEDs usually 

utilizes transparent ITO as cathode and Aluminum or Silver as anode. N-type metal 

oxides such as ZnO and SnO2 are good candidate for electron transport layer due to 

its high transparency and small electron injection barrier from ITO[27, 28]. 

Moreover, as the hole injection and transport layer, various types of small organic 

molecules are easily deposited on the top of QD emission layer with vacuum-

deposition method, inverted structures have been drawn attention for efficient way 

to improve device performances[15]. Despite the merits of high conductivity of n-

type metal oxides and tunable band gap with vacuum-deposited small molecule hole 
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transport materials, the imbalance between electron and hole injection from charge 

transport layers occurs and results in degradation of devices. These days, several 

studies for resolving imbalance issue of charge carriers in QLEDs have been 

reported [29-34]. By lowering the HOMO level of the applied hole transport layer, 

the energy gap between hole injection layer and QD emission layer was reduced[35-

37]. Alternatively, the amount of the injected electrons have been reduced by the 

introduction of the polymeric intervening between QDs and electron transport 

layers[38]. Commonly used polymers possess relatively high LUMO values thus 

partially impeding electron injection from the electron transport layer into the QDs. 

Thus, precisely control of the thickness of the interlayer is necessary for further 

tuning of the quantity of injected electrons. The reduction of the defect state density 

of ZnO nanoparticles have also been studied for lowering the electron mobility[39]. 

By suppressing electron injection mobility, they suggested that the imbalance of 

electron and hole in QD emission layer can be relieved.

Moreover, some group have reported the modification of QDs by adjusting shell 

properties and the thickness of shells can also achieve the improvement in charge 

balance [40, 41]. 

Besides, the quenching of QD photoluminescence (PL) is also considered 

as the challenging issue for device lifetime and degradation. During operation of 

devices, charged states within QDs can be formulated by imbalance between 

electron and hole injection. This charging phenomenon has a significantly negative 

influence on device performance and lifetime [42-45]. The extra charges of QDs can 

decay via non radiative Auger recombination, which leads the electron and hole pair 

of charged carriers to transport to the neighboring carrier, not into photons [46, 47]. 

Thus, the presence of excessive electron or hole carriers in emission layer can be 

related to the exciton quenching via non-radiative recombination, and this will result 
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in the efficiency loss and fast degradation of devices. For suppression of excessive 

charge injection compared to that of counterpart, some strategies are reported. Bae et 

al suggested to cover thinner shell of Zn0.5Cd0.5S which has high conduction band 

edge for impeding direct electron injection to QDs. Doping high conductivity 

materials on hole transport layer or adopting double hole transport layer for reducing 

hole injection barriers are also introduced for better charge balanced device 

structure[48]. 

To summarize, since QDs have unique advantages as saturated emission 

colors, easy fabrication with simple solution process and size-tunable emission, 

QLEDs have been believed to gain commercial supremacy in the field of display 

and solid-state lighting. The advances in synthesize of high quantum yield QDs with 

core/shell structures and design for device architecture with various transport layer 

have prompted developments in highly efficient QLEDs which are comparable with 

OLEDs, however, for commercialization of QLEDs, the studies about understanding 

systematic mechanism inside of devices should be conducted. Especially, the exact 

mechanism of device degradation or severe roll-off phenomenon under device 

operation are still unknown, so there is the limitation for improving device 

performances and stabilities. Thus, we should consider the issues related to the 

degradation of QLEDs, not only in the respect of QD, but also the device structures 

and organic or inorganic materials which have strong relation with QDs. 

In this thesis, modifications of QD emission layer and electron transport 

layer for charge balance are mainly studied. Since the improvement of electron and 

hole balance leads to the suppression of non-radiative Augur recombination and 

results in the enhancement of device efficiency and increment of device lifetime, 

introduction of new methods for QDs and ZnO electron transport layers are 

investigated.
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Figure 1. 4 Required challenges for improving QLED performances
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1.3 Outline of Thesis

This thesis consists of six chapters.

In the introduction of Chapter 1, brief overview of quantum dot light 

emitting diodes and previous research trends and their issues for commercialization 

were explained. 

Chapter 2 surveys the basic physics and the fabrication and 

characterization methods for the QLED devices. In addition, characterization 

methods including optical and electrical techniques are described.

In Chapter 3, to understand the role of emission layer morphology on the 

performance of QLEDs, we introduced QD-semiconducting polymer hybrid system. 

The device performance including analysis of morphological and electrical 

characteristics was investigated.

In Chapter 4, to improve charge balance in QLEDs, QLEDs based on 

Yttrium doped ZnO sol-gel electron transport layer was demonstrated. For efficient 

device structure, we revealed that suppression of excessive electron injection to 

emission layer is important to increase efficiency and lifetime of QLEDs. 

In Chapter 5, systematic study on relationship between self-assembled 

monolayer treated ZnO electron transport layer and device performance is conducted. 

We demonstrated the simple and easy method for better charge balance in emission 

layer by inserting SAM layer on top of ZnO electron transport layer. 

In Chapter 6, the results obtained are summarized and concluding remarks 

of this thesis are given.
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Chapter 2

Experimental Consideration

2.1 Materials

2.1.1 ZnO nanoparticles and precursor solution

ZnO nanoparticles (NPs) are used as electron extraction layer for inverted-type of 

organic solar cells in Chapter 3, 5. ZnO nanoparticles were synthesized modifying 

the method reported by Pacholski et al. [49] First of all, the mixture of zinc acetate 

dihydrate (2.00 g) and methanol (80 ml) was in the 3-neck round bottom flask under 

the continuous stirring, and heated to 60 °C. At the stabilized temperature of 60 °C, 

40 ml of KOH solution (mixture of 1.51 g of KOH flakes and 65 ml of methanol) 

was added dropwisely into the zinc acetate dihydrate solution. Then, the reaction 

mixture was stirred for 2 h and 30 min keeping the temperature at 60 °C to yield 

milky solution containing ZnO NPs. The ZnO NPs were then isolated by 
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centrifugation at 4000 rpm and re-dispersed in 1-butanol, resulting in a final 

concentration of about 50 mg mL-1.
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2.1.2 Red-color emitting 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 performed under inert 

conditions using Schlenk line technique.  0.5 M cadmium oleate [Cd(OA)2] in 1-

octadecene (ODE); 0.5 M zinc oleate [Zn(OA)2] in ODE; 2.0 M selenium in 

triotylphosphine (TOPSe) and 2 M sulfur in TOP (TOPS) stock precursor solutions 

were prepared and subsequently degassed under vacuum for 1 hour, and stored 

under N2 atmosphere. CdO (1 mmol), myristic acid (MA) (3 mmol) and ODE (15 

mL) were loaded into a 3-neck flask and heated up to 300 °C under inert conditions 

to form a clear solution of Cd(MA)2. Subsequently the solution of 2 M TOPSe (0.25 

mL) was rapidly injected into the reaction flask to nucleate CdSe cores. After 3 

minutes of reaction 0.5 M Zn(OA)2 (3 mL) precursor and 1-dodecanethiol (DDT) (1 

mmol) were added dropwise over ca. 1 min. The reaction was continued for 30 

minutes to grow the inner Zn0.4Cd0.6S shell. Subsequently, 0.5 M Cd(OA)2 (2 mL), 

0.5 M Zn(OA)2 (4 mL), and 2 M TOPS (1.5 mL) were added to the reaction flask 

for Zn0.5Cd0.5S  shell growth. Synthesized QDs were purified five times by the 

precipitation/redispersion (ethanol/toluene) method.
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2.1.3 Semiconducting polymer

Semiconducting polymers are used for encapsulating the surface of quantum 

dots in Chapter 3. 

Homopolymer P1: Monomer M1 (1.0 g, 3.53 mmol),[25] chain transfer agent, 2-

cyano-2-propyl dodecyl trithiocarbonate (13.55 mg, 0.039 mmol), and initiator 2,2’-

azobis(2-methylpropionitrile) (AIBN) (1.08 mg, 0.0065 mmol) were dissolved in 

dry THF (15 mL) and degassed via three freeze-pump-thaw cycles. At the end the 

flask was filled with nitrogen and sealed. Afterward the polymerization solution was 

immerged into preheated oil bath and left to react at 65°C for 48 hours. 

Subsequently, the reaction solution was rapidly cooled down by immersing the flask 

into liquid nitrogen for several second. The formed polymer and excess monomer 

were first precipitated into hexanes. For purification the polymer was repeatedly 

redissolved in THF and precipitates into suitable solvent. The remaining solutions 

containing excess of the monomer were collected and the unreacted monomer 

recovered for the use in future reactions. The collected polymer was dried at 30°C in 

vacuum for 24 hours. Mn = 5900g mol-1, PDI 1.2. 1H NMR (400 MHz, CDCl3, δ): 

8.13 – 7.88 (br, 2nH, carbazole), 7.38 – 6.81 (br, 6nH, carbazole), 6.59 – 6.26 (br, 

2nH, benzyl), 6.26 – 5.73 (br, 2nH, benzyl), 5.30 – 4.67 (br, 2nH, benzyl-CH2), 1.77 

– 1.33 (m, 1nH, backbone), 1.19 – 0.65 (br, 2nH, backbone), n: number of repeat 

units of P1 determined by GPC.

Block copolymer bP1: Homopolymer P1 (250 mg, 0.045 mmol), pentafluorophenyl 

acrylate (PFPA) (865.85 mg, 0.020 mmol) and AIBN (0.93 mg, 0.0057 mmol) were 

dissolved in dry THF (3.5 mL) and degassed via three freeze-pump-thaw cycles. At 

the end the flask was filled with nitrogen and sealed. Afterward the polymerization 

solution was immerged into preheated oil bath and left to react at 65°C for 69 hours. 
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Subsequently, the reaction solution was rapidly cooled down by immersing the flask 

into liquid nitrogen for several second. The formed polymer and excess monomer 

were first precipitated into hexanes. For purification the polymer was repeatedly 

redissolved in THF and precipitates into hexanes. The remaining solutions 

containing excess of the monomer were collected and the unreacted monomer 

recovered for the use in future reactions. The collected polymer was dried at 30°C in 

vacuum for 24 hours. Mn = 6300 g mol 1, PDI 1.2. 1H NMR (400 MHz, CDCl3, δ): 

8.13 – 7.88 (br, 2nH, carbazole), 7.38 – 6.81 (br, 6nH, carbazole), 6.59 – 6.26 (br, 

2nH, benzyl), 6.26 – 5.73 (br, 2nH, benzyl), 5.30 – 4.67 (br, 2nH, benzyl-CH2), 5.30 

– 4.67 (m, 0.25nH, PFPA backbone), 5.30 – 4.67 (m, 0.55nH, PFPA backbone), 

1.77 – 1.33 (m, 1nH, backbone), 1.19 – 0.65 (br, 2nH, backbone), n: number of 

repeat units of P1 determined by GPC.19F NMR (282 MHz, CDCl3, δ):  155 (2H),  

159 (1H),  1643 (2H).

Block copolymer BP1 : The polymer bP1 and 70 eq. of AIBN were dissolved in dry 

THF and stirred at 75°C for 24 hours to remove the trithiocarbonate group of CTA. 

The reaction solution was cooled down and repeatedly precipitated into 

hexanes/diethyl ether 3/1. The obtained polymer was dried at 30°C in vacuum for 24 

hours. Subsequently the polymer was subjected to the post-polymerization 

modification reaction to introduce disulfide anchor groups. Endgroup modified bP1 

(200 mg, 0.036 mmol), 2-methyldithio-ethylamine (448 mg, 3.64 mmol) and 

triethylamine (1 mL, 7.27 mmol) were dissolved in dry THF (3 mL) and stirred for 

24 hours at 30°C. The reaction solution was repeatedly precipitated into methanol 

and hexanes. The polymer (190 mg, 0.033 mmol) was obtained as colorless powder 

and dried at 30°C in vacuum for 24 hours. The successful modification was verified 

via 19F spectroscopy (no signals). Mn = 6200 g mol 1, PDI 1.2. 1H NMR (400 MHz, 

CDCl3, δ): 8.13 – 7.88 (br, 2nH, carbazole), 7.38 – 6.81 (br, 6nH, carbazole), 6.59 –
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6.26 (br, 2nH, benzyl), 6.26 – 5.73 (br, 2nH, benzyl), 5.30 – 4.67 (br, 2nH, benzyl-

CH2), 3.80 – 3.34 (m, 0.44nH, -CH2-CH2-S-S-CH3), 3.01 – 2.65 (m, 0.46nH, -

CH2-CH2-S-S-CH3), 2.50 – 2.01 (m, 1.05nH, -CH2-CH2-S-S-CH3, amide 

backbone),1.77 – 1.33 (m, 1.5nH, backbone, amide backbone), 1.19 – 0.65 (br, 2nH, 

backbone), n: number of repeat units of P1 determined by GPC.

Polymer P1’: Monomer M1, CTA (30.4 mg, 0.058 mmol), AIBN, THF (10 mL). 

Solvent for purification: hexanes/acetone 4/1. 480 mg of polymer as a lightly yellow 

powder (48%). Mn = 5300g

Monomer M2 (1.0 g, 3.53 mmol), chain transfer agent (CTA) S-1-Dodecyl-S′-

(α,α′-dimethyl-α′′-pentafluorophenyl acetate)trithiocarbonate (30.4 mg, 0.058 

mmol) and initiator 2,2′-azibis(2-methylpropionitrile) (AIBN) (1.38 mg, 0.0084 

mmol) were dissolved in dry THF(10 mL) and degassed via three freeze-pump-thaw 

cycles. At the end the flask was filled with nitrogen and sealed. Afterward the 

polymerization solution was immerged into preheated oil bath and left to react at 

65°C for 48 hours. The reaction solution was rapidly cooled down by immersing the 

flask into liquid nitrogen for several second. The formed polymer and excess

monomer were first precipitated into hexanes. For purification the polymer was 

repeatedly redissolved in THF and precipitates into suitable solvent. The remaining 

solutions containing

excess of the monomer were collected and the unreacted monomer recovered for the 

use in future reactions. The collected polymer (480 mg, 48%) was dried at 30°C in 

vacuum for 24 hours. Mn = 5300g mol-1, PDI 1.2. Electrochemical and optical 

properties of P1  ́correspond to the polymer P1.
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2.1.4 ZnO precursor solution

In Chapter 4, the Y-doped ZnO solution was prepared by a sol-gel method. Zinc 

acetate dehydrate and different concentrations of yttrium nitrate hexahydrate (0, 3, 7, 

and 9 at%) were dissolved in ethanol, and ethanolamine was added at room 

temperature. The solution was stirred for 4 hours and finally filtered through a 0.2 

μm syringe filter before spin-coating.

2.1.5 Other materials

The materials for vacuum evaporation such as MoOx, AL were purchased from 

CERAC. 4,4'-bis(carbazol-9-yl)biphenyl (CBP) as hole transport layer is purchased 

from OSM. The yttrium nitrate hexahydrate and ethanolamine, 4-methoxybenzoic 

acid (MBA) as self-assembled monolayer was purchased from Sigma Aldrich.

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

Figure 2. 1 Chemical structures of CBP, 4-methoxybenzoic acid (MBA).
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2.2 Device Fabrication and Characterization 

2.2.1 Device fabrication

All devices were basically fabricated using the inverted structures and the detail 

structures, materials and processes are introduced in each chapter. Typical device 

fabrication methods are as follows: The patterned ITO glass substrates were were 

cleaned with acetone, isopropanol, deionized water, sequentially in an ultrasonicator 

(Branson 5510). And then the cleaned ITO patterned glass substrates were dried in 

the oven at 120 °C. For the inverted structure, transparent ZnO nanoparticle solution 

(20 mg/mL in ethanol) was spun-cast on ITO substrate at 2000rpm for 40sec and 

dried at 100℃ for 30min in the oven filled with N2 gas. The thickness of ZnO layer 

as electron injection/transport layer was about 35-40 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 100 °C. The vacuum deposition of thin films was performed by 

thermal evaporation under a base pressure of 1–5 × 10-6 Torr at a rate of 0.2-2 Å/s 

for CBP, 0.2–0.3 Å/s for MoO3 (hole injection material) and 2–5 Å/s for Al (metal 

cathode or anode), respectively. The evaporation speed was monitored with a 

quartz-oscillator thickness monitor. The doping concentration was adjusted by 

varying the relative evaporation speeds of the host and dopant materials.
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2.2.2 Current-voltage-luminance measurement

Fabricated deivce was mounted onto the cryostat for current-voltage-luminance (I-

V-L) measurement. The device were measured at room temperature.

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 CS-1000A.

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,

� = �� ∫ �(̅�)�(�)��
�

�
                  (2.1)

� = �� ∫ ��(�)�(�)��
�

�
                  (2.2)

� = �� ∫ �(̅�)�(�)��
�

�
                  (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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Any color can be plotted on the CIE chromaticity diagram.

Figure 2.1 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 (EQE), the luminous 

efficiency (LE) and the power efficiency (PE).

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

EQE =	
number	of	emitted	photons

number	of	injected	electrons	
(%)

Typically, QLEDs or OLEDs emit light into the half plane due to the metal contact. 

Without any modification for increasing out-coupling efficiency, over 80% of the 

emission can be lost to internal absorption and wave-guiding in a simple planar 

light-emitting device.

Since human eye has different spectral sensitivity in visible area, the response of the 

eye is standardized by the CIE in 1924 (see �� in Figure 2.2). The luminous 

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

eye. The difference is that EQE weighs all emitted photons equally. LE can be 

expressed by the following equation.

LE = 	
luminance		

current	density
(cd	A��)

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,

PE = 	
luminous	flux		

electrical	power
(lm	W��)

The EQEs can be useful to understand the fundamental physics for light emission 

mechanism, while the PEs can be useful to interpret the power dissipated in a light-

emitting device when used in a display application. 
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2.2.4 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.

���� =	
∫ �(�)��
��
��

�����
(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 energy level of polymers, Y-

doped ZnO sol-gel film and SAM treated ZnO nanoparticle layer were measured by 

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.

���	 = 	21.2	eV	 − 	 ��������	–	�������	 (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.

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 

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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Transmission electron microscopy (TEM): The TEM images of the hybrid and blend 

devices 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).

X-ray photoelectron spectroscopy (XPS): In this thesis, XPS measurements were 

performed using an Axis-HSi (Kratos Analytical) to investigate chemical component 

on surface of Y-doped ZnO sol-gel films in Chapter 4.

Time correlated single photon counting (TCSPC) analysis : For lifetime 

measurements of solid QD films and QDs within devices, samples were excited at 

480 nm (80 ps pulses) using a diode laser (LDH-D-C-485, PicoQuant) at a repetition 

rate of 2.5 MHz, and PL dynamics were resolved using a time-correlated single-

photon counting (TCSPC) system that consists of Single Photon Avalanche Diodes 

(timing resolution = 50 ps) and a multichannel analyzer (with a Picoquant Timeharp) 

with an 25 ps binning time.

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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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 yied = 95 % in ethanol) at the same 

optical density (below 0.05) at same excitation wavelength (400 nm). 
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Chapter 3

QLEDs Based on QD-semiconducting 

polymer Hybrids

The performance of QLEDs is usually determined by the efficiency of QD emission

layer during the device operation. Efficiencies of both individual QDs and QD 

matrix are important for determining device performance, which are highly affected 

by the structural and optical properties of QD emitters, the morphology of QD 

emission layer and also the properties of electron and hole carrier injection from 

each charge transport layers. The majority of previous approaches for high 

efficiency QLEDs has leaned toward either the structural engineering of QD 

emitters or the optimization of charge transport layers [50-52]. Yet, despite its 

importance, efforts to control the morphology of QD emission layer have been 

largely lacking [53-55].
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In this chapter, the effect of the morphology of QD emission layer on the 

device performance was investigated. For precise comparison of emission layer 

morphologies, three different emission layers consisting of QD-only film, 

(physically-mixed) QD/semiconductor polymer blends and (chemically-grafted) 

QD/semiconducting polymer hybrids were prepared. We revealed that the electrical 

and optical performance of QLEDs have strongly enhanced by utilizing 

hybridization of QDs with semiconducting polymers due to its improved charge 

carrier balance in QD emission layers. QD-polymer hybrids have influence on the 

increase of the mean inter-dot distance by replacing oleic acid ligands, leading to 

suppression of the non-radiative Augur recombination among QDs. Benefited from 

both, QLEDs with QD-semiconducting polymer hybrid emission layers display 

substantial enhancement in device efficiency (peak EQE of 5.6%) and brightness 

(peak luminance of 21,707 cd m-2) compared to the cases of QD-only (2.0 % and 

16,843 cd m-2) or physically blended QD/polymer emission layers (1.7 % and 

4,207 cd m-2). 

We have explored the practical method to modify the morphology of QD 

emission layer with ligand exchange procedure, and we believe that our work offers 

a useful platform for designing high-performance QLEDs. 

.

3.1 Hybridization Systems

3.1.1 Properties of QDs and semiconducting polymers
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In this thesis, the utilized QDs are CdSe/CdxZn1 xS core/shell type-I 

heterostructures with a core radius of approximately 2 nm and a total radius of 

approximately 4.5 nm, which confine both hole and electron wave functions within 

CdSe core (Figure 3.1 (a)). Since type- I QDs which have been used in previous 

hybrid-related QLED studies,

We decided to choose the same type for qualitative comparison with previous works

[56, 57]. 

Figure 3. 1 (a) Schematic illustration of energy-band diagram (left), TEM image 

(middle), and absorption and PL spectra (right) of CdSe/CdxZn1 xS QDs. (b) 

Scheme of block copolymer (BP1) synthesis; i: 2-cyano-2-propyl dodecyl 

trithiocarbonate, 2,2’-azobis(2-methylpropionitrile, THF, 65 °C 48 h; ii: 
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pentafluorophenyl acrylate, 2,2’-azobis(2-methylpropionitrile, THF, 65 °C 69 h; iii: 

2,2’- azobis(2-methylpropionitrile, THF, 75 °C 24 h; iv: 2-methyldithio-ethylamine, 

triehtylamine, THF, 30 °C, 24 h.

For the semiconducting polymer brushes, we synthesized a block 

copolymer (BP1) that contains an electroactive block bearing carbazole groups and 

an anchor block bearing disulfide groups (Figure 3.1 (b)). Utilizing the reversible 

addition fragmentation chain transfer (RAFT) polymerization and post-

polymerization modification techniques, the well-defined block copolymers with 

narrow molecular weight distribution were obtained. Since we wanted better hole 

injection from hole transporting layer to QD emission layer, the carbazole 

functionality was chosen as the electroactive unit due to its superior hole conducting 

properties and relatively low lying highest occupied molecular orbital (HOMO) [56]. 

Polystyrene backbone provides chemical and electrochemical robustness of the 

polymer brushes. The disulfide moieties of the anchor block possess the high 

affinity to unsaturated Zn centers, thus enabling the grafting of the polymer chains 

onto QD surfaces by replacing the pristine ligands (oleic acid) [58]. The multiple 

anchor groups (in the anchor block) instead of only one anchor group facilitate the 

formation of sterically stabilized QDs [7]. 
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Figure 3. 2 Optical properties of polymer BP1 (a) normalized absorption in toluene 

(b) normalized fluorescence in toluene.

The normalized absorption and fluorescence spectra of polymer in solution 

state are shown in Figure 3.2. The absorption spectra of polymer BP1 shows similar 

tendency with previously reported polymers which contains carbazoles as side 

groups. The typical absorption patter of carbazole unit with maxima at 345, 331 and 

295 nm and the absorption onset at 355 nm was observed.  

Figure 3. 3 (a) UPS spectra and (b) cyclic voltammetry of polymer BP1.

The HOMO level of the polymer BP1 was investigated by ultraviolet 

photoelectron spectroscopy (UPS) measurement. The estimated value is 5.78 eV. 
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(Figure 3.3 and Table 3.1.) Moreover, the electrochemical properties of polymer was 

detected by cyclic voltammetry in dichloromethane (Figure 3.3. (b)). 

Besides, we observed high thermal stability of BP1 from decomposition 

temperatures (380 °C) and high glass transition temperature at 155 °C. These 

properties are higher than the glass transition temperatures of hole transport 

materials which are based on carbazole units [59, 60]. 

Table 3. 1 The summary of properties of BP1.

HOMOa)

(eV)

LUMOb)

(eV)

Band gapc)

(eV)
Td5

d) (°C) Tg
e) (°C)

BP1 5.78 2.32 3.46 380 155

a) HOMO level calculated from the UPS measurments   b) LUMO calculated as 
HOMO-band gap  
c) Calculated from UV/VIS absorbtion spectra d) TGA measurments, N2, 10°C/min, 
30-800°C   e) DSC measurments, N2, 10°C/min, 50-250°C

3.1.2 Preparation of QD-semiconducting polymer hybrids 

The motivation of this work is to investigate the relationship between the 

morphology of QD active layers and the device characteristics. To understand the 

effect of QD-semiconducting polymer hybrid on QD emission layer, we compared 

three different QLEDs; conventional QD-only devices, devices with physically 

blended QD-polymer emission layer and devices with chemically grafted QD-

polymer hybrids.
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Hybrids block copolymer BP1 was used for the synthesis of hybrids and the 

homopolymer P1’ without anchor groups was used for the synthesis of blends, 

respectively. The QD-polymer hybrids were prepared by the ligand exchange 

procedure during which the oleic acid ligands initially coordinated to the QD 

surfaces were replaced with BP1 polymer chains. The ligand exchange 

functionalization process is shown in Figure 3.4. Polymer (8.9 mg, 6.7 mg or 4.4 mg 

depending on the sample) and quantum dots (QD, red, CdSe core, core diameter 4 

nm, CdxZn1-xS shell, total diameter 9 nm, oleic acid ligands, 17.7 mg) were 

separately dissolved in chlorobenzene (each 100 µL) and subsequently combined. 

The reaction mixture was sonicated for one hour and ethanol (1.5 mL) was added. 

The formed sediment was dispersed in chlorobenzene (250 µL), sonicated for one 

additional hour and left at room temperature for 18 hours. Afterwards ethanol 

(1.5 mL) was added and the formed sediment was again dispersed in chlorobenzene 

and sonicated for one hour. After addition of ethanol the sediment was dried and 

dispersed in the appropriate amount of toluene to obtain QD/polymer hybrid 

solution with the total concentration of 19.8 mg mL-1.

Figure 3. 4 Schematic of ligand exchange process of QD-polymer hybrids.
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To compare the properties of QD-polymer hybrids with QD-polymer 

blends (which are physically mixed), polymer P1’ was prepared. Polymer P1’ was 

synthesized by modifying P1 with an inert butyl group instead of the reactive 

disulfide group. Due to the absence of the anchor block in P1`, polymer chains in the 

QD/P1`blends are not directly attached to the QD surfaces, leading to the systems in 

which QDs and polymer chains are only physically mixed.

Figure 3. 5 Polymer P1’

Furthermore, the optical properties of individual QDs, such as PL energy, 

PL decay dynamics and PL QYs, remained unchanged throughout the ligand 

exchange hybridization procedure or the physical mixing with polymers. (Figure 3.5 

(b)).
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Figure 3. 6 (a) Schematic illustration of QD-polymer hybridization via the ligand 

exchange procedure (left) and (b) solution PL-decay dynamics (right) of pristine 

QDs (reference), QD-P1’ blend (blend), and QD-BP1 hybrid (hybrid).
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3.2 Effect of the Ratio of QD to Polymer on the Efficiency

3.2.1 Functionalization and morphology of QD-polymer hybrids

The motivation of the present work is to investigate the relationship between the 

morphology of QD active layers and the device characteristics. In this section, we 

varied mixing ratios of the QD-BP1 polymer hybrids and fabricated the inverted 

structure QLEDs with those hybrid films with different morphologies. 

The QD-polymer hybrids (H1-H3) were prepared by the ligand exchange procedure 

during which the oleic acid ligands initially coordinated to the QD surfaces were 

replaced with the BP1 polymer chains. We notes that the hybrids prepared in this 

study contain polymer functionalized QDs as well as different amounts of free 

polymers. To verify the variation of amount of polymer incorporated in different 

hybrids after ligand exchange process before fabrication of QLEDs with hybrids, we 

measured UV-Vis absorption spectra of QD-only film and hybrid films on quartz 

glass. Difference in intensity of polymer absorption was detected with different 

polymer ratio in H1-H3. (Figure 3.7) 

By varying the QD and BP1 mixing ratios we prepared hybrid films with different 

morphologies (i.e., QD density per unit volume, mean QD-to-QD distance) (Table 

3.2) The increase in the polymer content in the hybrid films leads to the decrease in

QD densities within the emission layers compared to the QD-only film.
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Table 3. 2 Morphological characteristics of emission layers consisted of QD-BP1 

hybrids (H1-H3) and QD-only film

Hybrid

QD:Pol

ymer

ratio

[wt %]

Estimated 

QD density

[number of QDs/cm3
]

H1 1:0.5 5.65·10
17

12.10

H2 1:0.375 6.83·1017 11.36

H3 1:0.25 8.83·1017 10.50

QD 

only film
1:0

9.63·10
17

10.10
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Figure 3. 7 UV-Vis absorption spectra of QD-only film and hybrid (H1-H3) films 

on quartz glass.

TEM and AFM images of QD-polymer hybrids H1-H3 are shown in Figure 3.8. All 

films of H1 to H3 shows that QDs are evenly distributed within polymer matrix and 

no aggregation or phase separation is detected. The RMS roughness of hybrid film. 

Compared to QD only film, all hybrid films show decreased RMS roughness and 

form this result we can suggest that smoother surface morphology is obtained by 

hybrid system.
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Table 3. 3 Morphology characteristics of hybrid H1-H3 and QD only films

H1 H2 H3 QD only

QD-polymer 

ratio
1:0.5 1:0.375 1:0.25 -

RMS 

roughnessa
1.24 1.44 1.34 2.6

a: RMS (root-mean-squared) roughness obtained by AFM measurements.
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Figure 3. 8 TEM images (left, scale bar 200 nm) and AFM height images (right, 

scale bar 2 μm) of spin cast hybrid H1-H3 films.
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3.2.2 QD-polymer hybrids for QLED

An inverted architecture of [ITO (150nm)//ZnO nanoparticles (40nm)//emission 

layer (H1-H3, QD-only and QD/P1 blend) (30nm)//CBP (4,4’-Bis(9-carbazolyl)-

1,1’-biphenyl (40 nm)//MoOx (10 nm)//Al (100 nm)] was chosen for this study. 

(Figure 3.7 (a)). In this setup, ZnO nanoparticles are responsible for electron 

transport from cathode (ITO) to the hybrid emission layer, whereas CBP and MoOx

layers are employed as hole transport and hole injection layers.

Figure 3. 9 (a) Schematic illustration and (b) Energy band diagram of hybrid 

QLEDs.

We fixed the active layer thickness as ca. 30 nm because the reference QLED shows 

the best device performance at the thickness with respects to the device efficiency, 

turn-on voltage and efficiency roll-off behavior. In order to exclude the influence of 

the electric field across the QD active layers on the device characteristics, the active 

layer thickness of hybrid or blend QLEDs were adjusted to be nearly constant in all 

devices (Table 3.4). The QD density per unit volume or the mean QD-to-QD 

distance within the active layer varies among H1-H3 and QD-only QLEDs, allowing 
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us to conduct comparative study on the influence of QD morphology (i.e., density, 

mean QD-QD distance) on the device performance. (Table 3.2)

Figure 3. 10 Device characteristic of hybrid H1-H3 and QD-only QLEDs: (a) 

Normalized electroluminescence intensity (inset : normalized EL intensity shown in 

the log scale), (b) EQE vs. luminance, (c) current density vs. voltage and (d) 

luminance vs. voltage (inset:magnified graph near the turn-on voltage).
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Figure 3.10 shows the device characteristics of hybrid QLEDs and QD-only QLED. 

Regardless of the polymer to QD ratios, all devices show narrow 

electroluminescence spectra with Gaussian shape (λmax= 639 nm, full width at half 

maximum=33 nm) without parasitic contributions from polymers (BP1) or 

neighboring charge transport layers (CBP), showing that electron and hole 

effectively recombines within QDs. 

In contrast to the electroluminescence spectra, the electrical properties, luminance 

intensities and external quantum efficiencies (EQEs) are strongly affected by the 

change in the polymer content of hybrids. While the device with H2 shows the 

highest efficiency among the hybrid emission layers, all the hybrids H1-H3 

regardless of QD-to-polymer ratios lead to QLEDs with improved device 

performance when compared with the conventional QLED with a QD-only emission 

layer

The enhanced hybrid device performance is attributed to the improved 

charge balance in the hybrid emission layer compared to the device with a QD-only 

emission layer. As the polymer content increases, the current densities at the same 

applied voltage decreases (Figure 3.10 (c)), as a result of the effective blockage of 

the electron transport from ZnO into QDs by the polymer. It is known that, due to 

the relatively low conduction band edge and valence band edge energy levels of 

QDs compare to the organic hole transport materials, the electron injection from 

ZnO into QDs takes place much efficiently than the case of hole injection from CBP 

into QDs. (Figure 3.11) The charge injection imbalance results in the presence of 

excessive electrons in QDs, giving rise to the non-radiative exciton decays via 

Auger recombination [46]. Passivation with polymer brush (BP1) that possesses 

relatively high LUMO and LUMO energy level helps improve the charge balance 
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within QDs by hindering the electron injection from ZnO while facilitating the hole 

injection into QDs, leading to enhance the device efficiency (Table 3.4).

Figure 3. 11 Energy diagram of (a) a hybrid QLED and (b) a QD-only QLED.

As the polymer presence in hybrids affects multiple properties at the same 

time, the trade-off in the polymer quantity has to be found to lead to the device with 

the best characteristics. An increase in the polymer content suppresses leakage 

current as systematically observed from H1 to H3, but the polymer content above 

20 % results in the rise of the turn-on voltage as shown in Figure 3.10 (c). The 

hybrid H2 combines the both factors in the best way, leading to the device with the 

best characteristics and the EQE of 5.6 %. It should be noted, that the hybrid devices 

presented in this study suffer from EQE roll-off at the region of higher applied 

voltages. The roll-off becomes more severe as the polymer content increases (Figure 

3.10 (b)), indicating that the polymer incorporated is the origin of the roll-off. We 

assume that at the high electric field regions the charge balance gets disturbed due to 

the hole conducting properties of the polymer leading to the efficiency droop.
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To further investigate polymer influence on the electronic properties, electron 

only devices (EOD) have been fabricated. A gradual decrease of the current density 

with the increasing amount of polymer has been observed. (Figure 3.12). In electron 

only devices, the current originates solely from the electrons passing through the 

device, thus the detected decrease in the current density indicates the electron 

blocking properties of the hybrids with higher polymer amount. Furthermore, the 

diminished electron transport confirms the electron blocking abilities of the 

incorporated polymer.

Having studied the performance of the hybrid QLEDs with various polymer 

amount and finding the optimal conditions, we will continue with a comparison of 

devices utilizing hybrid, QD-only and blend active layers at next section.
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Figure 3. 12 Electron only device characteristics, current density vs. voltage

Table 3. 4 Device characteristics of QLEDs with emission layers consisting of QD-

BP1 hybrids (H1-H3), QD-only and QD/P1 blend (B2).

Emission
Layer

QD:Polymer
ratio 

[wt %]

Film
Thickness

a

[nm]

Von [V]
(@1nit)

Peak
EQE [%]

@1000 nit

V [V]
J

[mA cm
-2

]

H1 1:0.5 33 3.1 3.3 6.0 30.27

H2 1:0.375 32 2.7 5.6 5.0 25.51

H3 1:0.25 31 2.4 4.3 4.7 43.44

QD only 1:0 33 2.9 2.0 5.4 74.13

a) a: Film thicknesses determined by ellipsometry and STEM.
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3.3 Device Characteristics of Hybrid Devices with QD-only 

and QD-Polymer Blend 

3.3.1 Morphology and device performance of QD-polymer blend 

devices

As mentioned at section 3.1.2, for comparison of device characteristic and 

morphological properties of QD-polymer hybrid films with QD-polymer blend films, 

we additionally synthesized polymer P1’, which has no anchor group and only can 

be mixed with QDs in physical blending process. We varied the amount of polymer 

to QD from B1-B3, with the same proportion with hybrid H1-H3. 

To investigate the morphological properties of QD-polymer blend films, 

we measured TEM and AFM images of blend B1-B3. The severe aggregation of QD 
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and polymer are shown in Figure 3.13. The immiscibility between long polymer 

and QDs with short oleic acid ligands could be one reason for the 

inorganic/organic phase separation. Moreover, the increment in RMS roughness 

from AFM measurement shows the phase separation of blended films.

Table 3. 5 Morphology characteristics of hybrid B1-B3 films.

H1 H2 H3

QD-polymer ratio 1:0.5 1:0.375 1:0.25

RMS roughnessa 1.22 1.50 2.07

a: RMS (root-mean-squared) roughness obtained by AFM measurements.
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Figure 3. 13 TEM images (left, scale bar 200 nm) and AFM height images (right, 

scale bar 2 μm) of hybrid B1-B3 films.

Besides, to understand the impact of poor morphological properties of 

blended films on device performance, we fabricated the inverted structure QLEDs 
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with QD-polymer blend B1-B3 films. It should also be noted that all the hybrid 

devices tested (H1-H3) show higher EQE values and brighter luminance than the 

blend device with the same QD-to- polymer ratio. For precise comparison, we will 

choose two samples, hybrid H2, blend B2 and QD-only devices and take a look at its 

morphological differences at next section.

Figure 3. 14 Device characteristics of devices with B1-B4 as the active layers. 

Current density vs. voltage (a), luminance vs. voltage (b), EQE vs. current density (c) 

and EL intensity (d).
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3.3.2 Device characteristics of hybrid devices with QD-only and QD-

polymer blend 

In this section, we will focus on the comparison of device characteristics to 

understand how the morphologies of the emission layers differ from each other and 

how they affect the device characteristics. Thus, Hybrid H2 and blend B2 were 

chosen as the representative examples of hybrid and blend devices. As mentioned at 

previous chapter, it should be noted that all hybrid devices (H1-H4) show higher 

EQE values and brighter luminance than blend devices with the same QD to 

polymer ratios (B1-B4). Moreover, while the device with H2 shows the highest 

efficiency among the hybrids, all the hybrids H1-H4 regardless of QD to polymer 

ratios lead to QLEDs with improved device performance compared to the reference.

The device architectures for the hybrid, QD-only, and blend devices retained 

unchanged in order to isolate the effect of the morphology of QD emission layers on 

the device performances.

Table 3. 6 Device characteristics of QLEDs with emission layers consisting of QD-

BP1 hybrid H2, QD-BP1 blend B2 and QD-only.

Emission
Layer

QD:Polymer
ratio 

[wt %]

Film
Thicknessa

[nm]

Von [V]
(@1nit)

Peak
EQE [%]

@1000 nit

V [V]
J

[mA cm
-2

]

H2 1:0.375 32 2.7 5.6 5.0 25.51

B2 1:0.375 34 2.4 1.7 4.8 90.21

QD only 1:0 33 2.9 2.0 5.4 74.13

b) a: Film thicknesses determined by ellipsometry and STEM.
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Figure 3. 15 Device characteristics of hybrid H2, blend B2 and QD-only QLEDs: (a) 

current density vs. voltage, (b) luminance vs. voltage, (c) EQE vs. current density 

and (d) EL spectra at 5 mA/cm2.
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Figure 3.15 shows the device characteristics (current (J) - voltage (V), luminance (L), 

external quantum efficiency, and electroluminescence (EL) spectra) of QLEDs with 

hybrid (H2), blend (B2) and QD-only emission layers. The devices with different 

emission layers exhibit the same shape of EL spectra, indicating that QDs are the 

dominant emitting centers in which injected electrons and holes recombine. In 

contrast, substantial differences are observed in the electrical properties and 

luminance of the devices. The hybrid QLED shows the peak EQE of 5.6 %, which is 

indeed over two times higher than that of reference (2.0 %) and blend (1.7 %) 

QLEDs. Besides, the maximum luminance of the hybrid device (H2) is increased to 

21,707 cd/m2 from 16,843 cd and 4,207 cd m-2 for the QD-only and blend (B2) 

devices, respectively. Considering the decreased QD density in the hybrid emission 

layer due to conducting polymer incorporation, the enhancement of the maximum 

luminance of the hybrid device compared to the QD-only device leads to the 2.5-

fold increase in efficiency with respect to individual QDs.
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Figure 3. 16  The cross-section STEM images (dark field) of (c) a hybrid QLED 

(H2) and (d) a blend QLED (scale bar 50 nm).  AFM height images of (e) a hybrid 

QLED (H2) and (f) a blend QLED (scale bar 2 µm).
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The difference in the characteristics of hybrid and blend devices originates 

from the differences in the morphology of the active layers. While in the hybrid film, 

QDs are homogeneously distributed within the polymer matrix, a significant phase 

separation between the organic polymer and inorganic QDs occurs during the film 

formation of physically blended QD/polymer films (Figure 3.16)The phase 

separation leads to the formation of a very inhomogeneous active layer film with 

some areas mostly filled with QDs (bright areas in the cross-section STEM image in 

Figure 3.16 (a)), while other areas consist of polymer (dark areas) with a very thin 

QD layer on top. The formed inhomogeneous polymer interlayer between QDs and 

ZnO ETL still enables partial electron blocking leading to the suppressed leakage 

current compared to the reference. However, the irregular polymer distribution and 

the varying interlayer thickness results in differing electron blocking abilities 

compared to the hybrid devices. Additionally, due to the changed morphology, the 

polymer does not contribute to the improvement of the hole transport. Therefore, we 

assume that the special morphology of the hybrid films is the key to the optimized 

balance between electron and hole transport and to the associated improved device 

performance.
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Figure 3. 17 (a) PL decay dynamics of a QD-BP1 hybrid film (red, hybrid H2), a 

QD-only film (black) and a QD/P1 blend film (blue, blend B2) in actual QLEDs. 

The PL decay dynamics of QD solution (gray) is also shown for comparison. (b) 

Estimated internal quantum efficiency versus PL QYs of QD-BP1 hybrid film 

(hybrid H2), QD-only film (reference) and QD/P1 blend film (blend B2).

Besides imbalanced charge carrier injection which leads to QD 

photoluminescence quenching is an additional loss channel in QLEDs. Therefore, 

PL decay dynamics of the hybrid, QD-only and blend active layers were 

investigated.

Assuming that the radiative exciton recombination rate (tr) does not alter 

throughout the film formation, the ratio between PL decay lifetime obtained from 

the film (t1/e) and the radiative exciton recombination rate (tr) approximates the PL 

QY of the film. The radiative exciton recombination rates measured with QDs in 

solution containing pristine QDs, QD-BP1 hybrids or QD-P1’ blends are all similar 

to the PL lifetimes of approximately 25.0 ns (Figure 3.17 (a)), indicating that the 

exciton decay dynamics are preserved throughout the hybridization and blending 

processes. However, the PL decay dynamics of the emission layers within devices 

show substantial differences (Figure 3.17 (a)): the QD PL lifetime in the device with 
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a hybrid H2 emission layer was estimated to be 12.1 ns, while the devices with the 

blend B2 and the QD-only emission layers show lifetimes of 8.8 ns and 8.4 ns, 

respectively. Such a significant drop in the PL lifetime compared to the solution 

sample is a consequence of ET among QDs within the films.

Excitons are subject to undergo the non-radiative recombination during 

repeated ET processes, leading to the reduction in QYs of the emission layers [61, 

62]. In the case of QD-only or blend emission layers in which QDs are packed 

closely together with short core-to-core distances (ca. 10.1 nm), the exciton more 

efficiently migrates among neighboring QDs via FRET (Förster resonance energy 

transfer) compared to the case of the hybrid emission layer, in which QDs are 

uniformly separated by the hybridized polymer brushes [57]. The increase in the 

mean inter-QD distance with the hybrid emission layers suppresses the ET process 

in the films, thereby helping preserve the QY of the emission layers. In the blend 

device, the loss in the PL lifetime remains comparable to the QD-only case due to 

the massive phase separation between QDs and polymers which do not have any 

contribution on the increment of QD-to-QD distance. 

Figure 3.17 (b) compares the estimated PL QY of emission layers (QYf) and 

the peak internal quantum efficiencies (IQE) of the devices. QYf was calculated 

from the ratio between the PL decay lifetime obtained from the film (t1/e) and the 

radiative exciton recombination rate (tr) (Equation 3.1) and the peak IQE was 

estimated from the peak EQE (Equation 3.2):

��� =
t�/�

t�� × ���������� , where ���������� = 80 %     (3.1)

IQE =	
���

h
���

� , where h
���

denotes the extraction efficiency (= 0.2) (3.2)
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QYs diminish when casted in films as a result of ET process and subsequent 

QD quenching, and further decrease in device operation conditions due to charge 

carrier imbalance and Auger recombination. The hybridization imposes beneficial 

effects on QY of the emission layers in both steps. The polymer brushes in the QD-

BP1 hybrids increase the mean inter-QD distance and thereby suppress the ET 

process, which is represented by the higher QYf value for the hybrid film compared 

to the QD-only and blended films. In addition, the semiconducting polymer brushes 

improve the charge balance within QDs by impeding the electron injection rates and, 

at the same time, facilitating the hole injection rate, which contributes to significant 

enhancement of IQE of the hybrid films. Overall, the hybrid emission layer shows 

higher QY under the device operation conditions, enabling to achieve the high 

efficiency QLEDs.
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3.4 Summary

In this study, we presented the systematic analysis on the relationship between the 

morphology of emission layers and the device performance based on the QD-

semiconducting polymer hybrid systems. The hybrid systems where conducting 

polymers are chemically grafted onto the QD surfaces lead to the uniform 

distribution of QDs within polymer matrices throughout the entire emission layer. 

We show that the functionalization of QDs with semiconducting polymer brushes 

leads to the improved charge transport balance as well as the suppressed PL 

quenching of QDs. As a result, we can fabricate a color-saturated red (λ max = 639 

nm with FWHM of 33 nm) QLED with the peak efficiency of 5.6%, which is indeed 

over two-fold higher than the devices based on QD-only and physically blended 

polymer/QD emission layers. A great attention should be paid to the morphologies 

of such systems as they have an enormous influence on the device characteristics 

and improvement opportunities. We believe that this systematic study opens up new 

opportunities for the applications of various combinations of QDs, semiconducting 

polymers, and device architectures on top of enabling further developments of 

hybrid QLEDs and other optoelectronic devices.
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Chapter 4

QLEDs with Yttrium Doped ZnO

The charge balance between holes and electrons which are injected to quantum dot 

(QD) emission layer is critical parameter for the realization of stable and efficient 

quantum dot light-emitting diodes (QLEDs)[35, 48]. ZnO is the best candidate for 

electron transport layer (ETL) because of its superior performance compared to 

other metal oxides, however, nearly barrier-free electron injection into quantum dot 

emission layer leads to spontaneous charge transfer and collapse of charge balance 

results in reduced device performance. In this chapter, to adjust charge balance and 

improve the performance and lifetime QLEDs, we introduce rare earth metal 

Yttrium-doped ZnO (YZO) sol-gel ETL to QLEDs. We find that YZO film whose 

mobility can be simply tuned by varying Yttrium (Y) content facilitates the 

enhancement of charge transport balance by suppressing excess electron flow to 

emission layer. Furthermore, YZO contributes to suppress QD charging and smooth 
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surface morphologies. Applying YZO ETL into inverted structure QLED enables us 

to achieve color-saturated red emission, improved external quantum efficiency up to 

8.6 %, and 8 times longer lifetime compared to device with undoped ZnO. This 

discovery provides a new simple method for enhancing performance of QLEDs with 

easily controlled metal doping sol-gel ETLs.
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4.1 Yttrium Doped ZnO as Electron Transport Layers

Despite the simplicity and easy tunability of electrical properties of metal doped 

ZnO thin films, they are difficult to be applied for QLEDs as ETLs since ZnO with 

n-type dopants (such as widely used elements, Al, In, Ga) shows improved electrical 

conductivity and it is not desirable alternation for charge balance betterment within 

inverted structure QLEDs which apply ZnO films as electron transport layer. Thus, 

to adjust charge balance and improve the performance and lifetime QLEDs, we 

introduce rare earth metal Yttrium-doped ZnO (YZO) sol-gel ETL to QLEDs for the 

first time.

To confirm the adequacy of Y thin film as ETL for QLED, firstly we 

fabricate YZO films by varying the nominal Y content. Doping concentration of Y 

precursor is controlled from 0 to 9 at% and spin-coated films are followed by post-

annealing treatment. It should be noted that sol-gel solution of heavy doping above 9 

at% shows translucent state some hours after stirring process, so we choose 9 at% 

for the maximum doping state for this study.

The absorption and photoluminescence (PL) spectra of the QDs which are 

utilized for the entire experiments are shown in Figure 4.1. CdSe/CdxZn1-xS 

core/shell type-I heterostructured red QDs with a core radius of 2.0 nm and a total 

radius of 8.3 nm are synthesized. As shown in Figure 4.1, TEM image shows 

uniform size distribution of QDs and PL spectrum exhibits narrow bandwidth 

emission of the peak wavelength at 623-626 nm and a full width and half maximum 

(FWHM) of 32 nm.
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Figure 4. 1 (a) Absorption and Photoluminescence (PL) spectra (b) TEM image 

(with scale bar of 20nm) of CdSe/CdxZn1-xS core//shell QDs.

4.2 Properties of Yttrium Doped ZnO Films

4.2.1 XPS analysis of YZO films

To examine the chemical bonding states of YZO films and check the substitution of 

Y dopants into ZnO in detail, X-ray photoelectron spectroscopy (XPS) analysis is

carried out. Figure 4.2 exhibits the high-resolution Y 3d and O 1s peaks in XPS 

spectra for the YZO films depending on the doping concentration of Y. The intensity 

of Y 3d peak becomes striking as the doping concentration increases. (Figure .4.2 (a)) 

The binding energies (BE) of the Y 3d3/2 and Y 3d5/2 states are located at 

158.6~159.4 eV and 157.0~157.3 eV respectively, meaning that Y ions have +3 

valence[63]. For more precise analysis, we try to deconvolute XPS peaks for Y 3d in 

YZO films and the result clearly indicates that the existence of two different pair of 

Y 3d3/2 and Y 3d5/2 states, i.e, Y-O bonding at Y2O3 and YZO crystal lattice. 

According to previous studies, since incorporation of Y3+ ions in ZnO lattices 

shortens Y-O bond length and increases interaction between ions, Y 3d3/2 and Y 3d5/2

peaks of YZO generally show a slight blue shift compared to standard Y 3d3/2 (157.4 
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eV) and Y 3d5/2 (156.6 eV) peaks of pure Y2O3[64, 65]. Therefore, the peaks located 

at higher BEs can be assigned to Y-O bonding in YZO crystal lattice. As shown in 

Figure 4.2 (a), for the cases of 3 and 7 at% YZO films, the Y 3d peak intensities 

corresponding to Y2O3 are relatively small while those corresponding to YZO 

crystal lattice are dominant. This result implies that most of the Y species were 

incorporated into ZnO lattice, however, a minor amount of Y species are segregated 

in the form of Y2O3. On the other hand, as the doping concentration is increased up 

to 9 at%, the peak intensities corresponding to Y2O3 become nearly equal to those

corresponding to YZO crystal lattice, meaning that Y2O3 and YZO phases coexist 

with a similar ratio between them. It is supposed from this data that insulating 

properties of Y2O3 limit excessive electron flow to adjacent QD layer and take 

balance of charge carriers for enhanced operating performance.

As shown in Figure 4.2 (b), the O 1s peaks are found to consist of three 

different components located at 529.5–529.9 eV (O1), 531.3-531.5 eV (O2), and 

532.6-532.9 eV (O3). The low-energy peak (O1) originates from O2- ions in ZnO 

lattices (M-O) with full complement. The middle peak (O2) is assigned to O2− ions 

in the oxygen-deficient regions within the matrix of ZnO and the high-energy peak 

(O3) is related to loosely bound surface oxygen such as hydroxyl groups (Zn–OH), 

respectively[66-68]. Figure 4.3 shows the peak area ratios for each component of O 

1s spectra, depending on the doping concentration of Y. While the ratio of O2- ions 

in ZnO lattices (O1) remains almost unchanged, the ratio of oxygen vacancies (O2) 

becomes greater, as the Y doping concentration increases. The ratio of O2 / 

(O1+O2+O3) is 0.32, 0.43, 0.47, and 0.49 for 0, 3, 7, and 9 at%, respectively. On the 

other hand, the ratio of hydroxyl bond (O3) is evidently decreased as the Y doping 

concentration increases. This indicates the switch of Zn-OH to Zn-O2 at the film 
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surface due to the incorporated Y content, according to the following chemical 

reaction[69].

2Y3+ + 2ZnO + 2(OH)- → Y2O3 + 2Zn2+ + 2Ovacancies + H2O                (4.1)

This can be understood as reactions of Y2O3 generation in place of ZnO, formation

of oxygen vacancies, and decrease of hydroxyl and carboxyl groups. Based on these 

results, we can speculate that the reduction of electrical properties of YZO films is 

attributed to the increased oxygen vacancies and the insulating properties of 

generated Y2O3.
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Figure 4. 2 XPS spectra of the Y 3d (a) and O1s (b) core levels for the YZO films 

(Y doping ratios: 0, 3, 7, and 9 at %)
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Figure 4. 3 The peak area ratios for each component of O 1s XPS spectra in Figure 

4.1 (b), depending on the Y doping concentration. Each peak fits into three sub-

peaks O1, O2 and O3
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4.2.2 Electrical and morphological properties of YZO films

In order to assess how Y dopant on ZnO film affects charge transport characteristics, 

firstly we fabricated bottom-gate top-contact thin film transistors with different 

doping concentrations of Y content. (Figure. 4.3) The field-effect electron mobility 

(	����) is derived from fitting graphs to transfer curves at the saturated region by 

using the following equation:

��� =
�

��
�������(��� − ���)

�                                      (4.1)

Where ��� is the drain to source (D/S) current, W and L are the width 

(1000 μm) and the length (50 μm) of the channel, and ��� is the capacitance per 

unit area of the gate insulator (SiO2, 100 nm,	���=3.45 nF/cm2 ), ���� is the field-

effect mobility, ��� is the gate to source voltage and ��� is the threshold voltage. 

YZO solutions are deposited on SiO2 gate substrates with evaporated Al 

source/drain top electrodes. Figure 4.3 (a) shows the transfer curves of each device 

and plotted a graph of field-effect mobility as a function of Y doping concentration. 

As shown in Table 4.1, the mobility decreases gradually from 0.0185 cm2/V·s to 

2.76 × 10-7 cm2/V·s with increasing doping concentration of Y content from 0 at% 

to 9 at%. Furthermore, as Y doping concentration increases, the shift of turn-on 

voltage (���) to positive values are observed in Figure 4.3 (b). This result is 

ascribable to increased charge traps generated by excess Y impurities which exist at 

interstitial sites and act as acceptor type defects [70, 71]. Moreover, ��� tends to 

increase with heavy doping of Y content and this phenomenon is presumably owing 

to the creation of electrically insulating Y compounds. 
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Figure 4. 4 (a) Field-effect transistor transfer curves, (b) field-effect electron 

mobility (left side) and Von (right side) of the ZnO films as a function of the Y 

doping concentration.
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Table 4. 1 Mobility and V_on data for various Y doping concentrations on ZnO film

Y doping concentration
(at%)

Mobility(cm
2
/V·s) ��� (V)

0 0.0185 -

3 2.25 × 10�� 2.9375

7 2.46 × 10�� 5.8

9 2.76 × 10�� 9.8

To confirm that the considerably reduced mobility of the ZnO thin film is a 

distinct property of the Y dopant, we fabricated TFTs with AZO thin films adopting 

the same doping range as the YZO films. Al is the most commonly used metal 

dopant in organic solar cells and OLEDs, as Al enhances the electrical conductivity 

of sol-gel derived ZnO films [72-74], so we chose the AZO this film as control

samples.These TFTs were fabricated using the same method as those containing 

YZO to focus only on the influence of the dopants on the device characteristics. As 

shown in Figure 4.4, the TFTs based on the AZO films demonstrate increased 

mobility as the doping concentration increases, which is the opposite behavior 

compared to that observed for TFTs based on the YZO films.
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Figure 4. 5 Field-effect electron mobility comparison vs. doping concentration of 

metals (YZO, AZO)

This result may be related to the difference in the electronic states among 

the dopants. According to the previous study on density-functional theory (DFT) of 

ZnO doped with various metals, partial density of states (PDOS) of Al doped ZnO 

have delocalized states providing mobile electrons, and resulting in the increase of 

conductivity. On the other hand, excess electrons provided by Y doping have little 

contribution to the electric current owing to highly localized electron state.

Figure 4.5 shows the Atomic Force Microscopy (AFM) images of YZO 

thin films. The YZO films exhibit different surface morphologies depending the 

doping concentration of Y dopants. First, undoped pristine ZnO film is characterized 

by high root mean square (Rrms) of 7.36 nm. However, as Y doping concentration 

increases, the surface of ZnO films becomes smooth and flat. Rrms of film is reduced 
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to 5.22 nm for 3 at%, 0.61 nm for 7 at% and 0.55 nm for 9 at%. It is noted that the 

roughness of ZnO films can be decreased by controlling doping concentration of Y 

content.
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Figure 4. 6 AFM images of the ZnO surfaces with various Y doping concentrations. 

(a) undoped ZnO (b) 3 at% (c) 7 at% and (d) 9 at% YZO
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4.3 Effect of Yttrium Doping on EL Characteristics

4.3.1 Device characteristics of QLEDs based on YZO 

An inverted structure QLED of [ITO (150 nm)// YZO (0-9 at%, 40 nm)// QD 

emission layer (1-2 monolayer, 30 nm)// CBP (4,4’-Bis(9-carbazolyl)-1,1’-

biphenyl (60 nm)//MoOx (10 nm)//Al (100 nm)] is designed in this study. As shown 

in Figure 4.6 (a), the role of ZnO layer is electron transportation from cathode to QD 

emission layer and CBP, MoOx layers are employed as a hole transportation and a 

hole injection layer, respectively. Due to barrier-free electron injection from ZnO to 

QDs and hindered hole injection from HTLs to QDs, it is known that imbalance of 

hole and electron charge degrades device performance. Therefore, we try to verify 

the beneficial effects of YZO ETLs on the electroluminescence characteristics of 

QLEDs. We retain thickness of YZO layer in all series of devices to eliminate the 

influence from the electric field with different thicknesses of charge transport layers. 

The device characteristics of red QLEDs with different Y concentration in 

ZnO layer are shown at Figure 4.6. The J-V (current density- voltage), L-V 

(luminance-voltage), external quantum efficiency (EQE) and electroluminescence 

spectra of devices are indicated at (b)-(e), respectively. The detailed values of device 

performances for each QLEDs are summarized in Table 4.2.All of the devices show 

narrow emission spectra with Gaussian shape (λ���= 625nm), a full width and half 

maximum (FWHM) of 32 nm and no parasitic peak from neighboring layers are 

observed. 

From the EQE graph as a function of current density Figure 4.6(e), adding 

Y into the ZnO ETL, the performance of devices is improved. Compared to 6.6 % 
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max EQE of the device with undoped ZnO ETL, the peak EQE is found to be 6.8, 

8.2 and 8.6 % when concentration of Y content is 3, 7, 9 at%, respectively. 

The devices with different doping concentration of YZO demonstrate 

different J-V characteristics. (Figure 4.6 (c)). As the doping concentration goes up, 

the leakage current steadily decreases by about two orders of magnitude in low 

voltage region. Meanwhile, during gradual increment of EQE with higher doping 

ratio, turn on voltages are almost unchanged so that it can be said that turn on 

voltage is almost negligibly affected for devices with Y doping concentration to 

ZnO layer. It can be clearly seen that the reduction of the leakage current in low 

voltage region influence on enhanced EQE of QLEDs with YZO layer. 

Table 4. 2 Summarized device characteristics of QLEDs with YZO electron 

transport layer

Y doping

concentration

(at%)

Von (V)

(@1 cd/m2)

Peak

EQE (%)

Peak

CE (cd/A)

Peak

PE (lm/W)
LT50% (h)

0 2.3 6.6 8.5 6.1 7.2

3 2.4 6.8 8.8 6.6 25.5

7 2.4 8.2 10.7 11.2 36.7

9 2.5 8.6 11.6 11.3 57.8
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Figure 4. 7 (a) Schematic illustration of the QLED. (b) EL spectra at 25 mA cm-2

(inset: photograph of the QLED under an operating voltage of 4 V). Device 

characteristics of the QLEDs with different Y doping concentrations: (c) J-V, (d) L-

V, and (e) EQE vs. current density curves. (f) Operational lifetime characteristics of 
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the QLEDs with YZO ETLs. A constant current density corresponding to an initial 

luminance of 1000 cd m-2 is applied to all the devices.
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Furthermore, we conduct operation-lifetime measurement with all series of 

devices to understanding device stability characteristics. Lifetime data is collected at 

an initial luminance of 1000 cd/m2 at room temperature. All devices are 

encapsulated by ultraviolet-curable resin. As shown in Figure 4.6 (f), one can see 

that undoped device has the shortest lifetime. The half lifetime (LT50%, time to reach 

50% of its initial brightness) of undoped device is 7.2 hours. Compared to this result, 

devices with Y doping show longer operation-lifetime. The lifetime of 9 at% doped 

device exhibits 57.8 hours and it is almost 8 times longer than that of an undoped 

device and this tendency of lifetime alternation with doping ratio of Y content 

exhibits a good agreement with that of device performances.

To clarify whether the significant reduction of leakage current and enhanced 

device performance is attributed to distinctive property of the YZO from other metal 

doped ZnO, we fabricate QLEDs with Aluminum (Al) doped ZnO (AZO) thin film 

which adopt the same doping procedure and doping concentration as YZO for 

comparison. (Figure 4.7) As mentioned at previous section, Al is the most 

commonly used metal dopants in various field due to its superiorelectrical 

conductivity. Moreover, Aluminum (Al) has 3 valence electrons as Y does, so we 

choose AZO based QLEDs for control device. As shown in Figure 4.7, the current 

density of the device with AZO displays no reduction at low voltage region and it 

brings out even poor efficiency and lifetime compared to pristine ZnO based devices. 

Though current density and luminescence of device with AZO increases under high 

voltage region, severe collapse of electron on hole balance inside device is supposed. 

Since impediment of excess electron flow to EML is required for better device 

performance, enhanced electrical conductivity by adding Al on ZnO ETL is not 

desirable.
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This result demonstrates that the enhanced device performance and longer 

lifetime of the device with YZO compared to that of undoped counterpart or device 

with AZO can be attributed to the improved charge balance in device during 

operation. From the results from mobility of YZO bassed TFTs and YZO-based 

QLEDs, we speculate that Y contents on ZnO ETL suppresses excess electron 

injection to QDs and has influence on charge balance and PL quenching of QDs in 

devices.  

Figure 4. 8 Device characteristics of QLEDs with ZnO, YZO and AZO ETLs: (a) J-

V, (b) L-V, (c) EQE vs. current density curves and (d) Operational lifetime 
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characteristics of the QLEDs. A constant current density corresponding to an initial 

luminance of 1000 cd m-2 is applied to all the devices.

4.3.2 Impedance analysis

Furthermore, to elaborately examine how doping of Y to ZnO layer has an effect on 

device electrical properties, we investigated with impedance spectroscopy analysis. 

Impedance spectroscopy is a useful tool to study interfacial electrical properties such 

as carrier injection and transportation of devices and has been widely utilized in the 

field of Organic Light Emitting Diodes (OLEDs) and Organic Photovoltaics 

(OPVs)[75]. Electrical properties of conductivity and resistivity as a function of 

frequency can be explained according to complex ac impedance,	� = � − ��, where 

R is the real part and X is the imaginary part of impedance. Figure 4.8 implies

impedance and phase as a function of voltages for all QLEDs. As shown in Figure

4.8, devices with higher doping concentration show much higher impedance value 

than the device that adopted undoped ZnO layer. YZO devices exhibit high 

impedance of 2.3	~	2.7 × 10�	Ω , compared to the undoped one which shows 

relatively low impedance of 5.6 × 10�	Ω. Meanwhile, phase of Y-doped devices 

show ~ -90° at low voltage region while the undoped device displays -40°. These 

high impedance values of Y-doped device begin to drastically drop and 

corresponding phases change to 0°. It is known from the previously reported 

literatures that phase of -90 ° and 0 ° determine insulating state and purely 

conducting state, respectively [76-78]. At about 2.3-2.5 V which correspond to turn 

on voltage of devices, both impedance and phase of each Y-doped devices begin to 

change and this can be explained as a conversion from insulating state to conducting 
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state. Furthermore, an ambiguous transition of phase and relatively low impedance 

value that undoped device exhibits can be presumably delineated extinction of 

excessive electron inside the device even though bias voltage is not applied. 

As a result shown from the impedance spectroscopy measurement, higher 

Y doping concentration to ZnO film prevents heavy injection of electron and 

contributes to improvement of the charge balance and performance of devices. In 

addition, from Figure 4.9, Cole-Cole plot also exhibits the dielectric loss tendency of 

QLEDs with higher doping concentration [78]. This data was measured at bias of 4

V, frequency sweep from 20 to 10 MHz with amplitude of 10 meV. Cole-Cole plot 

shows semicircle for all devices and the diameter of each semicircle can be 

interpreted as the charge transfer resistance in devices. As doping composition of Y 

increases, the diameter of semicircle increases accordingly and this explains the 

growth of resistance because of poor conductive property of YZO films. These 

results from the impedance spectroscopy measurement correspond with reduced 

electron mobility values from TFT characterization and we could understand the 

strong influence of electrical properties of YZO film on overall device performances.  
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Figure 4. 9 (a) Impedance vs. voltage and (b) phase vs. voltage characteristics of the 

QLEDs with different Y doping concentrations.
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Figure 4. 10 Cole-Cole plots of the QLEDs using YZO

4.3.3 TRPL decay analysis

As discussed in detail above, Y doping on ZnO suppresses excessive electron 

flow to EML and leads to attain high performance of QLEDs. It is known that ZnO 

ETL can cause spontaneous charge transfer to QD emissive layer and charging of 

QDs degrades the device performance and PL intensity of QDs by non-radiative 

Auger recombination. To exploit the effect of Y doping on QD quenching condition, 

steady state and time-resolved photoluminescence (TRPL) decay studies are 

conducted. (Figure 4.10) The PL decay lifetime is derived from double exponential 

fitting and the average liftime is calculated by using the following equation [79, 80]:

τ =
����

������
�

���������
                                               (4.2)

Derivated from this equation, the average lifetime of YZO films becomes 

longer as the doping concetnration increases. The average PL lifetime is estimated 



85

as 15.1 ns, 15.09 ns, 16.18 ns, 17.60 ns for 0, 3, 7, and 9 at%, respectively. Besides, 

PL intensity of YZO/QD film becomes stronger when Y doping concentration 

increases. These results of the increased PL intensity and decay time indicate that 

introduction of YZO helps to limit excessive electron to QD emission layers and 

preserve QDs from charging.

Figure 4. 11 (a) Steady-state PL spectra and (b) time-resolved PL decays for the 

YZO/QD films (inset: enlarged PL decay dynamics).
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4.4 Summary

In this chapter, we presented a modification of the ETL of inverted QLEDs using a 

sol-gel-derived ZnO thin film by simply controlling the Y doping concentration. 

Introduction of the rare-earth metal Y into the ZnO ETL enabled high performance 

and extended lifetime. The YZO film facilitated charge-transport balance by 

suppressing excess electron flow to the EML and QD quenching. In addition, 

suppressed QD charging and a softened surface morphology were accomplished. As 

a result, by simply varying the Y doping concentration, an enhanced EQE (peak 

EQE ~ 8.6%) and 8 times longer lifetime compared to the device with undoped ZnO 

were achieved. Since this simple but effective approach improved both the device 

performance and stability, we believe that the modification of sol-gel ZnO in this 

study broadens various insights for designing optoelectronics and encourages an in-

depth study on the operational mechanism of QLEDs.
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Chapter 5

QLEDs with Self-Assembled ZnO 

To achieve the remarkable performances of the state-of-the-art QLEDs, a 

tremendous amount of work has been devoted to the understanding and 

enhancement of charge transport balance. The majority of QLEDs exhibit device 

architectures, in which an active layer consisting solely of QDs is embedded 

between inorganic electron transport layers and organic hole transport layers. 

However, in such devices a disturbed charge transport balance was often detected 

and improvement were sought. Imbalanced charge transport results from the nearly 

barrier-free electron injection into QDs as opposed to relatively hindered hole 

injection. . The hindered hole injection originated from a large energy offset 

between valence band edge of QDs and the highest occupied molecular orbitals 

(HOMOs) of commercially available hole transport materials. The presence of 
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excess electrons in QDs yields non-radiative Auger recombination process, leading 

to the reduction of the device efficiency[81].

To improve charge balance, improvement of hole injection and/or a reduction of the 

electron supply are favored tactics that can be achieved by variation in device 

architectures and modification of materials used [30, 37, 82].

In this chapter, we suggest self-assembled monolayer (SAM) treatment on 

ZnO nanoparticle surfaces for achieving better charge balance at QD emission layer. 

SAM treatment is commonly used for modifying the surface properties of films 

because of its various merits such as low-cost, simple process. It can be utilized for 

the purpose of adjusting energy level, changing surface morphology and surface 

energy of underlying layer [83-86]. 

We chose 4-methoxybenzoic acid for SAM material and we achieved the

increment of device efficiency (from 6.6% to 9.7%) and longer lifetime. The great 

improvement of device performance is ascribed to the reduced excessive electron 

injection to QD emission layers by adopting SAM treatment on top of ZnO 

nanoparticle layer. Despite the reduced work function by 4-MBA treatment, the 

insulating property of 4-MBA is more prominent in this enhanced device 

performances. 
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5.1 Preparation of Self-Assembled Monolayers

In this study, we introduced benzoic acid self-assembled material which is named as 

4-methoxybenzoic acid (4-MBA). The self-assembled molecules were deposited on 

the top of ZnO nanoparticle layer by using spin-coating process. To deposit 4-MBA, 

we prepared 1.0 mg/mL of 4-MBA solution in methanol and stirred for 2-3 hours 

before deposition. The solution was spin-coated on the ZnO film with 4000 rpm for 

30 sec. After deposition of SAM molecules, the surface of film was washed with 

pure methanol to remove physically absorbed molecules and the film was moved to 

vacuum chamber for drying. The formation of the SAMs was confirmed by 

conducting contact angle measurement. Figure 5.1 exhibits the average contact 

angles on ZnO only film and 4-MBA modified ZnO film. The contact angle was 

formed between the substrate and de-ionized water. Due to smaller contact angle 

under 90˚, both of sample exhibit hydrophilic properties. The increment of contact 

angle after deposition 4-MBA, we could confirm the formation of SAMs.

Figure 5. 1 contact angle of ZnO without (left) and with (right) 4-MBA deposition.
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5.2 Performance of QLEDs with SAM treated ZnO 

5.2.1 Device characteristics of QLEDs with SAM on ZnO

The device structure of QLEDs with SAM is shown in Figure 5.2. We used an 

inverted structure: [ITO (150 nm)// ZnO NPs with 4-MBA treatment (40 nm) // QD 

emission layer (1-2 monolayer, 30 nm)// CBP (4,4’-Bis(9-carbazolyl)-1,1’-

biphenyl (60 nm)//MoOx (10 nm)//Al (100 nm)]. As we discussed the issue of 

inverted structure QLED at previous chapters, we expect SAM treatment can relieve 

excessive electron injection from ZnO to QDs. 

Figure 5. 2 (a) Device architecture of QLEDs with SAM treated ZnO nanoparticle 

(b) schematic illustration of the SAM treated ZnO surface
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We fabricated QLEDs with and without SAM treated ZnO nanoparticle electron

transport layer to verify the influence of SAM on device performance. We retain 

thickness of all transport and emission layer to eliminate other parameter.

Figure 5. 3 Device characteristic of SAM treated QLED and control device : (a) 

current density vs. voltage (inset: linear scale graph). (b) luminance vs. voltage (c) 

EQE vs. current density, (c) current density vs. voltage and (d) electroluminescence 

intensity
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Table 5. 1 Comparison of device characteristics of QLEDs with and without SAM 

treatment

QLED with SAM 

treatment
QLED

Von [V] (@1 cd/m2) 2.3 2.4

Peak EQE (%) 9.7% 6.6 %

Max Luminance (cd/m
2
) 104160 82352

Figure 5.2 shows the J-V-L characteristics of QLED with and without SAM 

treatment.

Both devices exhibit narrow emission spectra with Gaussian shape (λ���= 624nm), 

FWHM of 32nm. Furthermore, there is no parasitic peak from neighboring electron 

transport layers and this indicates that device with SAM treatment shows good 

confinement of QD emission within device. The turn-on voltage is almost 

unchanged (2.3 V and 2.4 V at QLED with SAM and QLED without SAM, 

respectively), however, the max luminance and EQE of devices are improved with 

SAM treatment. The max brightness (and max EQE) of devices are 104160 cd/m2 

(EQE of 9.7 %) at QLED with SAM and 82352 cd/m2 (EQE of 6.6%)at QLED 

without SAM, suggesting that the introduction of SAM treatment on ZnO 

nanoparticle layer ascribes significant improvement in device performances. From 

figure 5.3 (a), the QLED with SAM treated ZnO layer exhibits low current density 

than that of QLED without SAM. We suggested that this reduced current density 

with insertion of SAM influenced on the electron-hole balance in device during 

operation. The insulating properties of SAM determines the electron injection from 
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ZnO to QDs. For the detailed discussion, we further compare the electron- and hole-

only devices at next section.

Moreover, to verify the influence of SAM treatment on device stability, we 

conducted accelerated operation-lifetime measurement with all devices. Lifetime 

data were collected at an initial luminance of 1000 cd/m2 at room temperature. Both

devices were encapsulated by ultraviolet-curable resin. It can be seen from Figure 

5.4, QLEDs with SAM treatment achieved 41.4 hours of LT50% (The half lifetime, 

time to reach 50% of its initial brightness lifetime), which is 1.6 fold longer than that 

of QLEDs without SAM treatment, 25.5 hours.  

Figure 5. 4 Lifetime of devices with and without SAM treatment

We speculate that enhanced device stability is attributed to the better electron and 

charge balance in emission layer during its operation by inserting the ultrathin SAM 

treatment insulating layer between QDs and ZnO electron transport layer.
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5.2.2 Film analysis 

To figure out the reason for improvement of device performances with SAM treated 

QLEDs, various film analysis including AFM morphology, UPS analysis, J-V 

characteristics with electron only and hole only devices, and transient 

photoluminescence were studied.

In this study, since we tried to explore QLEDs with inverted structure which 

lay ZnO electron transport layer underneath QD emission layer, the roughness of 

ZnO film is highly influential in electrical properties of QLEDs. Thus, we conducted 

the Atomic Force Microscopy (AFM) measurement with ZnO films. (Figure 5.5)

The surface of 4-MBA treated ZnO showed better morphology with 1.84 nm of 

RMS value compared to that of only ZnO surface which exhibited 2.10 nm, however, 

both of the film showed flat and smooth morphology characteristics. In other words, 

no significant change in the surface morphology or roughness of ZnO surfaces was 

observed on SAM treated ZnO films.

Figure 5. 5 AFM images of the ZnO surfaces (a) with and (b) without SAM 

treatment.
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To understand of the effect of SAM treatment on QLEDs on the reducing electron 

injection and balancing hole and electron transport, we fabricated the electron- and 

hole-only devices for comparison. The structure of devices are as follow; electron-

only: Al//ZnO//QDs//Al and Al//SAM treated ZnO//QDs//Al, hole-only device: 

ITO//MoOx//QDs//CBP//MoOx//Al. For proper comparison, we fabricated electron-

and hole-only devices including QD emission layer. 

Figure 5.6 shows the current density (J) vs voltage (V) characteristics of each 

device. The current density of EOD with SAM treatment shows lower than that of 

EOD without SAM treatment. In other words, EOD with SAM matches with HOD 

much better than EOD without SAM, proving the better charge balance of electron

and hole in device due to reduction of electron injection.
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Figure 5. 6 Comparison of the current densities of electron- and hole-only devices 

as a function of the voltage.

As discussed in detail above, electron transport with SAM treated on ZnO 

nanoparticle suppress excessive electron flow to QDs and this result provides high 

device performance. To further confirm the influence of SAM treatment on QD 

emission layer, steady-state and time-resolved photoluminescence (TRPL) decay 

studies were conducted. Since excessive electron injection from transport layer to 

emission layer can cause charging and degration of PL intensity of QDs ,  PL 

measurement is the necessary and effective tool for verifying the effect of non-

radiative recombination. As it can be seen from Figure 5.7, the average lifetime of 

the film with SAM increases compared to that of film without SAM. The average 

lifetime is increased from 15.7 nm to 17.4 nm. This estimated PL decay lifetime was 

derived from double exponential fit as described at Chapter 4. Moreover, as shown 
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in Figure 5.6 (a), steady state PL spectra of the film with SAM treatment shows 

stronger intensity compared to that of film without SAM. These data indicate that 

the introduction of the SAM treated ZnO nanoparticle film for QLEDs results in the 

suppression of excess electron injection to emission layer and contricutes to the 

enhencement of device efficiency and lifetime.

Figure 5. 7 (a) Steady-state PL spectra and (b) time-resolved PL decays for the QD 

films with SAM treated ZnO and just ZnO layer (inset: enlarged PL decay 

dynamics).
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5.3 Summary

In summary, the 4-methoxybenzoic acid treated ZnO nanoparticle film as electron 

transport layer for highly efficient QLEDs was studied. Regarding the inverted-style 

device structure, the limitation of excessive electron injection from electron 

transport layer to QD emission layer is significant for better device stability and 

performances. By providing the effective hole and electron balance at QD emission 

layer, the improvement of device efficiency and lifetime was achieved in this study. 

Because of the insulating property of SAM, the suppression of electron injection 

was achieved and this also leads to reduced non-radiative Auger recombination at 

emission layer.

As a result, we achieved the increment of device efficiency from 6.6% to 9.7% and 

longer lifetime by adopting SAM treatment. We believe that the results given here 

may inspire the modification and investigation of SAMs for other type of 

optoelectrical devices.  
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Chapter 6

Conclusion

In this thesis, high performance QLEDs were studied with regard to the device 

architecture with ease of electron and hole imbalance. We exhibited the systematic 

analysis on the electrical and optical device performances by employing the inverted 

structured QLED in the entire thesis.

First of all, we introduced the chemically grafted QD-semiconducting 

polymer by ligand exchange to the emission layer of QLEDs. To investigate the 

relationship between QD emission layer and device performances, we prepared three 

different samples with QD-only, QD-polymer hybrids and QD-polymer blends and 

compared the morphologies and device I-V-L characteristics. By providing extend 

the distance from QD to QD, reduced PL quenching of QDs are achieved. Moreover, 

semiconducting polymer which has high LUMO improved the charge transport 

balance and hybrid system proposed the smooth morphology with uniformly 

distributed QDs in polymer matrix. Thus we demonstrated the peak EQE of 5.6%  

and the max brightness of 21,707 cd m-2 with QD-semiconducting polymer hybrid 

emission layers, which are about 2-times higher than that of QD-only (2.0 % and 

16,843 cd m-2) or QD-polymer physically blended emission layer(1.7 % and 

4,207 cd m-2). It was revealed that the engineering of morphology properties is one 
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of the keys to realize efficient QLEDs with improved charge balance and suppressed 

non-radiative Auger recombination.

Besides, by providing the suppression of excessive electron injection from 

the electron transport layer, we introduced two different method for achieving the 

charge balance in emission layer. Firstly, we demonstrated highly efficient QLEDs 

adopting Yttrium doped ZnO with sol-gel method. To ease the excessive flow of 

electron charges from ZnO layer to neighboring QD emission layer, the 

concentration of Yttrium on ZnO was varied from 0 at% to 9 at% and the 

investigation of electron mobility was conducted. Yttrium doped ZnO film exhibited 

not only the limited electron mobility compared to that of pure ZnO film, but also 

the smooth surface morphologies, resulting in the improvement of device efficiency 

and lifetime. As a result, enhanced EQE (peak EQE ~ 8.6%) and 8 times longer 

lifetime compared to the device with undoped ZnO were achieved.

In addition, the self-assembled monolayer deposition on the top of ZnO 

nanoparticle electron transport layer was introduced. The intrinsic insulating 

properties of the self-assembled molecules, the insertion of 4-methoxybenzoic acid 

layer enabled to improve the device performances. The suppression of electron 

injection was achieved and this also leads to reduced non-radiative Auger 

recombination at emission layer. By introducing this method, we achieved the peak 

EQE of 9.7% without any increment of turn-on voltage. 

In conclusion, this thesis proposes the practical and novel approaches to 

enhance the balance of electron and hole carrier injection to QD emission layer. 

Moreover, by exploiting various analysis, the physical properties of QLEDs were 

systematically investigated to understand the operating mechanism of devices and to 

improve the performance and stability of devices. These approaches and various 

measurement techniques related to morphological, optical and electrical 
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characterization which were introduced in this thesis are expected to offer a useful 

platform for designing other optoelectronic devices utilizing QDs.
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한글 초록

양자점을 사용한 발광 다이오드는 양자점 크기 조절을 통한 자유로운

색 변환, 높은 발광 효율, 그리고 용액 공정이 가능하다는 장점들로

인하여 주목을 받아 왔다. 양자점 만의 이러한 특수성으로 인하여 양자점

발광 다이오드는 디스플레이와 조명 산업에 있어 차세대 선두 주자로

여겨졌으며, 학계 및 산업계에서 다양한 연구가 활발히 진행되고 있다.

하지만, 양자점 발광 디스플레이의 효율 및 수명은 아직 상용화 단계가

아니며, 해결해야 할 다양한 문제점들이 남아있다. 더 나은 양자점 발광

다이오드의 구현을 위해서는 양자점 조성에 관한 기반 연구뿐 아니라,

이를 적용한 소자의 구동 메커니즘에 대한 연구가 선행되어야 한다. 특히,

양자점 발광층 내로의 균형잡힌 전하 주입을 가능하게 하는 소자 구조가

소자의 열화를 막고 높은 효율을 이끄는 중요한 요소로 여겨진다.

따라서 본 논문에서는 고효율의 양자점 발광 다이오드 구현을 위하여

전자 및 정공의 전하주입 균형을 맞추는 세가지 소자 구조를 제안하고자

한다. 양자점-전도성 고분자 하이브리드 형태의 발광층을 사용한 소자를

제작하여 발광층 내의 전자 및 정공의 전하 균형을 제어하였고, 또한

이트륨 금속 도핑 및 자가조립 박막단 제어를 통해 변형된 형태의 산화

아연 전자수송층을 소자에 적용하여 과도한 전자 주입을 막아 소자 내의

전반적인 전하 균형을 향상시키는 연구를 통하여 양자점 발광 다이오드의

효율 및 수명 향상 효과에 대한 분석을 진행하였다.

첫째로, 리간드 치환 방식을 도입하여 우선 양자점 표면을 낮은

최고준위 점유 분자궤도를 가지는 카르바졸기 블록과 이황화물 기반의

엥커 블록을 가지는 고분자로 감싸주는 하이브리드 형태의 양자점을

합성하였다. 합성된 양자점-전도성 고분자 하이브리드 박막은 고분자

매트릭스에 양자점이 균일하게 분산된 형태로 매끈한 발광층을 형성하는
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것이 가능하며, 또한 양자점 간의 거리를 늘리는 효과를 가져오는 장점이

있다. 또한 정공 전달 효과가 뛰어난 고분자를 사용함으로써, 

하이브리드를 사용한 양자점 발광 다이오드는 발광층 내부의 전하 균형을

향상시킴과 동시에 양자점 간의 퀜칭을 막아주는 역할을 하기 때문에

소자의 효율 향상이 기대된다. 결과적으로, 양자점-전도성 고분자

하이브리드 기반의 소자 최고효율은 5.6%로 증가하였다.  

두번째로, 소자의 전자 수송층을 디자인하여 양자점 발광 다이오드

내부의 전하 균형을 향상시키는 방법들을 연구하였다. 역구조의 양자점

발광 다이오드에서 주로 널리 사용되는 물질은 산화 아연으로, 이는 산화

아연의 뛰어난 전도성과 투명도 등의 특성 때문이다. 하지만, 산화 아연

전하 수송층과 양자점 발광층 간의 에너지 장벽이 거의 없기 때문에, 

지속적인 전자 전달로 발광층 내부의 전하 캐리어의 불균형을 초래하는

문제점이 발생한다. 이러한 문제는 곧 소자의 효율 저하 및 수명

단축으로 이루어진다. 따라서 졸겔공정을 통해 희토류 금속인 이트륨을

산화 아연에 도핑하는 방식을 사용하여 양자점 발광 다이오드의 효율 및

수명을 향상시키는 연구를 제안하였다. 이트륨을 도핑 농도의 조절을

통하여 기존 산화 아연 박막에 비하여 전자 이동도를 감소시킬 수

있었으며, 또한 박막의 거칠기도 완화되는 결과를 얻을 수 있었고 이는

소자의 특성을 향상시키는 원인이 되었다. 결과적으로, 9 at%의 농도로

이트륨을 도핑한 산화아연 박막을 양자점 발광 다이오드의 전자

수송층으로 사용하였을 경우, 8.6%의 최대 EQE 를 보였고, 기존의

산화아연 박막을 사용한 소자보다 8 배 증가한 구동 수명을 관찰할 수

있었다.

마지막으로, 산화 아연 나노입자 박막 위에 자가조립박막을 처리한

전자수송층 구조에 관한 연구를 진행하였다. 4-methoxybenzoic 

acid 라는 자가조립분자를 사용하여 소자를 제작한 결과, 절연성을 가지는

분자단에 따라 산화 아연 나노입자로부터 과도하게 주입되는 전자를

억제하는 특성을 통하여 소자의 효율 및 수명이 증가하는 것을
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확인하였다. 결과적으로 9.7%의 높은 효율을 달성하였고, 수명 또한 큰

폭으로 증가하였다.

본 논문에서는 양자점 발광 다이오드의 효율 및 수명의 향상을

위하여 소자 내 양자점 발광층의 전자와 정공 균형을 제어하는 다양한

접근을 시도하였다. 정공 전달 특성을 향상시킨 전도성 고분자를

사용하여 양자점 발광층을 개선하는 방식을 통하여 소자 내의 전자 정공

균형을 향상시키고 양자점 간의 비발광 전이를 막아주는 구조를

제안하였다. 또한 금속 도핑과 자기조립 박막단의 도입을 통한 전하

수송층을 변형에 관한 구조적 접근을 제시하였고, 이러한 체계적인

분석이 다양한 광전자소자의 전하 균형을 향상시키는 플랫폼으로서

활용되길 기대해본다.

주요어: 양자점, 발광다이오드, 전하 균형, 전도성 고분자, 역구조,

자가조립 박막단
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