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Abstract 

DEGRADATION ANALYSIS AND 

LIGAND SUBSTITUTION METHOD FOR 

STABILITY ENHANCEMENT OF  

InP QUANTUM DOT LIGHT-EMITTING 

DIODES 

 

KYUNGHWAN KIM 

DEPARTMENT OF ELECTRICAL AND  

COMPUTER ENGINEERING 

COLLEGE OF ENGINEERING 

SEOUL NATIONAL UNIVERSITY 

 

Recently, the interest on colloidal quantum-dot light-emitting diodes (QLEDs) 

for lighting and display applications have been growing due to the novel material 

properties of high color purity, ease of color control and process simplicity. For many 

years, the device fabrication processes, the device performances of QLEDs have been 

developed substantially by several efforts on material synthesis, electrophysical 

analysis and device design. Due to the advantageous characteristics for the 

optoelectronics application, many researches with environmentally friendly materials 

that do not contain heavy metals and its devices are in progress. As the performance 
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of heavy metal-free quantum dot (QD) is enhanced, understanding of degradation 

mechanism while operation is become crucial issue for stable device fabrication. 

Despite the numerous reports about improvement efficiency of heavy metal-free 

QLEDs, the mechanism of luminance deterioration is still insufficiently elucidated. 

First, we analyzed early-stage luminance drop of InP/ZnSe/ZnS based QLEDs 

which have hybrid inverted structure. In order to classify various degradation factor 

that occur during operation, we intentionally fabricated devices with charge imbalance 

and compare the cause of degradation. To make the charge imbalance devices, we 

inserted the insulating layer using Poly (Methyl Methacrylate) (PMMA) before and 

after quantum dots (QDs) layer deposition. In aspect of reversible factors, non-

radiative auger recombination was considered to be main cause by excessive electron 

injection. On the other hand, excessive hole transport did not affect the temporary 

luminance decrease, rather formulated a defect sites on QDs causing a permanent 

luminance drop. Conclusively, we clarify that each excess carrier can cause early-

stage device degradation with different mechanism. 

Second, based on the fact that excess hole state causes the severe permanent 

luminance drop, the stability was greatly improved by treating the QD surface through 

amine ligand substitution. Ligands on the QD surface not only control the synthesis 

process and bring the QD into a colloidal state, but also affect the electrical properties 

of the surface. In this experiment, we replaced the oleic acid ligand attached to the 

quantum dot surface to amine ligand. After ligand substitution, it was confirmed that 

the QD energy level was upshifted through UPS measurement. And carrier only 

devices show the electron injection was reduced by a small amount and hole injection 

was increased 4 times. As a result, current density and luminance of QLED were 

increased and the efficiency roll-off was improved due to the effect of enhanced hole 

injection without changing the spectrum through ligand substitution. Above all, QDs 
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degradation by electrical operation which is major cause of permanent luminance drop 

is enhanced and it verified through transient photoluminescence (TRPL) measurement. 

Furthermore, ligand exchange method effectively enhanced device stability not only 

red-color but also green-color. Therefore, we revealed the amine based ligand 

exchange can improve electrical stability of InP based QDs. 

In this thesis, we studied the operational instability of InP QLED and the 

phenomenon that occurs through ligand substitution. Our research can contribute to 

the development of high stability non-heavy metal-based QLEDs. 

 

Keywords: Quantum Dot Based Light-Emitting Diodes, Indium phosphide Quantum 

Dot, Ligand modification, Device stability. 

Student Number: 2016-20867 
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Chapter 1 

Introduction 

1.1 Quantum Dot Light-Emitting Diodes 

As the nanocrystalline semiconductor, quantum dots (QDs) exhibit unique 

properties due to their small size. Distinct characteristics, such as size-tunable 

bandgap engineering, high photoluminescence quantum yield (PL QY), and narrow 

full-width at half-maximum (FWHM) have made QDs practically adoptable in light 

sources, lasers, solar cells, photodetectors and biomarkers. [1-10] Especially, high PL 

QY close to unity and narrow spectral emission of QDs enabled them to be used as 

bright and efficient emitters in optoelectronic devices. [11-14] Therefore, QD is 

spotlighted as a next-generation display material in the rapidly developing 

optoelectronic industry. (Figure 1.1(a)) As shown in figure. 1.1(b), a photographical 

image denotes the size-dependent bandgap tunability of QDs and bandgap tunability 

by size control. Superior to OLEDs, FWHM of QLEDs has narrow bandwidth less 

than 30 nm. Figure 1.1(c) shows the difference of FWHM between Cd-based QLEDs 
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and typical OLEDs, which are wider bandwidth due to the vibronic states in organic 

dyes. Furthermore, the narrow bandwidth and high color purity of QDs can make them 

wide color gamut in CIE 1931 color space as depicted in figure 1.1(d). In addition, 

the low device fabrication cost is an advantage since solution processing is possible. 

(figure. 1.1(e))  

Since the first demonstration of QD based electroluminescence devices by the 

Colvin et al., intensive efforts have been conducted to achieve high performance EL 

device with high external quantum efficiency (EQE) and high brightness. [15, 16] In 

2014, X. Dai et al reported a highly efficient Cd-based red QLED with a low turn-on 

at 1.7 V and high EQE up to 20.5%. [17] The highly efficient QLEDs was achieved 

by inserting an insulating layer between emissive layer and oxide electron transport 

layer. This methodology makes this device comparable to state-of-the-art vacuum 

deposited QLEDs at that time. Besides, H. Moon et al. efficiently controlled the 

negative dipole moment using ligand modification and thus achieved a high maximum 

EQE (24.8%) [18]. Interestingly, J. Song et al. reported hybrid type QLEDs, 

exhibiting extremely high peak EQE (> 30%) and very low efficiency roll-off at high 

current density (150 mA cm-2) [19]. These extraordinary properties are coming from 

not only use of a gradient core/shell composition with thicker ZnSe interlayer shell 

and ultrathin ZnS outer shell but also 2-ethylhexane-1-thiol (EHT) surface ligand 

modification. Thanks to these efforts, QLEDs are expected to be used in future 

applications such as mobile phone and TVs. 
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Figure 1.1 (a) The development of display industry. (b) A size controllable color 

change of QDs. (c) comparison of R, G, B QLEDs (solid lines) and those of OLEDs. 

(dashed lines) (d) International commission on illumination (CIE) chromaticity 

diagram for qualifying the quality of display, TVs, and other devices. (e) Schematic 

illustration of solution-based inkjet printing. 
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Along with the device performance, the operation instability of devices is also 

critical issues to overcome. The stability of QLED is still insufficient compared to that 

of commercialized OLED, and it is an important issue to be solved along with 

efficiency. Thus, elucidation of the degradation mechanism is key factor to improve 

device stability. As the external cause of QLED deterioration, oxygen and moisture 

act significant role on degradation of QDs material inducing generation of trap state. 

[20–22] The optical properties of QD can be readily altered by chemical reactions 

occurring on the surface because QD have a high surface area compared to their 

volume due to their small size. In case of operational instability, exciton energy is 

transferred to a nearby carrier causing non-radiative auger recombination when the 

certain carrier is excessively injected into a QD due to an imbalance in charge 

transport during device driving. [23–25] In addition, charge imbalance becomes more 

severe or a new quenching site is generated due to deterioration of the organic 

transport layer by leakage current passing through the QDs layer. [26–28] Therefore, 

charge balance is the essential factor when designing QLED structure. And joule heat 

generated by device resistance during electrical operation can affect the properties of 

charge transport layer and causes permanent degradation of the material when the 

temperature is high enough. [29, 30] Not only joule heat but also energy of carrier can 

induce dissociation of ligand from QDs surface causing decrement of PLQY of QDs. 

[31] As can be seen from the previous description, the quantum dot degradation 

mechanism is caused by a combination of several problems. Consequently, the 

degradation mechanism of QLED is a combination of several reason. Therefore, it is 

necessary to analyze each mechanism independently and find a suitable improvement 

method. 
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1.2 Non-Heavy Metal Contained QLED   

Although the QDs are being discussed as next-generation display materials based 

on their excellent optical properties and stability, there are issues to overcome for 

limitations of material. As the penetration rate of electronic devices gradually 

increases, people prefer eco-friendly materials, and the awareness of excluding heavy 

metals harmful to the human body increases. In addition, several environmental 

directives and regulations gradually impose the development and use of eco-friendly 

substances for commercial production. [9] Therefore, it is essential to use eco-friendly 

materials to make products using quantum dots, and InP-based QDs are being 

developed to replace Cd based QDs. Among a few heavy-metal-free QD compositions, 

InP-based QDs have been highlighted as a promising substitute because of their 

descent optical properties as well as low toxicity. [32-34] With systematic 

investigation of mechanism and device physics and the rapid development of 

materials and device fabrication technologies, the electroluminescence (EL) 

efficiency of InP QLEDs has been greatly improved and is comparable to that of Cd-

based QLEDs. 

 



 

6 

 

 

Figure 1.2 Previous studies about red InP/ZnSe/ZnS based (upper) and green 

InP/ZnSe/ZnS based QLED (lower) 

 

Won et al. achieved a red InP/ZnSe/ZnS device with an external quantum 

efficiency (EQE) of 21.4% and an operational lifetime (100ni, LT50) over 100,000 

hours by improving the synthesis process. [35] In addition, surface ligand of QDs was 

replaced with shorter one for the enhancement of charge injection. Han et al. achieved 

a red InP/ZnSe/ZnS QLED with an EQE of 18.6% and an operational lifetime over 

100,000 hours by blended emission layer. [36] As they mixed the hole-transporting 

organic molecule with QDs without phase separation, stability of device was 

enhanced by suppression of electron leakage to hole transport layer. Chao et al. report 

green InP/ZnSe/ZnS QDs device with EQE of 16.3% and lifetime with 545 hours as 
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modified the surface ligand by alkyl amine and zinc halide. [37] Exchanged ligand 

made dipole layer toward QDs which facilitate the hole injection and enhanced charge 

balance of device. Wang et al. adapt the dipole layer between ZnMgO and aluminum 

electrode to reduce over injected electron. [38] They achieved green InP/ZnSe/ZnS 

device with and EQE of 7.8% and lifetime with 400 hours.   

Owing to multilateral efforts to improve the performance of materials and devices, 

the EQE of InP-based QLEDs is now approaching the values obtained in Cd-based 

QLEDs. However, only a few studies have reported the operational lifetime of InP-

based QLEDs and the values are still far behind that of Cd-based QLEDs. As reasons, 

it has been suggested that InP-based QDs possess lower uniformity in size/shape, 

thinner shell due to larger lattice mismatch, and inferior electron confinement, which 

may result in surface oxidation, Auger process, and/or charge trapping in defect 

states.[36,39–42] During electrical operation of QLEDs, these degradation processes 

are further accelerated by excess carriers due to electron–hole charge imbalance, 

because excess carriers tend to form negatively charged QD states (QD−) and 

accumulate at the interfaces near QDs. Thus, most of previous lifetime research of 

InP-based QLEDs mainly focused on the improvement of charge balance. However, 

the effects of excess carriers on the degradation of InP-based QDs and QLEDs are not 

clearly revealed yet, because a variety of factors are entangled complicatedly. 

Therefore, it is essential to investigate how the excess carriers affect the degradation 

in order to further ameliorate the operational lifetime of the InP-based QLEDs. Also, 

to distinguish the causes and effects related to operational lifetime, systematic studies 

using well-designed device structures and experimental techniques are desired.  

In this work, we investigate the effect of excess carriers on degradation of InP-

based QLEDs by introducing a charge-imbalanced device structure that is 

intentionally designed to directly observe how excess holes and electrons influence 
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the QLED lifetime. Also, we analyzed the operational lifetime by dividing it into two 

components, i.e., temporary and permanent degradation which can be quickly 

recovered by reverse bias or not, respectively. Interestingly, the hole-excess device 

exhibited significant permanent degradation with little temporary luminance drop, 

whereas the electron-excess device showed the exact opposite degradation. In parallel, 

the PL decay time of QDs upon electrical stress was measured to identify the 

formation of non-radiative recombination sites. From the results, we infer that excess 

holes severely affect the formation of defect sites causing non-radiative recombination, 

leading to permanent degradation of QLEDs. As a method to restrain the permanent 

degradation, we adopted QDs with electrochemically stable ligands and verified that 

the irreversible degradation by excess holes was effectively suppressed. 
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1.3 Outline of Thesis 

This thesis consists of five chapters, including the Introduction and Conclusion.  

In the introduction of Chapter 1, an overview of InP based QLEDs and their 

previous research papers are briefly explained.  

Chapter 2 includes material preparation: the methods used to prepare ZnMgO 

nanoparticles and type I InP/ZnSe/ZnS QDs used in this thesis. In addition, the 

characterization methods for QLEDs are summarized in this chapter, and the electrical 

and morphological characterization methods for thin films used in this thesis are 

depicted.  

In Chapter 3, we analyzed early-stage luminance drop of InP/ZnSe/ZnS based 

QLEDs which have hybrid inverted structure. In order to classify various degradation 

factor that occur during operation, we intentionally fabricated devices with charge 

imbalance and compare the cause of degradation. To make the charge imbalance 

devices, we inserted the insulating layer using PMMA before and after QDs layer 

deposition. In aspect of reversible factors, non-radiative auger recombination was 

considered to be main cause by excessive electron injection. On the other hand, 

excessive hole transport did not affect the temporary luminance decrease, rather 

formulated a quenching site at the interface between QDs and hole transport layer 

causing a permanent luminance drop.  

In Chapter 4, based on the fact that various causes of deterioration occur due to 

poor stability of QDs under hole excess state, the initial stability was greatly improved 

by treating the QD surface through amine ligand substitution. As we suspected the 

QDs degradation is stem from the ligand detachment formulating defect site, alkyl 

amine ligand which is known as electrochemically stable was applied. Through the 
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enhanced stability and energy shift of surface of QDs, not only early-stage lifetime 

but also long-range stability also enhanced. 

Finally, in Chapter 5, we summarize our work and make concluding remarks. 
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Chapter 2 

Experimental Methods 

2.1 Materials 

Indium acetate (In(Ac)3, 99.99%), zinc acetate (Zn(Ac)2, 99.99%), oleic acid 

(99%), 1-octadecene (ODE, 99%), tris(trimethylsilyl)phosphine ((TMS)3P, 99.9%), 

n-trioctylphosphine (TOP, 99%), n-trioctylamine (TOA, 99%), selenium (Se, 99.9%), 

sulfur (S, 99.9%) are purchased from Uniam. PMMA (Mw ≈ 8 kDa), hexylamine 

(99%), zinc acetate dihydrate (98%), tetramethylammonium hydroxide pentahydrate 

(97%), magnesium acetate tetrahydrate (99%), dimethyl sulfoxide (99.9%), ethanol 

(99.5%), toluene (99.8%) and chlorobenzene (99.8%) were purchased from Sigma–

Aldrich. TCTA (99.9%) was purchased from OSM. MoOx (99.95%) and Al (99.999%) 

were purchased from TASCO. All chemicals are used as received. 

 

2.1.1 Synthesis of ZnMgO Nanoparticles 

1.0427 g of zinc acetate dihydrate and 0.0536 g of magnesium acetate in 30 mL 

of dimethyl sulfoxide were mixed in a three-neck round-bottom flask at 30 °C. Then, 

1.359 g of tetramethylammonium hydroxide in 10 mL of ethanol was injected 

dropwise into the prepared solution with strong agitation. The mixture was kept at 
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30 °C for 2.5 h. The ZMO nanoparticles were sunk down for an hour and the solution 

was centrifuged at 4000 rpm for 5 min. After the centrifugal process, the product was 

redispersed in ethanol. 

 

2.1.2 Preparation of Precursors for InP Quantum Dots 

0.5 M indium oleate (In(OA)3), 0.5 M zinc oleate (Zn(OA)2), 2 M TOPSe, and 2 

M TOPS stock solutions were prepared for reaction precursors. To prepare 0.5 M 

In(OA)3 stock solution, 20 mmol of In(Ac)3 and a stoichiometric amount of OA are 

placed in a flask and degassed at an elevated temperature to obtain a clear solution. 

The reaction flask was filled with argon, and the concentrations of the precursors were 

diluted to 0.5 M with the solvent. Zn(OA)2 solution was prepared in a similar method 

as In(OA)3. 2 M TOPSe and TOPS stock solutions were prepared by dissolving 50 

mmol of Se and S in 25 mL of TOP. 

 

2.1.3 Synthesis of Red-color InP/ZnSe/ZnS Quantum Dots 

For a typical synthesis of InP cores, a mixture of 1.8 mmol of In(OA)3 and 10 

mL of ODE was placed into a flask and degassed at 110 °C, before the flask was filled 

with argon. 1.5 mmol of (TMS)3P diluted with TOP was injected into the flask and 

the flask was then heated up to 280 °C kept for 30 min. Additional injection of 8 mmol 

of In(OA)3 and 4.5 mmol of (TMS)3P yielded larger InP cores. For the preparation of 

InP/ZnSe/ZnS QDs, 100 mg of InP cores, 20 mL of TOA, 0.2 mmol of Zn(Ac)2, and 

5 mmol of Zn(OA)2 were combined into a reaction flask and degassed under vacuum. 

1.8 mmol of TOPSe was injected into the flask, and the temperature was raised to 

320 °C. Stepwise injection of 6 mmol of TOPSe promotes the further growth of the 
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ZnSe shell. The additional ZnS shell was overcoated by adding Zn(OA)2 and TOPS 

and reacted for 2 h. The reaction mixture was cooled to room temperature and purified. 

 

2.1.4 Synthesis of Green-color InP/ZnSe/ZnS Quantum Dots 

All synthesis for QDs were performed under the argon atmosphere through the 

Schlenk line technique. For the preparation of InP cores, 1.8 mmol of In(OA)3 

precursor, 2 mmol of Zn(OA)2, and 15 ml of ODE were loaded into a flask, followed 

by degassed under vacuum. After the flask was filled with argon, a mixture of 1.3 

mmol of P(TMS)3 and an excess amount of TOP was rapidly injected into the reaction 

flask. The temperature was raised to 260 ℃  to promote InP nucleation and 

maintained for 1 hour before cooled to room temperature. Synthesized InP QDs were 

purified via precipitation/redispersion method and diluted with toluene for further use. 

To overcoat ZnSe shell onto InP cores, 100 mg of InP cores was injected to the flask 

containing 5 mmol of Zn(OA)2 and 15 ml of TOA. 3 mmol of 2M TOPSe was added 

to the reaction flask and the temperature was kept to 320 ℃. Additional Zn(OA)2, 

and TOPSe were added to the flask via stepwise injection and reacted for 2 hours for 

further growth of ZnSe shell. Dropwise injection of TOPS with an excess amount of 

Zn(OA)2 yields the formation of the outermost ZnS shell. Synthesized QDs were 

purified repeatedly via the precipitation/redispersion method. 

 

2.1.5 Surface Ligand Modification of Quantum Dots 

The as-synthesized InP/ZnSe/ZnS QDs were precipitated by adding ethanol, 

followed by redispersion in chlorobenzene (2 mL). After that, hexylamine (1 mL) was 

added to replace the oleic acid ligands. After 24 h of mixing, the QDs were 
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precipitated again by adding ethanol to remove residual impurities. The modified QDs 

were finally dispersed in chlorobenzene. 
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2.2 Device Fabrication 

Glass substrates with pre-patterned ITO electrodes were cleaned with isopropyl 

alcohol, acetone, and distilled water in an ultrasonic bath for 15 min each. On top of 

the substrate, ZMO nanoparticles dispersed in ethanol (20 mg/mL) were spin-coated 

at 2000 rpm for 40 s, and the films were dried under a nitrogen atmosphere at 100 °C 

for 30 min. Dispersion of QDs in toluene was spin-coated at 4000 rpm for 30 s. 

PMMA dissolved in acetone (1 mg/mL) was spin-coated at 4000 rpm for 30 sec, 

resulting in a thickness of 10 nm. Finally, TCTA (50 nm), MoOx (10 nm), and Al (130 

nm) were consecutively deposited using a thermal evaporator. 

 

2.3 Device Characterization 

2.3.1 Current-Voltage-Luminance Measurement of QLEDs 

The current-voltage (I-V) characteristics were measured with a Keithley 236 

source measurement unit, while the electroluminescence was measured with a 

calibrated Si photodiode (Hamamatsu, S5227-1010BQ) with a size of 10 mm × 10 

mm placed at an angle normal to the device surface, assuming that the device was a 

Lambertian source. To detect a turn-on voltage of light-emitting diodes, we use an 

ARC PD438 photomultiplier tube (PMT) with the Keithley 236 source measurement 

unit. The electroluminescence (EL) spectra and the Commission Internationale de 

L’Eclairage (CIE) color coordinates were measured with a Konica-Minolta CS-1000A 

spectroradiometer. The luminance and efficiency were calculated from the 

photocurrent signal of photodiode with a Keithley 2000 multimeter and corrected 

precisely with the luminance from spectroradiometer (CS-2000). 
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The chromatic characteristics were calculated from EL spectra measured by the 

CS-1000A spectrometer using the CIE 1931 color expression system. The tristimulus 

values XYZ can be calculated by following equations, 

𝑋 = 𝐾𝑚 ∫ 𝑥̅(𝜆)𝑃(𝜆)𝑑𝜆
∞

0
                  (2.1) 

𝑌 = 𝐾𝑚 ∫ 𝑦̅(𝜆)𝑃(𝜆)𝑑𝜆
∞

0
                  (2.2) 

𝑍 = 𝐾𝑚 ∫ 𝑧̅(𝜆)𝑃(𝜆)𝑑𝜆
∞

0
                  (2.3) 

where, P(λ) is a given spectral power distribution of emissive source, x̅, y̅ and z̅ are 

the CIE standard color matching functions (see figure 2.1) and Km is the weighing 

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

calculated by following equations, 

𝑥 =
𝑋

𝑋+𝑌+𝑍
                      (2.4) 

𝑦 =
𝑌

𝑋+𝑌+𝑍
                      (2.5) 

𝑧 =
𝑍

𝑋+𝑌+𝑍
                      (2.6) 

Any color can be plotted on the CIE chromaticity diagram. 
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Figure 2.1 The CIE standard observer color matching functions 

  



 

18 

 

2.3.2 Efficiency Calculation Methods 

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

employed efficiencies are the EQE, the current efficiency (C.E.) and the power 

efficiency (P.E.). 

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

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 𝑦̅  in figure 2.1). The luminous 

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

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

expressed by the following equation. 

C. E. =  
𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒  

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
(𝑐𝑑 𝐴−1) 

The luminance value (cd m-2) can be easily measured by the commercial 

luminance meter (CS-1000A in this thesis). 

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

as follows, 

P. E. =  
𝑙𝑢𝑚𝑖𝑛𝑜𝑢𝑠 𝑓𝑙𝑢𝑥  

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
(𝑙𝑚 𝑊−1) 

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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2.3.3 Operation Lifetime 

The operational lifetime was recorded using a McScience M3600 lifetime test 

system with constant current bias. 
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2.4 Other Characterization Methods 

2.4.1 UV-Visible Absorption 

UV-Visible Spectroscopy: The absorption spectra were measured with Agilent 

Cary 5000 UV-vis-NIR 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 

 

2.4.2 Photoluminescence 

PL spectra of QDs were measured Hamamatsu C11119-04 spectrograph 

pumping samples with a 375-nm laser source in an ambient condition. 

 

2.4.3 Time-Resolved Photoluminescence 

The measurements of time-resolved photoluminescence conducted with time-

correlated single photon counting (TCSPC) system from Hamamatsu Photonics. All 

of the time-resolved photoluminescence (TRPL) was measured by 375 nm laser pulse 

with 1 MHz repetition rate. Trigger delay was adjusted by delay generator. 

 

2.4.4 Transmission Electron Microscopy 

The TEM images of the QDs were obtained using FEI Tecnai-F20, and JEOL 

Ltd JEM-ARM200F Cs-corrected TEM. Samples were treated with Helios 650 

focused ion beam for cross-section image. 
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2.4.5 Scanning Electron Microscopy 

Scanning electron microscope (SEM) images were attained with a HITACHI S-

5000. Samples were pre-treated by Pt-coating by Ion sputter to mitigate charge-up 

phenomenon. 

 

2.4.6 Fourier Transform Infrared Spectroscopy 

The FT-IR data were obtained with a Bruker Tensor 27 spectrometer in powder 

state. 

 

2.4.7 Atomic Force Microscopy 

The AFM images were taken with a Park Systems XE-150 in a non-contact mode. 

 

2.4.8 Ultraviolet Photoelectron Spectroscopy 

The UPS spectra were performed using Kratos AXIS-NOVA, employing He I 

light source and a hemispherical analyzer. The valence band maximum (VBM) of the 

nanocrystals was calculated using the following equation. 

𝑉𝐵𝑀 =  21.2 𝑒𝑉 −  |𝐸𝑐𝑢𝑡𝑜𝑓𝑓 –  𝐸𝑜𝑛𝑠𝑒𝑡|
 
  (2.8) 

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

and the excitonic band gaps of QDs, estimated from the PL spectra of QDs. 

 

2.4.9 Thermo Gravimetric Analysis 

Thermo gravimetric analysis were conducted using TA Instrument Discovery 

TGA. The temperature increase rate was 10 ℃ per minute, and temperature range 

was from room temperature to 500 °C. The samples was prepared in the form of 

powder. 
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Chapter 3 

Analysis on operational degradation of 

InP based QLED 

As the growth of the demand for next generation optoelectronics material which 

has outstanding optical characteristics, quantum dots (QDs) attract attention for the 

one of the candidates. QDs, inorganic semiconductor nanoparticles, have excellent 

color purity and high photoluminescence (PL) quantum yield which make it attractive 

material for display application. Due to the advantageous characteristics for the 

optoelectronics application, many researches with environmentally friendly materials 

that do not contain heavy metals and its devices are in progress. As the performance 

of heavy metal-free QDs is enhanced, understanding of degradation mechanism while 

operation is become crucial issue for stable device fabrication. Despite the numerous 

reports about improvement efficiency of heavy metal-free quantum dot light-emitting 

diodes (QLEDs), the mechanism of luminance deterioration is still insufficiently 

elucidated. Furthermore, it is difficult to separate the effects of various degradation 

factors on device during operation as those occurs simultaneously in early 

deterioration. Because of the multilayer structure of device, charge carriers show the 

distinct characteristics on each layer. Hence, disparate method ought to be used to 
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solve each problem, and for this, analyzing the individual degradation component is 

inevitable process for under stable device fabrication. 

In this work, we investigate the effect of excess carriers on degradation of InP-

based QLEDs by introducing a charge-imbalanced device structure that is 

intentionally designed to directly observe how excess holes and electrons influence 

the QLED lifetime. Also, we analyzed the operational lifetime by dividing it into two 

components, i.e., temporary and permanent degradation which can be quickly 

recovered by reverse bias or not, respectively. Interestingly, the hole-excess device 

exhibited significant permanent degradation with little temporary luminance drop, 

whereas the electron-excess device showed the exact opposite degradation. In parallel, 

the PL decay time of QDs upon electrical stress was measured to identify the 

formation of non-radiative recombination sites. From the results, we infer that excess 

holes severely affect the formation of defect sites causing non-radiative recombination, 

leading to permanent degradation of QLEDs. In this experiment, we revealed the 

effect of each excess carrier on the initial device degradation using optical and 

electrical methods. 
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3.1 Characteristics of QLEDs under excess carrier state 

For the InP-based QD emissive layer (EML), we synthesized InP/ZnSe/ZnS 

QDs in a method described in Experimental section, of which properties in terms of 

absorption and PL spectra, and a TEM image are shown in figure 3.1. As the pristine 

QLED device, we fabricated an inverted QLED consisting of indium-tin-oxide (ITO, 

150 nm)/ZnMgO (ZMO, 40 nm)/QDs (15 nm)/4,4',4"-tris(carbazol-9-

yl)triphenylamine (TCTA, 50 nm)/MoOx (10 nm)/Al (130 nm), as shown in figure 3.2. 

 

 

Figure 3.1 Absorption and normalized PL spectra with a TEM image of 

InP/ZnSe/ZnS QDs.  
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Figure 3.2 Schematic illustration of inverted QLEDs with a cross-section TEM image. 

 

Three types of QLEDs with different carrier injection conditions into the QDs, 

i.e., the charge-balanced pristine device, hole-excess device, and electron-excess 

device, were designed as shown in figure 3.3(a)–(c), respectively, with inserting a thin 

poly(methyl methacrylate) (PMMA) layer (10 nm) between the ZMO and QD layers 

(resulting in hole-excess) or between the QD and TCTA layers (resulting in electron-

excess).  

 

 

Figure 3.3 Schematic energy diagram of the (a) pristine, (b) hole-excess, and (c) 

electron-excess devices. 
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Retarded charge injection and transport by PMMA were also confirmed with 

a hole-only device (HOD) and an electron-only device (EOD), as shown in figure 3.4. 

As shown in figure 3.5(a), both current density (J) and luminance (L) at a certain 

voltage (V) of the hole-excess and electron-excess devices are decreased compared to 

those of the pristine device because of the insulating PMMA layer. Also, the charge-

imbalanced devices exhibited lower current efficiency than that of the pristine device 

over the entire J regime, as shown in figure 3.5(b). The operational lifetime was 

measured at a constant current bias of 51 mA/cm2 where the initial luminance (L0) 

was 1820, 1280, and 1090 cd/m2 for the pristine, hole-excess, and electron-excess 

devices, respectively. As plotted in figure 3.5(c), the luminance decay at an early stage 

(<1 h) is larger in the devices with an insulating layer than the pristine device. 

However, the electron-excess device shows a stable operation after 1 h, even more 

than the pristine one. Based on this unexpected phenomenon, we hypothesized that (i) 

the type of excess carriers affects degradation of QLEDs in different ways, and (ii) 

the degradation mechanism varies depending on the time-frame. No noticeable change 

in their electroluminescence (EL) spectra was observed, as displayed in figure 3.5(d). 
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Figure 3.4 J–V characteristics of single carrier devices without and with a 

PMMA layer. The structure of the HOD is ITO/MoOx (10 nm)/PMMA (0 or 10 

nm)/TCTA (50 nm)/MoOx (10 nm)/Al, and that of the EOD is ITO/ZMO (40 

nm)/PMMA (0 or 10 nm)/Al. 
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Figure 3.5 Devices characteristics in terms of (a) J–V–L, (b) current efficiency, (c) 

operational lifetime, and (d) EL spectra. 
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3.2 Degradation analysis depending on type of luminance 

drop  

Previously, it was reported that early-stage rapid degradation is mainly attributed 

to the electron-charging effect of Cd-based QDs, and thus it can be recovered by 

discharging. [23–25] To understand the degradation in InP-based QLEDs depending 

on excess carriers, we measured the relative luminance change (L/L0) for an hour with 

fully discharging the devices every 15 min by applying a reverse bias (−4 V, 15 min) 

and then cooling down it for additional 30 min with no external bias. As shown in 

figure 3.6(a), the pristine device showed a typical exponential degradation curve with 

a slight recovery of luminance soon after the discharging process. Meanwhile, the 

hole-excess and electron-excess devices show clearly distinctive luminance decay 

curves. Specifically, the hole-excess device shows a rapid luminance drop with little 

restoration, and then degraded to below 50% of the initial luminance after about an 

hour (Figure 3.6(b)). On the other hand, the electron-excess device exhibits a 

luminance decay, which recovers to over 90% of the initial luminance by discharging 

(Figure 3.6(c)). Hereafter, we thus defined two different types of degradation, which 

are irreversible and reversible, as permanent and temporary degradation, respectively. 

In other words, the hole-excess device suffers permanent degradation, whereas the 

temporary degradation mechanism is dominant in the electron-excess device. Such a 

difference of degradation is considered to originate from the type of excess carriers. 

From the results shown in figure 3.6(a)–(c), we calculated and plotted how much of 

permanent and temporary degradation present in each device in figure 3.6(d) and 

3.6(e). The permanent degradation change is obtained from the difference between 

the initial relative luminance in each time-frame (see inset of figure 3.6(d)), just after 

sufficient discharging to exclude reversible degradation. Contrary to this, the 
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temporary degradation change is defined as the amount restored by discharging in 

each cycle (see inset of figure 3.6(e)), which is attributed to the luminance decay from 

a temporary charging effect. From these two graphs, we can again verify that the 

permanent degradation of InP-based QLEDs is highly affected by excess holes, 

whereas the electron-excess device experiences much smaller permanent degradation 

than the others and even hardly shows further degradation after 30 min. We thus 

assume that excess holes cause fatal failures at the surface of QDs and/or at the 

interfaces of QLEDs. An additionally noticeable point is that over two thirds of the 

total permanent degradation occurs within the first 15 min in all of the devices, 

presenting that any changes for this degradation are created in a quite short time. 

Meanwhile, the temporary degradation is dominant in the electron-excess device (16.7 

percentage-point in average) but not in the pristine (3.9 percentage-point in average) 

and hole-excess devices (2.7 percentage-point in average), meaning that electron 

charging disturbs radiative recombination principally but temporarily. Because the 

amount of the temporary degradation in each cycle is almost identical, charging and 

discharging in InP QDs are considered to be reversible and repeatable. Overall, we 

can infer that the major constituent of early-stage degradation in the charge-balanced 

(i.e., pristine) InP QLED is the irreversible permanent degradation rather than the 

reversible electron charging. 
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Figure 3.6 Operational lifetime of the (a) pristine, (b) hole-excess, and (c) electron-

excess devices with discharging every 15 min. The difference of the (d) permanent 

and (e) temporary degradation in each cycle. The inset image shows how to obtain the 

values. 
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3.3 Origin of temporary degradation 

First, in order to analyze the cause of strong temporary deterioration of electron 

excess devices, TRPL was measured during device operation as shown in figure 3.7. 

When measuring transient PL while driving a device, a steady EL signal and a PL 

signal by a transient pulse are simultaneously measured. At this time, the exciton 

decay time during driving can be known by excluding the constant EL signal from the 

entire range before the pulse. It was found that the exciton lifetime of the electron 

excess device before and after operation was the same, but during operation, the 

lifetime was significantly reduced. It can be seen that non-radiative auger 

recombination increased due to an excess of electrons in the QD. A device with an 

average exciton lifetime of 12.3 ns before operation has a relatively short exciton 

lifetime of 6.8 ns during operation. The following exciton lifetime decrease is 

considered to be the main cause of luminance decrease during operation. 

 

 

Figure 3.7 TRPL curve of device (blue line: TRPL of QD in solution state) 
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As another factors, there is joule heat that inducing temporary change of carrier 

transportation or permanent material degradation. Figure 3.8 shows the temperature 

of devices during operation by thermal camera with same initial condition. We 

observed the temperature in light emitting region of the devices increase with the lapse 

of driving time and it saturated after few minutes. Although the temperature difference 

between before operation and after saturation is strong in the control devices with high 

current density, the amount of temperature change is not enough to significantly affect 

the mobility of the transport layer and does not rise above the transition temperature 

of the materials that used. In addition, film roughness of ZnO/QD, ZnO/PMMA/QD 

and ZnO/QD/PMMA have similar value shown in figure 3.9. Consequently, main 

cause of temporary luminance degradation is considered the charging effect on QDs. 

 

 

Figure 3.8 Temperature change during electrical operation of (a) pristine (b) hole 

excess (c) electron excess devices 

 

 

Figure 3.9 AFM image of (a) ZnO/QD, (b) ZnO/PMMA/QD, (c) ZnO/QD/PMMA 
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3.4 Origin of permanent degradation 

To further identify the cause of different degradation in the InP-based QLEDs, we 

first measured the PL decay time constant (τPL) of the QD layer in the full device with 

TRPL technique at 15-min intervals upon current bias, as shown in figure 3.10(a)–(c). 

To avoid any conceivable interaction of excitons with charged electrons in QDs and/or 

localized charges adjacent to the QD layer, [28,43] we discharged the devices in the 

same way as mentioned above before the TRPL measurement. In the pristine device, 

the τPL was decreased by 22.7%, from 12.22 ns to 9.45 ns, mainly after the first 15 

min of operation, and then gradually saturated to 8.34 ns until 60 min (see figure 

3.10(a) and Table 3.1. By comparison, the charge-unbalance devices exhibit 

distinguishing PL decay characteristics depending on the type of excess charges. In 

the hole-excess device, much larger decrease of τPL was observed at the first time-

frame, from 11.94 ns to 8.06 ns (by 32.5%). On the other hand, the QD layer in the 

electron-excess device barely shows perceptible τPL change even after 60 min of bias 

stress. These results and trends are analogous to the permanent degradation difference 

at each interval plotted in figure 3.6(d), implying that excess holes cause 

unrecoverable damage to the surface of QDs, for instance, detachment of 

electrochemically unstable ligands. [31] To reconfirm the results, we conducted the 

same experiment with single-carrier devices in which any effects of counter charges 

can be eliminated. As shown in figure 3.10(d) and (e), an EOD [ITO/ZMO (40 

nm)/QD (15 nm)/ZMO (40 nm)/Al] and a HOD [ITO/MoOx (10 nm)/QD (15 

nm)/TCTA (50 nm)/MoOx (10 nm)/Al] were fabricated, electrically stressed at a 

constant current bias (J = 5.1 mA/cm2), and their TRPL signals were measured every 

15 min. Similar to the results in the full devices, the EOD exhibits no noticeable 

change of τPL for 30 min, while the HOD shows conspicuous decrease of τPL, from 
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11.15 ns to 8.37 ns, at the first interval. To surely exclude the effect of hole-carriers 

potentially piled up at the QD/TCTA interface during operation, we measured the 

TRPL of another HOD with a 10-nm PMMA spacer layer in between, as shown in 

figure 3.10(f). The τPL values were slightly increased due to the PMMA layer but the 

reduced τPL (from 11.98 ns to 9.76 ns) only in 15 min is sufficient to verify the early-

stage permanent degradation of QDs by excess holes. Consequently, excessive hole 

injection is considered the most significant reason for the early-stage permanent 

degradation of InP-based QLEDs, originating from rapid formation of surface defects 

in QDs. 
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Figure 3.10 TRPL decay curves of the (a) pristine, (b) hole-excess, and (c) electron-

excess QLEDs, and the (d) EOD, (e) HOD, and (f) HOD with a PMMA spacer layer, 

measured at 15-min intervals. 
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Table 3.1 TRPL decay time in QLEDs and single-carrier devices. 

Device 

TRPL decay time constant1) (ns) 

0  

min 

15 

min 

30 

min 

45 

min 

60 

min 

Pristine 12.22 9.45 9.17 8.62 8.34 

Hole 

excess 
11.94 8.06 7.51 6.80 6.39 

Electron 

excess 
12.77 13.05 13.05 13.03 13.13 

EOD 9.19 - 8.91 - 8.91 

HOD 11.15 - 8.37 - 7.81 

HOD w/ 

PMMA 
11.98 - 9.76 - 9.20 

1)The decay time corresponding to 1/e of the initial intensity. 
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In addition, we measured the J–V characteristics of two different type of HODs, 

with and without QDs layer, to confirm the formation of surface defect site. 

Degradation was conducted with constant current bias (J = 5.1 mA/cm2) for 15 

minutes. As shown in figure 3.11, J–V characteristics of HOD w/o QDs rarely 

changed after constant current operation. In contrast, current density is much 

decreased in range of 0.1–4 V at HOD with QDs layer after degradation. Furthermore, 

the trap filled limit voltage point increased to about 0.8 V to 1.6 V after deterioration. 

The following results can be indicators of an increase in trap density in the device 

during degradation. [43–45] Therefore, it is expected that defect sites were formed on 

surface of QDs along with the decrease in PL decay time. 

 

 

Figure 3.11 J–V characteristics of HOD before and after degradation. 
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3.5 Summary 

In summary, we investigated factors affecting the stability of InP-based QLEDs 

by purposely design the device to make one type of carriers (i.e., holes or electrons) 

dominate during electrical operation. From the lifetime measurement with discharging 

the QLEDs at regular intervals, we could divide the amount of degradation into 

permanent and temporary degradation which are unrecoverable and recoverable, 

respectively. Temporary luminance drop tends to occur with excess electron state on 

QDs and decreased PL decay time is recovered after discharging process. Contrary, 

we found that the permanent degradation occurs because excess holes rapidly 

degrades the QDs, which is confirmed by TRPL experiments in the charge-

imbalanced QLEDs and single-carrier devices. We expected our research can 

contribute the development of stable InP-based QLEDs. 
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Chapter 4 

Stability enhancement of QLED via 

ligand exchange method 

As the one of the elements constituting the QDs, surface ligands can greatly 

influence the characteristics of the QDs. During synthesis process of QDs, various 

ligands are used to control growth and enable QDs to be maintained in a colloidal 

state in a solvent. [46–49] In addition, surface passivated ligand can effectively 

decrease generation of surface defect by hindering oxidization of QDs and ligand also 

used to remove additional defect sites created after synthesis. [50–52] Surface ligands 

have great influence not only stability and synthesis control, but also the surface 

energy of the QDs which is affecting electrical characteristics. [53–57] Therefore, 

various characteristics can be obtained through the combination of numerous types of 

QDs and ligands, which suggests that desired feature can be derived within the 

application only by ligand substitution.  

In this work, we investigated characteristics of InP/ZnSe/ZnS QDs with oleic 

acid and hexyl amine ligand. In the previous chapter, deterioration of QDs is 

accelerated in a state where holes are dominant which is origin of permanent 

luminance drop during operation. As the cause of degradation, we suspected ligand 
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dissociation by holes because the oleate surface capping ligand can accept electron or 

hole causing dissociation of ligand from surface. [58,59] Generation of unpassivated 

surface sites effectively lower PLQY of QDs and act as carrier trap site that lowers 

the stability of the device. [60,61] To verify the assumption, we applied an alkyl amine 

ligand known to be relatively strong and stable through a ligand substitution method. 

[31] First, we confirmed that the ligand substitution occurred properly, and then 

analyzed the characteristics of QDs. In addition, we clarify stability of device can be 

improved through ligand substitution by analyzing the effect of the change of ligand-

substituted QDs on device. 
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4.1 Ligand exchange of InP/ZnSe/ZnS QDs. 

To exchange surface ligand of InP/ZnSe/ZnS QDs, we used thermodynamic 

ligand exchange method. [62] As the ligand displacement process depends on a 

number of factors such as particle size, ligand length and binding energy of anchoring 

group. Thus, we used hexylamine, which is short in length, which is advantageous for 

ligand substitution. FT-IR was measured to confirm the ligand substitution as shown 

in figure 4.1. After ligand exchange process, stretching vibration peak of N-H appears 

at 3500–3150 cm-1. The result suggests the presence of alkyl amine on the surface of 

QDs. However, FT-IR spectrum also show the COO- signals around 1540 and 1420 

cm-1 are still obvious after the ligand displacement process. It can be understood that 

the both ligand, oleic acid and hexylamine, are coexist because ligand exchange of as-

synthesized QDs is partially occurred. [63,64] 

We conducted thermogravimetric analysis for prediction of ligand substitution 

ratio. Before the ligand exchanged process, QDs show the 10.7% decreased which is 

attributed by sublimation of zinc oleate ligand as shown in figure 4.2. After ligand 

exchanged process, the portion of solid residue of QDs was increased and the amount 

of decrease ratio is about 5.3%. As the ZnS-hexylamine compound show weight loss 

from 140 ℃ to 400 ℃ [65], weight loss of 5.3% includes the sublimation of OA 

and HA both. Consequently, we expect over the half of OA was replaced and ligand 

substitution rate to be around 60 to 70% 
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Figure 4.1 FT-IR measurement of oleic acid and hexyl amine ligand QDs 

 

 

Figure 4.2 TGA result of (a) zinc oleate and (b) QDs with OA and HA ligand 
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Another evidence of ligand substitution is the energy level shift of QDs. Unlike 

carboxyl acid, the electron donating ligand or ion, such as amine ligand can shift 

surface energy level in the cathodic direction. [55] In this experiment, the energy level 

of ligand exchanged QDs is upshifted by 0.3 eV when measuring the UPS as depicted 

in figure 4.3 and it has consistency with previous report. [66] Therefore, we expect 

that ligand substitution process is made and two kinds of ligands are co-existed on 

QDs surface. 

 

 
Figure 4.3 Ultraviolet photoelectron spectroscopy and schematic energy diagram of 

QD 

 

To confirm that ligand substitution affects on optical characteristics, we 

measured UV-vis and TR PL as shown in figure 4.4. No significant changes in the 

UV−vis and PL spectra meaning that ligand substitution had no significant effect on 

core properties. However, τPL in solution state was slightly decreased, from 26.3 ns 

with OA to 19.7 ns with HA, due to the defects formed during the solution-based 

ligand exchange process. [63] 
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Figure 4.4 (a) Absorbance, PL spectrum and (b) TRPL decay of oleic acid and hexyl 

amine ligand QDs in solution state 

 

The morphology of the thin film was observed because not only the optical 

properties but also the roughness of the film can affect the device. figure 4.5 shows 

the AFM image of the QD film. In oleic acid, root mean square (Rq) which represent 

the roughness degree has 1.54 nm and hexyl amine ligand has 1.36 nm which It was 

confirmed that the surface roughness was improved upon ligand substitution, which 

can reduce the strong voltage applied to the local area. In addition, inset of figure 4.5 

show the SEM image of QDs film and there was no significant feature change was 

observed. 
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Figure 4.5 AFM image of (a) Oleic acid QD (b) Hexyl amine QD film inset of (a) 

and (b) represent SEM image of QD film 
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4.2 Effect of ligand exchange on device characteristics 

Figure 4.6 compare the J−V−L, current efficiency, and EL spectra of the QLEDs 

before and after ligand-exchange. Overall current injection is increased at ligand 

exchange device and the increase is expected to be due to the energy shift of the QDs. 

Owing to the amine anchoring group, luminance of the QLED with the HA ligand are 

also increased (e.g., maximum L: 14650 cd/m2 with OA and 36540 cd/m2 with HA 

ligands). The new device shows lower current efficiency at the low J region (<200 

mA/cm2) that may be attributed to the unavoidable defects formed during ligand 

exchange, but the efficiency is higher when J >200 mA/cm2 with reduced roll-off. In 

addition, it was confirmed again that the EL spectrum peak point was 628 nm and the 

FWHM was 40 nm, indicating ligand exchange process did not significantly affect the 

spectral wavelength.  
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Figure 4.6 Comparison of the performance of QLEDs with OA and HA ligands, in 

terms of (a) J–V, (b) L–V (c) current efficiency, and (c) EL spectrum 
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Figure 4.7 (a) shows that the estimated half-lifetime (T50) measured at the 

constant current bias of 51 mA/cm2 was dramatically increased as we expected, from 

3.6 h for the QLED with OA (L0 = 1820 cd/m2) to 547 h for the device with HA (L0 

= 1520 cd/m2), of which corresponding T50 values with L0 = 100 cd/m2 (acceleration 

factor = 1.8) are 667 h and 72757 h, respectively, over 109-times longer. As shown in 

figure 4.7(b)–(d), we measured relative luminance change (L/L0) for an hour with 

fully discharging the devices every 15 min by applying a reverse bias and then cooling 

down it for additional 30 min with no external bias for both QLEDs with OA and HA 

ligands. The pristine QLED shows significant permanent luminance decrease in first 

15min cycle and the amount is gradually decrease. Amount of temporary degradation 

at each cycle was maintained around 5 %. But the device with HA exhibits extremely 

small permanent degradation through the whole cycle. Although the average of 

temporary luminance drop is slightly higher than that of Pristine, it can be negligible 

compared to the permanent luminance reduction difference. Therefore, ligand 

substitution can effectively improve permanent luminance reduction. 
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Figure 4.7 (a) Comparison of the performance of QLEDs with OA and HA ligands, 

in terms of operational lifetime. (b) Relative luminance with discharging and the 

permanent and temporary degradation at 15-min intervals of (c) OA (d) HA device 
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To confirm the early-stage permanent decrease in luminance is stem from 

degradation of QDs, TRPL was measured before and after deterioration as shown in 

figure 4.8. The exciton decay times of QDs in each device before degradation were 

12.22 ns and 10.02 ns, which were relatively longer in oleic acid. This is considered 

to be due to a surface defect of QD during substitution, as shown in figure 4.4 (b). 

After 1 hour of deterioration, the decay time decreased significantly to 8.34 ns in the 

case of oleic acid and there is no change in the case of hexyl amine devices. These 

results also support the amine ligand exchange can improve the electrical stability of 

QDs during operation. 

 

 

Figure 4.8 TRPL decay of (a) oleic acid ligand QD device and (b) hexyl amine ligand 

QD device before and after 1 hour degradation 
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Furthermore, to elaborately examine how surface energy shift of QD have 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 OLED. Electrical properties of conductivity and resistivity as a 

function of frequency can be explained according to complex ac impedance, Z=R – 

jX, where R is the real part and X is the imaginary part of impedance. Figure 4.9 

represent the Cole-Cole plot of devices during operation time interval. We measured 

impedance of QLED at bias of 3.5 V, frequency sweep from 100 to 50 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. At 0 min, hexyl amine ligand much lower resistance than Oleic acid and it is 

result of reduced hole injection barrier. Furthermore, it can be seen that the increase 

rate until the cole-cole plot is saturated during operation is approximately 21% for 

oleic acid and 15% for hexyl amine, and it can imply the effect of accumulated space 

charged is also reduced. Ligand substitution not only enhances the stability of QDs, 

but also improves operational stress due to energy shift. 
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Figure 4.9 Operation time dependent nyquist plot of (a) oleic acid ligand QLED (b) 

hexyl amine ligand QLED 
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4.3 Versatility in improving the stability by ligand exchange 

strategy  

In our previous experiment, we confirmed that ligand modification of red-color 

InP/ZnSe/ZnS QD can effectively enhance the operational stability increasing the 

lifetime. Therefore, to clarify whether the following method is universally applicable, 

the strategy applied to green-color InP/ZnSe/ZnS QDs having the same composition 

with red-color QDs. The ligand substitution method was performed in the same 

manner as in the previous experiment. As shown in FT-IR measurement in figure 4.10, 

surface modification QDs exhibiting the N-H stretching peak at 3500–3150 cm−1 with 

the COO- signals around 1540 and 1420 cm-1 peak. It indicates the both ligand, oleic 

acid and hexyl amine, are coexist on the surface of QDs which is similar feature with 

red-color QDs. 

 

Figure 4.10 (a) FT-IR measurement of green InP QDs 
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As shown in figure 4.11(a), optical characteristics of QDs, absorption and PL 

spectrum, are rarely changed after ligand substitution. Since there was almost no 

change in the QD absorption and PL spectrum measurements in solution, it was 

confirmed that ligand substitution did not affect the core properties even in green-

color QDs. Figure 4.11 (b) shows the exciton lifetime in solution. The average PL 

decay time of QD with oleic acid is 20.28 ns, whereas that of the ligand modification 

QD is 14.46 ns. This is also considered to be a surface defect that occurs during the 

substitution process.  

Figure 4.12 (a) shows the UPS result of QD film. It can be seen that the VBM of 

the QD before ligand substitution is 7.02 eV, whereas the VBM of the QD after the 

substitution is 6.69 eV, which is about 0.33 eV upshifted. As we mention above, the 

electron donating ligand or ion, such as amine ligand can shift surface energy level in 

the cathodic direction. In addition, the amount of energy shift by ligand exchange is 

similar with that of red-color QDs expecting the exchange ratio also similar.Therefore, 

the ligand substitution shows the same properties in green InP QDs as red-color QD.  
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Figure 4.11 (a) Absorbance, PL spectrum and (b) TRPL decay of green oleic acid and 

hexyl amine ligand QDs in solution state 

 

 

Figure 4.12 (a) UPS measurement of oleic acid and hexyl amine ligand green InP 

QDs. (b) Schematic energy diagram of QDs and TCTA 
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Figure 4.13 shows the electrical and optical characteristics and lifetime of the 

device. Figure 4.13(a) represent the J–V–L curve of the device, and like the red QD, 

it was possible to observe the increase in current density and luminance in the range 

of driving voltage. Also, as shown in figure 4.13(b), the highest value of current 

efficiency decreases from 5.2 cd/A to 4.3 cd/A, but efficiency of QLED with the HA 

ligand is higher than that of OA ligand when J >100 mA/cm2. Figure 4.13(c) shows 

the change in luminance with time at a constant current density with 51 mA/cm2 where 

the initial luminance (L0) was 2200 and 1900 cd/m2. After ligand exchange, half-

lifetime is much enhanced about 56-fold from 0.36 hour of OA to 18.95 hour of HA. 

Therefore, it was found that surface ligand modification can be universally applied 

not only to red-color InP/ZnSe/ZnS QD but also to green having the same material 

composition, and greatly increases the lifespan characteristics of the device. And as 

there is no change in the EL spectrum in figure 4.13(d), it can be seen that the core 

characteristics did not change. All the characteristics of the green-color InP QLED are 

very similar to those shown in the red-color InP QLED device. Thus, ligand 

substitution method can effectively increase the lifetime of QLEDs and is applicable 

to InP QDs having other wavelengths. 
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Figure 4.13 Comparison of the performance of green-color InP/ZnSe/ZnS QLEDs 

with OA and HA ligands, in terms of (a) J–V–L, (b) current efficiency, (c) operational 

lifetime, and (d) normalized EL spectrum. 

 

 

 

 

 

 

 

 

 

 



 

59 

 

4.4 Summary 

   In this experiment, the amine ligand substitution characteristics of InP-based QDs 

and their application to LEDs were analyzed. The ligand substitution method did not 

affect the PL spectrum and absorption exhibited by the core as expected. However, 

the PL decreased due to degradation of QDs due to the optimization issues of the 

substitution process. Although the ligand substitution occurred partially on shell, it 

was sufficient to change the surface state of the QDs. Energy level of the QDs surface 

was upshifted due to the characteristics of the amine ligand that donates electrons for 

binding process, which facilitated the injection of holes and reduced the injection of 

electrons in the devices structure. Especially, the operational stability of the device is 

greatly increased by effectively suppressing degradation of QDs, one of the causes of 

deterioration of InP QLEDs, through an electrochemically stable bond than oleic acid. 

In addition, it was proved that utilization of amine ligand universally increases 

operational stability of QLED by confirming that the ligand substitution method can 

be applied not only to red-color QDs but also to green-color QDs with the same 

composition. 
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Chapter 5 

Conclusion 

In this thesis, we analyze and enhance operational stability of InP/ZnSe/ZnS 

based QLED.  

First, we investigated factors affecting the stability of InP-based QLEDs by 

purposely design the device to make one type of carriers (i.e., holes or electrons) 

dominate during electrical operation by insertion of insulating layer. From the lifetime 

measurement with discharging the QLEDs at regular intervals, we could divide the 

amount of degradation into permanent and temporary degradation which are 

unrecoverable and recoverable, respectively. Excessive electron state on QDs played 

a large role in the cause of the temporary operational luminance drop as well known. 

We found that the permanent degradation occurs because excess holes rapidly 

degrades the surface of QDs, which is confirmed by TRPL experiments in the charge-

imbalanced QLEDs and single-carrier devices. Furthermore, electrical characteristics 

of hole only devices represent the formation of defect state expected to generated on 

surface of QDs. 

To diminish the permanent cause of deterioration, we introduced an 

electrochemically stable ligand, hexylamine, for InP-based QDs by the ligand 

exchange method. Although the ligand substitution method not entirely exchange the 
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existing ligand, it is sufficient to change the characteristics of QDs. As the ligand 

substitution occurred at surface of QDs, characteristics of core, PL spectra and 

absorption, are preserved after ligand exchange. Surface energy of QDs changes in a 

favorably for electrical operation, improving efficiency roll-off. Especially, ligand 

exchanged method effectively enhanced stability of device resulting in over 109 times 

longer lifetime with no noticeable early-stage permanent degradation. In addition, the 

ligand substitution method proved its versatility by confirming that it could be applied 

to green-color InP/ZnSe/ZnS QDs. 

Conclusively, we therefore believe that our strategies to reveal the effects of 

excess carriers on the device lifetime and to demonstrate QLEDs with little permanent 

degradation would be practically applicable for the development of highly stable InP-

based QLEDs in following research. 
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한글 초록 

최근 조명 및 디스플레이 응용 분야를 위한 콜로이드 양자점 발광 

다이오드에 대한 관심이 양자점의 고순도, 색상 제어의 용이성 및 공정 

단순성 등 뛰어난 특성으로 인해 증가하고 있다. 수년 동안 양자점 발광 

다이오드의 소자 성능은 재료 합성, 전기 물리 분석 및 소자 설계에 대한 

여러 연구에 의해 향상되었다. 하지만 성능에 발전에 따라 양자점 재료가 

가지는 중금속에 대한 환경문제가 제기되었고 중금속을 포함하지 않는 

친환경 소재 및 그 소자에 대한 많은 연구가 진행되고 있다. 중금속이 

없는 양자점의 성능이 향상됨에 따라 작동 중 열화 메커니즘에 대한 

이해가 안정적인 소자 제작을 위한 중요한 문제가 되고 있다. 중금속이 

없는 양자점 발광 다이오드의 효율 향상에 대한 수많은 보고에도 

불구하고 휘도 저하의 메커니즘은 아직 충분히 규명되지 않았다. 

이를 밝히기 위해, 하이브리드 역 구조를 갖는 인화인듐 기반 양자점 

발광 다이오드의 휘도 감소를 분석하였다. 전기적 구동 중, 전자와 정공이 

각각 휘도 감소에 미치는 영향을 분류하기 위해 의도적으로 전하가 

불균형하게 주입되는 소자를 제작하였으며 전하 불균형 소자를 만들기 

위해 양자점 층 도포 전후 절연층을 삽입하였다. 이와 더불어 휘도 

감소의 특성을 구동 중에만 발생하는 일시적인 가역적 휘도 감소와 구동 

후에도 회복되지 않는 비가역적 휘도 감소로 나누어 측정하였다. 가역적 

요인 측면에서는 과도한 전자 주입에 의한 비방사성 오제 재결합이 주요 
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원인으로 고려되었으며 이는 전기적 구동 후 소자 내 방전 과정을 거쳐 

다시 회복될 수 있는 일시적인 요인임을 확인하였다. 반면에 과도한 정공 

주입은 일시적인 휘도 감소에 영향을 미치지 않고 양자점 내 영구적으로 

트랩 사이트를 형성하여 비가역적인 휘도 저하를 야기함으로서 방전 과정 

후에도 휘도가 회복되지 않았다. 결론적으로, 각각의 과잉 캐리어는 다른 

메커니즘으로 초기 단계 장치 성능 저하를 일으킬 수 있음을 확인하였다. 

양자점의 전기적 안정성이 정공 과다상태에서 크게 감소한다는 

사실을 기반으로 상대적으로 안정하다고 알려진 아민 리간드 치환을 통해 

양자점 표면을 처리하여 소자의 안정성을 크게 향상시켰다. 양자점 

표면의 리간드의 역할은 합성 과정을 제어하고 양자점을 콜로이드 상태로 

만들 뿐만 아니라 표면의 전기적 특성에도 영향을 미친다. 본 실험에서는 

양자점 표면에 부착된 올레산 리간드를 제거하고 상대적으로 짧은 

헥실아민 리간드를 치환하였다. 리간드 치환 후 자외선광전자분광 측정을 

통해 양자점 에너지 준위가 상향 이동함을 확인하였다. 그리고 전자와 

정공만 흐르게 조절한 소자에서 전자 주입은 약간 감소하고 정공 주입이 

4 배 증가하였다. 그 결과, 리간드 치환을 통해 스펙트럼을 변화시키지 

않고 향상된 정공 주입 효과로 인해 양자점 발광 다이오드의 전류 밀도 

및 휘도가 증가하고 전류 증가에 따른 효율 감소가 향상되었다. 또한, 

동작 중 캐리어 축적으로 인한 영향이 감소함을 확인하였고, 열화 전후에 

영구 휘도 감소의 원인이 감소됨을 확인하였다. 무엇보다도 인화인듐 

양자점 열화원인으로 예상되었던 정공에 의한 리간드 분리가 크게 

개선되어 앞서 원인과 더불어 양자점 발광 다이오드의 안정성을 크게 

증가시킬 수 있었을 뿐 더러 인화 인듐 녹색 QD 에 적용했을 때 적색과 
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마찬가지로 소자의 안정성이 크게 향상되어 구동 중, 인화인듐 양자점의 

열화가 소자 수명에 큰 영향을 미치고 리간드 치환 방법이 범용적으로 

사용될 수 있음을 증명하였다. 

본 논문에서는 인화인듐 양자점 발광다이오드의 초기 열화와 리간드 

치환을 통해 일어나는 현상을 연구하였다. 우리의 연구는 고안정성 

비중금속 기반 QLED 개발에 기여할 수 있다. 

주요어: 양자점 발광다이오드, 리간드 치환, 인화 인듐 양자점, 소자 구동 

안정성 

학번: 2016-20867 
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