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Abstract. The structural configuration of quantum dots plays a crucial role in determining their optical
properties and performance in specific applications. Encapsulating the quantum dot core with a ZnS shell
to form a core/shell architecture enhances the photoluminescence emission spectrum, yielding a narrower
full width at half maximum (FWHM) and thereby indicating superior color purity. Moreover, quantum dot
light-emitting diodes (QDLEDS) incorporating core/shell quantum dots demonstrate improved performance
in terms of luminance, current efficiency, and device lifetime stability. This enhanced efficiency is primarily
attributed to the ZnS shell, which effectively reduces surface defects and facilitates carrier injections,
highlighting the strong potential of core/shell quantum dots for advanced optoelectronic devices.
Keywords. Quantum dot, quantum dot light-emitting diodes.

1 INTRODUCTION

Quantum dots (QDs), classified as advanced zero-dimensional semiconductor materials, have attracted
extensive research over the past three decades due to their exceptional optical properties.[1] These include
size-dependent emission tunability, narrow spectral bandwidth, and high quantum vyield (QY). The
luminescent characteristic of QDs is highly dependent on their structural configuration.[2] Common
structural types include core/shell, gradient alloy, and homogeneous alloy architectures, each synthesized
to enhance optical and electronic performance.[3] Common structural type as only core quantum dots has
been applied in various devices, however, their performance may rapidly degrade due to the inherently low
quality of QDs.[4] For instance, core/shell structure in which the shell plays a critical role in determining
both luminescence efficiency and electrical characteristic relative to quantum dot optoelectronic devices.
Furthermore, the choice of shell materials typically affects the QD optical properties. Materials such as CdS,
HgS or ZnS, have been widely used to protect QD core, thereby enhancing overall quality.[5] However,
due to toxicity of heavy elements like Cd and Hg, their utilization is increasingly restricted in certain
applications,[6] therefore, ZnS has emerged as a more favorable for shell composition.

Given the diversity in structural design and emission properties, QDs hold significant promises for
several applications in photoluminescent and electroluminescent devices, including QDLEDSs, and other
optoelectronic devices such as photo-voltaic, photodiode.[7] Particularly, QDLEDs are considered strong
candidate for next-generation display based on their advantages such as high color purity, high quantum
efficiency, all-solution processability, and cost-effective fabrication suitable for large-area display and
flexible devices.[8]

In this study, the electrical performance of QDLED incorporating two distinct QD structures was
evaluated to determine the effect of QD structure on device efficiency. The ZnS shield around QD core was
found to balance the carrier injection and suppress the Auger recombination, thereby enhancing device
performance. Therefore, QDLED utilizing the core/shell QDs achieved the better performance with a
maximum brightness and current efficiency of 168300 cd-m and 20.47 cd-A™, respectively, highlighting
their potential for integration into optoelectronic devices.

2 EXPERIMENT

Two types of green QDs were supplied by Hsinlight Inc (Taiwan): QD1, consisting solely of an alloyed
core, and QD2, comprising an alloyed core encapsulated by a ZnS shell, as shown in Figure 1a. As-received
QDs were dispersed in toluene and subsequently purified through a multi-step process. Initially, methanol
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was employed to precipitate QDs via centrifugation, followed by redispersion in octane at a concentration
of 30 mg-mL* for further device preparation.

QDLED device architecture considered of the following layers: 1TO/Pedot:PSS/PVK/QD/ZnO/Al,
functioning respectively as the anode, hole injection layer (HIL), hole transport layer (HTL), emissive layer
(EML), electron transport layer (ETL), and cathode. Indium tin oxide (ITO) substrates were subsequently
cleaned using deionized water, acetone, isopropyl alcohol, and UV-ozone. Pedot:PSS (referred to as Pedot
for short) was spin-coated onto the substrate and baked at 150°C to form HIL. Subsequently, the HTL was
deposited by spin-coating a PVK solution onto the Pedot layer, followed by thermal treatment at 150°C.
The QDs solution was then spin-coated at 3000 rpm to form the EML. ZnO was deposited via spin-coating
and heated at 60°C. Finally, Al cathode was thermally evaporated under high vacuum, and device
encapsulation was carried in No-filled glovebox. QDLED incorporating QD1 was denoted as QD1-LED,
while device using QD2 was designated as QD2-LED.

Photoluminescence (PL) and Electroluminescence (EL) spectra were recorded using Edinburgh FS5
spectrofluorometer. The UV-absorption was obtained with a Jasco V-770 spectrophotometer. The QD
materials were characterized using transmission electron microscope (TEM) JEOL JEM-F200.

Current-voltage (I-V) characteristics of both QDLED and single carrier devices were measured with
Keithley 2450 source meter. The luminance of devices evaluated with luminance meter (Topcon BM-9A).
The turn-on voltage of QDLED was defined as the value at which the device brightness reached 1 cd-m™.

3 RESULT AND DISCUSSION

3.1 Quantum dot optical properties

The structural configuration of QDs plays a vital role in determining their optical characteristics as well
as the performance of optoelectronic applications. Figure 1a presents the illustrated graphic of QD, QD1
consists solely of an alloyed core, whereas QD2 comprises an alloyed core encapsulated by a ZnS shell.
QD1 exhibits photoluminescence (PL) emission spectra with a peak wavelength of 532 nm and a FWHM
of 33 nm. In contrast, QD2 demonstrates a blue-shifted peak at 523 nm with a narrower FWHM of 17 nm,
respectively. This spectral shift is attributed to the core etching process during the QDs synthesis,[9] which
reduce the core size prior to ZnS growth. The ZnS shell effectively passivate the alloy core, reducing the
surface defects and thereby enhancing the overall quality of the QDs.[10] In addition, the reduced FWHM
observed in QD2 indicates a lower defect density and more uniform particle size distribution compared to
QD1.[11] Transmission electron microscopy (TEM) images in Figure 1b-c reveal that QD1 has average
diameter of ~5.5 nm, slightly smaller than 8.8 nm observed for QD2, indicating that the shell growth
contributes to an increase in particles size.

(a) 532 —— QD1 (b)
—— QD2

ZnS shell
Alloyed
Core
QD2

480 500 520 540 560 580 600
Wavelength (nm)

Figure 1. Structural representations of two types of quantum dots alongside their PL spectra: (a) QD1 featuring an

alloyed core, and QD2 comprising an alloyed core with a ZnS shell. (b, ¢) TEM images corresponding to QD1 and

QD2, the scale bar is 20 nm.
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3.2 QDLED performance

QDLEDs were fabricated with the same structure of Pedot/PVK/QDs/ZnO/Al (as shown in Figure 2a)
Two distinct QD types, QD1 and QD2, were employed and the resulting devices are denoted as QD1-LED
and QD2-LED, respectively. All fabrication steps were conducted under ambient conditions, except for the
deposition of Al cathode, which was carried out via thermal evaporator under high vacuum.

Figure 2b presents the comparison of device performance for QD1- and QD2-LEDs. QD1-LED exhibits
a lower turn-on voltage of 2.6 V, compared to 5 V for the QD2-based device. However, QD2-LED
demonstrates superior performance, achieving a maximal luminance of 168300 cd-m and a peak current
efficiency of 20.47 cd-A™%, significantly outpacing 39000 cd-m2 and 8.91 cd-A* recorded of QD1-LED.
The relatively lower turn-on voltage of QD1-LED might be attributed to the alloyed structure of its QDs,
which can facilitate more carrier injections thereby enhancing current densities for device working at low
voltage (dark-blue curve in Figure 2b). In contrast, QD2 features a ZnS shell that introduces an energy
barrier due to its high conduction band and low valence band levels, promoting carrier confinement within
the emissive layer.[12] This energy barrier necessitates high operating voltage to overcome carrier injection
resistance, but it assistingly balance carriers injection into the QD core, suppresses current leakage, and
enhances recombination efficiency, thereby improving device performance.[13-15] The structural
differences between QD1 and QD2 are further reflected in their voltage-dependent efficiency behavior. It
is noted that QD1-LED exhibits high current density with rising voltage, but its brightness remains limited,
indicating inefficiency and resulting in efficiency roll-off. Conversely, QD2-LED achieves lower current
density at higher voltages while achieving better brightness, and sustained efficiency, signifying greater
operational stability under high electric fields (Figure 2c). A summary of device performance is listed in
Table 1.
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Figure 2. (a) Schematic of the QDLED device structure. Comparison of QDLED performance using two distinct
quantum dot structures, QD1 and QD2. (b) Current density and brightness as a function of applied voltage. (c) Current
efficiency as a function of brightness.

Table 1. Summarized device performance of QDLEDs with different QD structure

. Turn-on Max. Brightness Max. CE Max EQE
Device QDs structure voltage (V) (cd-m?) (cd-A™) (%)
QD1 Alloy core 2.6 39000 8.91 2.54
QD2 | Alloy core/ZnS shell 5 168300 20.47 5.82

To further examine the carrier injection characteristics of different QDs, hole-only and electron-only
devices were fabricated with the following structure: ITO/Pedot/PVK/QDs/MoOs/Al and
ITO/ZnO/QDs/ZnO/Al, respectively. Figure 3a illustrates the significant deviation between the hole and
electron injection curves for QD1, indicating an obvious imbalance in carrier injection. This difference
leads to excess electron accumulation within the QDs, resulting in exciton injection quenching via Auger
recombination process,[16, 17] which negatively affects the performance of QD1-LED. In contrast, the
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electron and hole injection curves for QD2 exhibit close alignment, suggesting a more balanced carrier
distribution within EML (Figure 3b). This balance contributes to the superior efficiency observed in QD2-
LED compared to QD1-LED. The improved performance is ascribed to the presence of a ZnS shell in QD2,
which acts as an energy barrier that moderates electron injections, thereby matching it with hole injections
and enhancing carrier confinement.
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Figure 3. Comparison of single-carrier devices with different quantum dot structures: (a) QD1 and (b) QD2.

The operation stability of QDLED was additionally assessed by measuring device lifetimes under current
of 10 mA, as shown in Figure 4a. Device incorporating QD2 exhibit significantly longer lifetimes and high
performance compared to those using QD1. These results clearly indicate that QD2 offers enhanced stability
during device operation. Furthermore, infrared (IR) thermal imaging reveals that the operating temperature
of QD1-LED under the same constant current is consistently higher than that of QD2-LED (Figure 4b-c).
This inflated temperature may be attributed to Auger recombination, which is caused by the severe carrier
injection imbalance. Such thermal effects can accelerate device degradation and reduce overall lifetime.[18]
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Figure 4. (a) Operational lifetime of QDLEDs under a constant current of 10 mA. Infrared thermal images of devices
incorporating (b) QD1 and (c) QD2.

In addition, the optical characteristics of QDLED were evaluated through EL spectra measured under
varying driving voltages as shown in Figure 5. QD1-based devices exhibit a redshift of ~5 nm their EL
peak positions (from 534 to 539 nm), whereas QD2-based devices show a shift of ~3 nm within a range of
523 to 526 nm, as the applied voltage increasing from 6 to 12 V. The FWHM of EL peaks broaden by 3.63
nm for QD1, which is greater than the 0.59 nm widening observed for QD2. The EL spectra wide
broadening in QD1 may be related to its electrical characteristic, particularly the imbalance in carrier
injection that promotes the Auger recombination and heat generation.[19] Excess electrons are likely to
interact with phonons, resulting in energy loss subsequent recombination with holes at uncertain energy
level, thereby contributing to the broadening of EL spectrum. The observed redshift in both devices may
also be impacted by the quantum-confined Stark effect.[20] The imbalance in carrier injection leads to
enhanced Auger recombination and thermal effects, which in turn cause energy dissipation through
electron-phonon interactions.[21] From optical perspective, both QDs exhibit EL peak redshift, but QD1
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suffers from significant spectral broadening. It presents a critical limitation for display applications, as it
affects the color purity and further reduces display resolution. Based on these findings, QD2-with its
core/shell structure-appears as a favored candidate for integration into optoelectronic devices.
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Figure 5. Electroluminescence (EL) spectra of QDLEDs with (a) QD1 and (b) QD2, measured under driving voltages
ranging from 6 V to 12 V.
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4 CONCLUSION

The effect of QD structure was clearly demonstrated through the optical characterization. Core/shell QD2
obtained a slightly larger particle size and a narrower PL peak compared to QD1, improving the spectra
purity. Additionally, QDLED incorporating QD2 showed enhanced device performance. The ZnS shell in
QD2 contributes to more balance carrier injections, resulting in higher luminance and current efficiency
relative to QD1-based devices. This finding emphasizes the critical role of QD structural design in
optimizing the performance of optoelectronic devices to achieve stable operation and maximize device
efficiency.
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ANH HUONG CUA LOP VO ZnS PEN PAC TiNH CUA
CHAM LUQNG TU VA HIEU SUAT CUA PI-OT PHAT QUANG
CHAM LUQNG TU
HOANG MINH SON*!, LO NHAT TRUONG?, THAI VIET HUNG?, CHEN HSUEH SHIH?
' Khoa Céng nghé Héa hoc, Truwong Pai hoc Cong nghiép TP.HCM, Viét Nam
2 Khoa Khoa hoc va Ky thudt Vit liéu, PH Quéc gia Thanh Hoa, Dai Loan
* T&c gia lién hé: hoangminhson@iuh.edu.vn

Tém tat. Cau tric ctia chim lugng tir dong vai trd quan trong trong viée quyét dinh cac dic tinh quang hoc
va higu suét ciia chung trong timg tmg dung cu thé. Viéc bao boc 16i chdm lugng tir béng 16p vo
ZnS d tao thanh cau trac 18i/vo giup cai thién pho phat quang, 1am cho d6 rong pho tai nura cuc
dai (FWHM) hep hon, tir @6 thé hién d6 tinh khiét mau sac cao hon. Ngoai ra, cac di- ot phat quang
cham luong tir (QDLEDs) sur dung cham lugng tir voi cau trac 16i/vo cho thdy hiéu suét vuot troi
Ve d6 sang, hiéu suit dong dién va dg 6 6n dinh tudi tho thiét bi. Hiéu suat duoc cai thién nay cha
yéu nhd vao 16p vo ZnS, von c6 kha ning giam khuyét tat bé mat va hd tro qué trinh tiém tai dién,
cho thay tiém ning manh mé ctia cham lugng tir 16i/vé trong céac thiét bi quang dién tir tién tién.
Tir khéa. Chim luong tur, di-6t phat quang cham luong tir.
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