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A B S T R A C T

Quantum dot organic light-emitting diode (QD-OLED) displays offer advantages such as wide color gamut, 
excellent viewing angles, and high contrast ratios. In addition, QD-OLED technology holds significant potential 
as a core technology for various next-generation displays, including micro-LEDs, OLED on silicon, and reflective 
displays. This paper reports the development of a novel stacked QD-OLED panel that outperforms QD-OLED 
panels currently under development in the display industry. Compared with existing QD-OLED displays, the 
stacked QD-OLED developed in this study can simplify the panel manufacturing process and reduce 
manufacturing costs by applying a continuous vertical stacking process on a single substrate. Furthermore, the 
stacked QD-OLED offers structural advantages at the device and panel levels that can suppress optical inter
ference in high-resolution displays. In particular, the fabrication of QD pixels for the stacked QD-OLED is 
demonstrated using QD ink, a black pixel-defining layer (PDL) photoresist, and inkjet printing components and 
equipment suited for industrial-scale display manufacturing. A black PDL material with a high aspect ratio and a 
process technology that operates below 100 ◦C, essential for realizing stacked QD-OLED panels, are introduced. 
Finally, by integrating industrially applicable materials, processes, and equipment technologies, a novel stacked 
QD-OLED panel with a total of 184,800 subpixels and a resolution of 141 pixels per inch, equivalent to that of a 
65-inch 8K television, was successfully demonstrated through a 6-inch large-area manufacturing process.

1. Introduction

Quantum dot organic light-emitting diode (QD-OLED) technology is 
a next-generation large-area display technology developed by Samsung 
Display, characterized by a wide color gamut, excellent viewing angles, 
and high contrast ratios [1–5]. QD-OLED technology represents an 
evolution of existing display manufacturing, not only in terms of QD 
materials but also in terms of manufacturing processes and equipment 
with inkjet printing technology at its core. Prior to the development of 
QD-OLED displays, inkjet printing was used to produce organic thin 
films that formed organic/inorganic hybrid thin-film encapsulations 
(TFEs) in mobile displays [6–8]. In QD-OLED displays, however, inkjet 

printing technology has advanced to the point where it can produce QD 
pixels with fine patterns that directly contribute to light emission.

Although QD-OLED displays have introduced innovation in the 
manufacturing process through inkjet printing, it remains debatable 
whether they are more competitive than OLED and micro-LED displays 
[9–15]. Due to the characteristics of the QD material used as pixels, QD- 
OLEDs may be superior to OLEDs in terms of image quality, such as color 
gamut and viewing angle [1–5]. However, QD-OLEDs require more 
processes than existing OLED manufacturing methods because QD pixels 
with color conversion functionality are integrated into the blue (B) 
tandem OLED light source of the top-emitting structure. In addition, it 
has been reported that the cost advantage for television (TV) panels is 
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insignificant due to the additional investment required for new inkjet 
printing technology. Therefore, to establish QD-OLED displays as next- 
generation displays, new strengths must be added not only in terms of 
functionality, but also in terms of manufacturing process and cost.

In this study, a vertically stacked QD-OLED technology is presented 
that advances beyond current industrial QD-OLED displays. In current 
QD-OLED displays, a driver/OLED light source and QD pixels are 
manufactured on two glass substrates and then bonded together. In the 
vertically stacked QD-OLED display, the driver, OLED light source, and 
QD pixels are continuously manufactured on a single glass substrate. As 
a result, vertically stacked QD-OLEDs can reduce material costs and 
simplify the manufacturing process compared to existing QD-OLEDs. 
The recently commercialized color-filter-on-encapsulation OLED tech
nology for mobile and foldable displays serves as a pertinent industrial 
reference. In the color-filter-on-encapsulation OLED structure, the 
polarizer is removed, and the TFE layer is formed on top of the OLED, 
followed by the fabrication of a black pixel-defining layer (PDL) and 
color filter (CF) at low temperature. This vertically stacked functional 
structure is used in commercial products because it reduces power 
consumption, increases optical transmittance, and improves cost effi
ciency [16]. In addition, the vertically stacked QD-OLED can incorpo
rate a flexible or stretchable substrate in place of one glass substrate, 
allowing the display structure to be easily optimized. This makes it much 
easier to implement a freeform factor than an existing display with two 
substrates. In addition, existing QD-OLEDs incorporate a filler resin 
between the two substrates for bonding; however, the filler layer re
quires a thickness of tens of micrometers or more. Although this thick
ness is acceptable for TV-level resolution, it is difficult to apply the 
structure to high-resolution display devices such as mobile and mixed- 
reality devices due to optical interference effects [17–19]. In contrast, 
vertically stacked QD-OLEDs do not require a filler layer to bond the two 
substrates together, and the TFE thickness can be made sufficiently thin. 
Therefore, they are well-suited for a broad range of applications, 

including high-resolution micro displays, sensor-embedded displays, 
and TVs [17–26].

In addition, a novel technology for stacked QD-OLED panels was 
developed using printhead components and equipment compatible with 
mass-production processes in the display industry. The QD ink, TiO2 
nanoparticle (NP) ink, and black PDL material are all produced and 
applied in the display industry, confirming their industrial relevance 
and academic significance. Furthermore, in the stacked QD-OLED 
display, QD pixels were implemented on a top-emitting OLED 
(TEOLED) by introducing a low-temperature-cured black PDL material, 
which has not previously been used in the industry. By integrating these 
highly applicable component technologies, a QD-OLED panel consisting 
of 184,800 subpixels with a resolution of 141 pixels per inch (ppi), 
corresponding to a 65-inch 8K TV, can eventually be realized through a 
6-inch substrate-based process.

2. Experimental methods

2.1. Materials

The QD inks for the green (G) and red (R) pixels, TiO2 scattering-NP 
(S-NP) ink for the blue pixels, and CF material were all industrial-grade 
materials synthesized by CHEME Co., South Korea. The QD ink is a 
solvent-free composition consisting of indium phosphide (InP)-based 
core-shell structured QDs, photocurable monomers, photoinitiators, and 
functional additives (scattering agents, surfactants, adhesion promoters, 
etc.). The QD content in the ink was 30–35 wt%, and TiO2 NPs (190–210 
nm) were used as the scattering agent. The G-QDs exhibited a photo
luminescence quantum yield (PL QY) in the range of 90–94%, while the 
R-QDs showed a PL QY of 92–97% in solution (Fig. S1). The black PDL 
photoresist for the QD pixels was synthesized by DUKSAN Neolux, Co., 
Ltd., South Korea.

Fig. 1. Schematic comparison between a conventional quantum dot organic light-emitting diode (QD-OLED) structure fabricated using two glass substrates bonded 
with a filler resin and the proposed stacked QD-OLED structure fabricated on a single glass substrate with vertically integrated layers.

B.-H. Kwon et al.                                                                                                                                                                                                                               Chemical Engineering Journal 539 (2026) 177307 

2 



2.2. Fabrication of stacked QD-OLED panel

The pixel structure was developed considering the size and resolu
tion of TVs commercialized in the display industry, the structure of the 
black PDL, and the manufacturing process. The 65-inch 8K (7680 ×
4320) TV was selected as the target, and the height (H) of a color con
version layer (CCL) was set to approximately 10 μm based on the QD 
color conversion efficiency (CCE) requirements. As a result, the subpixel 
width (W) and length (L) were set to 60 μm and 180 μm, respectively, in 
the QD unit pixel. Consequently, the stacked QD-OLED pixel size and the 
spacing (S) between PDLs were designed as 158.625 μm × 180 μm and 
12.875 μm, respectively.

The stacked QD-OLED panel consisted of a TEOLED unit, TFE unit, 
black QD PDL unit, QD pixel unit, and CF unit. Each manufacturing 
process is described below. The pixel electrode of the panel consisted of 
double electrodes: an auxiliary electrode (M1) and a reflective electrode 
(M2). Following metal deposition on a glass substrate, the auxiliary 
electrodes were patterned using photolithography. For the reflective 
electrode, an insulating layer (SiO2) was deposited on the auxiliary 
electrode, and a via hole was created using photolithography. The 
reflective electrode was then deposited and patterned using photoli
thography. All layers in the device were deposited by thermal 

evaporation under high vacuum at pressures in the range of 10− 7–10− 8 

Torr. The blue tandem TEOLED light unit of the top-emitting structure 
was fabricated as follows: Hole transport layer (HTL): P-type dopant 
(PD) (8.5 nm: 15%) as a hole injection layer (HIL) / HTL (140 nm) as an 
HTL / blue host (BH): blue dopant (BD) (20 nm: 6%) as an emitting layer 
(EML) / electron transport layer (ETL) (20 nm) / ETL: Li (20 nm: 5%) as 
an n-doped charge generation layer (n-CGL) / HTL: PD (8.5 nm: 15%) as 
a p-doped CGL(p-CGL) / HTL (60 nm)/ BH: BD (20 nm: 6%) as an EML/ 
ETL (30 nm) / Mg: LiF (1 nm: (1:1)) as an electron injection layer (EIL)/ 
Ag: Mg (15 nm: (8:2))/ capping layer (CPL) (80 nm) [27].

The TFE manufacturing process is as follows: Al2O3 and SiNx were 
selected as TFE materials, and thin films of 90 and 600 nm were 
deposited using plasma-enhanced atomic layer deposition (PEALD) and 
plasma-enhanced chemical vapor deposition (PECVD), respectively. 
Trimethylaluminum (TMA) was used as the Al precursor. Argon (Ar) was 
used as the carrier and purging gas. The base pressure of the deposition 
chamber was ~10− 3 Torr, and all layers were deposited at 95 ◦C. Sub
sequently, a SiNx layer was deposited using silane (SiH4) and ammonia 
(NH3) as precursors [8,28–30]. PEALD was performed using thin-film 
passivation process equipment for flexible displays (TFPFD) [FEMC 
project]. The fabrication process for the black QD PDL was as follows. A 
black photoresist was spin-coated on the glass substrate to a thickness of 

Fig. 2. (a) Schematic layout of the stacked quantum dot–organic light-emitting diode (QD-OLED) panel and pixel configuration. (b) Cross-sectional structure of the 
stacked QD-OLED panel showing the layer architecture.
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10 μm. The coated glass was soft-baked on a 100 ◦C hot plate for 100 s. 
The substrate was placed in the mask aligner, and the photoresist was 
irradiated with selective ultraviolet (UV) light. The substrate was 
developed with 0.04% potassium hydroxide (KOH) developer and sub
sequently rinsed with deionized water for 60 s. It was then hard-baked at 
100 ◦C for 1 h in a convection oven. The QD printing process was as 
follows: inkjet printing was performed using an industrial printhead 
(KM-1024iSHE, 1024 nozzles, 360 DPI, 6 pL) from Konica Minolta Inc., 
Japan. Waveform conditions appropriate for the printhead were estab
lished. QD ink was printed through multiple nozzles of the printhead 
onto the PDL arrays. When UV light was irradiated onto the liquid ink, 
radicals generated from the photoinitiator induced a photo
polymerization reaction of the monomers to form the film. Solidification 
was achieved solely through photocuring without a separate solvent 
volatilization process.

R and G CFs were fabricated using the following process: the R CF 
photoresist was spin-coated and prebaked at 100 ◦C. Exposure was 
performed using an i-line (365 nm) stepper, and the development pro
cess used a KOH spray gun. A post-bake at 100 ◦C completed the 
fabrication of the R CF, and the same process was repeated for the 
fabrication of the G CF [31].

2.3. Characterization

The current density–voltage–luminance (J–V–L) characteristics and 
the electroluminescence (EL) spectra were analyzed using a source- 
measure unit system (Keithley-238) and a spectroradiometer equipped 
with a goniometer (Model CS-2000, Konica Minolta). J–V–L measure
ments were performed at room temperature in a dark room. Efficiencies 
were calculated from the L, V, and EL spectra. Absorption and trans
mittance spectra were measured with a UV–visible (Vis)–near-infrared 
(NIR) spectrometer (PerkinElmer Lambda 750). The PL QY of the QDs 
used in this study was measured under blue light excitation at 450 nm. 
Scanning electron microscopy (SEM) images were obtained using an S- 
4800 microscope (Hitachi, Tokyo, Japan). A confocal fluorescence mi
croscope (Carl Zeiss LSM880 with Airyscan) was used to obtain PL im
ages of the printed QD pixel arrays. The rheological properties of the QD 
inks were characterized between 1 and 5000 Hz using a squeeze-flow 
rheometer (TriPAV, Trijet LIMITED). The temperature was maintained 

at 25 ◦C using an external thermo-circulator (PT80, KRÜSS) in 
conjunction with a thermometer (GMH3710, Greisinger). A lock-in 
amplifier (SR860, Stanford Research Systems) was used for signal 
acquisition and control of the piezo-axial vibration system.

3. Results and discussion

3.1. Description of stacked QD-OLED structure

Fig. 1(a) shows a schematic comparison between a conventional QD- 
OLED and the novel stacked QD-OLED structure. In a conventional QD- 
OLED, the OLED component, including the driving unit, and the color 
conversion pixel component, including the QD pixel, are formed on 
separate glass substrates. The two substrates are then bonded with a 
filler resin between them [1–5]. In contrast, the novel stacked QD-OLED 
is fabricated by first forming the OLED component, including the driving 
unit, on a glass substrate, followed by sequential deposition of the QD 
pixel component and protective layer. Unlike the conventional QD- 
OLED, the stacked QD-OLED eliminates the need for an additional 
filler layer for bonding to the upper substrate. This offers the advantage 
of reducing material consumption, simplifying the process, and signifi
cantly reducing the overall panel thickness. In particular, this structural 
differentiation plays a decisive role in suppressing optical crosstalk in 
high-resolution displays. In the case of conventional QD-OLED struc
tures, the filler layer used to bond the two substrates typically has a 
thickness of tens of μm, which lengthens the optical path between the 
light source and the CCL, thereby intensifying interference phenomena 
where blue light scatters to QDs in adjacent pixels. In contrast, the 
stacked structure presented in this study minimizes light diffusion by 
removing the filler layer and applying a TFE layer of 1 μm or less, 
thereby drastically shortening the physical distance between the light 
source and the QD pixel compared to the conventional approach. Sim
ulations have demonstrated that the effects of optical interference are 
nearly eliminated when the encapsulation layer thickness is controlled 
to within 1 μm in OLED on silicon displays at the 3000 ppi level [19]. 
Therefore, the stacked QD-OLED structure of this study demonstrates 
optical suitability for achieving high resolution and high image quality, 
and offers structural advantages that are highly favorable for mixed- 
reality display applications if photolithography or 

Fig. 3. Schematic illustration of the sequential fabrication process for the stacked quantum dot–organic light-emitting diode (QD-OLED) panel, including organic 
light-emitting diode (OLED) formation, thin-film encapsulation (TFE), black pixel-defining layer (PDL) fabrication, quantum dot (QD) inkjet printing, and color filter 
(CF) formation.
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electrohydrodynamic (EHD) printing processes are applied in the future.
Fig. 2 shows a schematic and structural cross-section of the stacked 

QD-OLED panel developed by the Electronics and Telecommunications 
Research Institute (ETRI) in the Republic of Korea. Fig. 2(a) shows a 
general schematic representation of the segmented panel developed on a 
6-inch substrate and configured such that two panels are produced 
within an area of 100 mm × 100 mm. The pixel structure is shown next 
to the panel schematic. The RGB subpixels are responsible for conven
tional full-screen color display, whereas the letter (L) subpixel, a dedi
cated subpixel for displaying fixed text and graphic patterns, is used to 
display predefined content such as the “QD OLED ETRI DISPLAY” label 
and the “ETRI character” image implemented on the panel. The expected 
illumination image is also shown next to the panel schematic. The pixel 
arrangement in the display area of the panel is 330 × 140 comprising 
46,200 pixels (330 × 140 × 4 = 184,800 subpixels).

Fig. 2(b) shows the structural cross-section of the stacked QD-OLED 
panel. The pixel electrode of the blue TEOLED panel uses a dual elec
trode, consisting of an auxiliary electrode and a reflective electrode, to 
lower the wiring resistance and reduce the resistive voltage drop. The 
Al2O3/SiNx TFE structure was applied to the top of the blue OLED, and 
the QD pixel, which consists of the QD and black PDL, was positioned it 
was positioned above the TFE layer. In addition, a CF was formed on top 
of the QD pixel to remove blue light leakage.

Fig. 3 shows a schematic representation of the manufacturing pro
cess for the stacked QD-OLED panel. The core unit processes comprising 
the panel, namely blue TEOLED, TFE, black PDL, QD inkjet printing, and 
CF manufacturing, are performed continuously on a single glass sub
strate. For this type of continuous stacking process to succeed, the TFE 
structure must be robust enough to protect the underlying OLED device 
from damage during the photolithography and inkjet printing processes 

Fig. 4. (a) Schematic comparison of pixel-defining layer (PDL) structures in organic light-emitting diode (OLED) and quantum dot–organic light-emitting diode (QD- 
OLED) devices. (b) Chemical structure of the black PDL polymer. (c) Optical transmittance of the black PDL film. (d) Top-view and (e) cross-sectional scanning 
electron microscopy (SEM) images of the PDL arrays. (f) Photograph of PDL arrays fabricated on a 6-inch glass substrate.
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used to produce the QD pixels. In addition, the process temperature for 
fabricating the black PDL of the QD pixel must remain below 100 ◦C to 
avoid degradation of OLED performance.

3.2. Characteristics of black PDL patterns

Fig. 4 presents the characterization results of the black QD PDL, 
which confines the printed QD ink within defined pixel wells. Fig. 4(a) 
shows the structure of the PDL used for the QD pixels in the QD-OLED 
and the OLED. The height of the PDL in the OLED is approximately 

2–3 μm, while in the QD-OLED it is considerably thicker, at approxi
mately 8–10 μm. This difference is related to the color conversion re
quirements of the QD layer, as a greater CCL thickness is necessary to 
achieve sufficient QD CCE. In addition, the PDL of the QD-OLED enables 
well-defined pixel geometries when the taper angle is approximately 
80◦. Most critically, to fabricate the black PDL on the TFE of the tandem 
TEOLED for the realization of stacked QD-OLEDs, it is essential to use a 
material that can be cured at temperatures below 100 ◦C without 
damaging the underlying OLED. The PDL currently used in the display 
industry requires a high thermal curing temperature of approximately 
250 ◦C. However, in this study, a black PDL material processable at 
temperatures at or below 100 ◦C was developed and utilized. The black 
PDL material is composed of black pigment, a polymer binder, a, pho
toinitiator, monomer, and solvent; the polymer structure used in this 
study is shown in Fig. 4(b) [16,32,33]. In this structure, acrylate groups 
were incorporated into the side chains of the acrylic polymer backbone 
to increase crosslinking density and improve photoreactivity, while 
epoxy groups were introduced to enhance thermal reliability. In addi
tion, a photoinitiator with high absorption at the i-line wavelength (365 
nm) used for photolithographic exposure was incorporated into the 
black PDL formulation (Fig. S2). This photoinitiator enables efficient 
radical generation through strong UV absorption at 365 nm, facilitating 
adequate crosslinking even under reduced thermal budgets. Fig. 4(c) 
shows the optical transmittance spectra of the black PDL in the QD unit 
pixel. The thickness of the black PDL was set to approximately 10 μm 
based on the color conversion requirements of the CCL. The trans
mittance at 450, 550, and 650 nm was 0.26%, 0.62%, and 2.52%, 
respectively. This confirms that the black PDL material has suitable 
optical properties for application in QD-OLEDs. Fig. 4(d) and (e) show 
SEM images of the micropatterned PDL array. The number of subpixels 
formed by the black PDL array was 3025 (55 × 55). The PDL dimensions 
are 30 μm for W and S, 150 μm for L, and 10 μm for H. This confirms that 
all PDLs were uniformly produced with consistent dimensions. The 
adhesion between the black PDL and the underlying layer was controlled 
through photolithographic exposure conditions, particularly the 

Fig. 5. (a) Current density–voltage–luminance (J–V–L) characteristics, (b) current efficiency–luminance characteristics, and (c) electroluminescence (EL) spectra of 
devices with red quantum dot (QD) color conversion layers (CCLs) of 5, 10, and 15 μm thickness formed on blue top-emitting organic light-emitting diodes 
(TEOLEDs). (d–f) Corresponding J–V–L characteristics, current efficiency, and EL spectra for devices with green QD CCLs of varying thickness.

Table 1 
Summary of luminance, current efficiency, CCE, and output-to-input photon 
ratio of device with R-QD and G-QD CCL formed on blue TEOLED.

Luminance 
(cd/m2)

Current 
efficiency 
(cd/A)

CCE 
(%)

Output-to-input 
photon ratio 
(%)

TEOLED 2038.3 5.3 – –
TEOLED 

with R-QD (5 
μm)

2460.7 6.5 46.7 31.5

TEOLED 
with R-QD (10 
μm)

2002.3 5.8 41.6 35.4

TEOLED 
with R-QD (15 
μm)

1888.2 5.2 40.3 37.3

TEOLED 
with G-QD (5 
μm)

4126.6 10.8 41.9 20.1

TEOLED 
with G-QD 
(10 μm)

4465.8 13.1 33.4 23.6

TEOLED 
with G-QD 
(15 μm)

5868.0 16.1 38.4 32.3
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exposure time. When an insufficient exposure time of 3 s was used, 
distorted black PDL patterns and partial delamination from the substrate 
were observed. In contrast, an exposure time of 5 s resulted in sufficient 
curing throughout the black PDL thickness, improving pattern integrity 
and increasing adhesion to the substrate, as shown in Fig. S3. Fig. 4(f) 
shows a photograph of the PDL fabricated on a 6-inch glass substrate. 
This result demonstrates process uniformity across a large-area 

substrate.

3.3. QD color conversion and rheological properties

The color conversion properties of the QD ink for inkjet printing were 
evaluated under illumination from the OLED light source. R and G QD 
films with thicknesses of approximately 5, 10, and 15 μm were formed 
on the TEOLED encapsulation layer. Figs. 5(a)–(c) show the J–V–L 
characteristics, current efficiency, and EL spectra of the TEOLED device 
incorporating the R-QD CCL. The device with R-QD CCL exhibited diode- 
like J-V characteristics similar to those of the device without CCL, 
indicating that formation of the QD layer did not affect the electrical 
stability of the underlying TEOLED device. Specifically, at 4.0 V, the 
device without QD CCL and the R-QD CCL devices with thicknesses of 5, 
10, and 15 μm recorded luminance values of 2038.3, 2460.7, 2002.3, 
and 1888.2 cd/m2, respectively. The current efficiencies at the corre
sponding luminance levels were measured to be 5.3, 6.5, 5.8, and 5.2 
cd/A, respectively. Analysis of the emission spectra revealed that as the 
R-CCL thickness increased, the blue emission peak (455 nm) decreased 
and the R emission peak (637 nm) increased, suggesting that the QD CCL 
effectively converted the blue TEOLED emission. Figs. 5(d)–(f) show the 
properties of the TEOLED device incorporating the G-QD CCL. Similar to 
the R-QD CCL device, the G-QD CCL device exhibited stable behavior 
and displayed high luminance values of 4126.6, 4465.8, and 5868.0 cd/ 
m2 at thicknesses of 5, 10, and 15 μm, respectively, at 4.0 V. The current 
efficiencies at the corresponding luminance levels were 10.8, 13.1, and 
16.1 cd/A, respectively. Efficient color conversion was further 
confirmed by the proportional increase in R emission intensity (542 nm) 
with increasing film thickness.

The CCE and output-to-input photon ratio were calculated according 
to the reported formula, and the corresponding values are summarized 
in Table 1 [34–39].

TEOLED, top-emitting organic light-emitting diode; QD, quantum 
dot; CCL, color conversion layer; R-QD, red quantum dot; G-QD, green 
quantum dot; CCE, color conversion efficiency. — indicates that the 
metric is not applicable for the bare TEOLED reference device.

The CCEs of devices using R-QD CCL with thicknesses of 5, 10, and 
15 μm were 46.7%, 41.6%, and 40.3%, respectively, while those of G- 
QD CCL devices were 41.9%, 33.4%, and 38.4%. In a study published by 
Nanosys, Inc., a leading QD manufacturer, InP QD thin films thinner 
than 10 μm were shown to exhibit CCE values exceeding 38% for R and 
30% for G under a 450 nm blue LED light source [36]. In the present 
study, using a 455 nm blue OLED light source, CCE values exceeding 
41.6% for R and 33.4% for G were achieved at InP QD thin film thick
nesses below 10 μm. This demonstrates that the material developed in 

Fig. 6. Rheological characterization of quantum dot (QD) inks, showing 
frequency-dependent viscoelastic properties relevant to inkjet printing 
performance.

Fig. 7. Schematic of the inkjet head module illustrating ink circulation and meniscus formation at the nozzle, along with a photograph of the industrial inkjet 
printing system used in this study.
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this study possesses superior optical properties compared to prior art 
and meets the performance requirements for practical display industry 
applications.

A phenomenon termed “blue light leakage” was observed, in which 
some blue light was transmitted without being fully converted as it 
passed through the QD layer. This leakage decreased as the optical ab
sorption path length increased with film thickness. However, while it is 
theoretically possible to maximize color purity by forming the QD pixel 
layer sufficiently thick, the thickness of the black PDL, which suppresses 
optical crosstalk between pixels, must increase proportionally, imposing 
additional process constraints. Increased black PDL thickness narrows 
the process window, making it more challenging to achieve sufficient 
exposure depth and maintain pattern precision at high-aspect-ratio ge
ometries during photolithography. To overcome these process con
straints and effectively suppress blue light leakage, this study 
investigated the effect of incorporating S-NPs into the QD ink. As shown 
in Fig. S7, the addition of S-NPs extended the optical path length within 
the QD layer, thereby reducing blue light leakage while simultaneously 
improving CCE. Therefore, given the difficulty of maintaining adequate 
process margins and the cost of material optimization, the display in
dustry currently achieves the required color purity by depositing a CF on 
top of the QD pixel layer, consistent with commercialized QD-OLED 
structures [10,11].

To assess the inkjet printability of the QD inks, their rheological 
properties were investigated using a piezoelectric axial vibrator-based 
squeeze-flow rheometer. In particular, this instrument was used to 
measure the viscoelasticity of the inks at frequencies up to 5000 Hz, as 
the high-frequency response is particularly relevant to the fluid behavior 
at the inkjet nozzle during jetting [40,41]. As shown in Fig. 6, the QD 

inks exhibited weak shear-thinning behavior with a complex viscosity 
that decreased with frequency. Despite the extremely low complex vis
cosity at high frequencies, the significantly increased elastic modulus 
enabled reliable jet formation. The measurements also showed that the 
addition of TiO2 had a negligible effect on viscoelasticity, causing only a 
small increase in complex viscosity and viscoelastic moduli. These re
sults indicate that the ink formulation maintained stable rheological 
properties suitable for consistent and precise inkjet printing 
performance.

3.4. Fabrication of QD pixels using an industrial inkjet printing process

Fig. 7 shows a schematic representation of the inkjet head module for 
the QD materials, featuring precise pressure control and ink circulation 
functions. The inkjet head module consists of a meniscus pressure 
controller (MPC), a reservoir, and a printhead. The MPC controls the 
pressure inside the reservoir, which in turn regulates the ink supply. The 
printhead is responsible for ejecting ink droplets to the desired location. 
When the MPC controls the pressure, a uniform negative pressure is 
maintained inside the reservoir. The negative pressure draws ink toward 
the printhead, preventing it from dripping from the nozzle under gravity 
[7,8,42,43]. Because the negative pressure governs the meniscus shape, 
the reservoir pressure must remain uniform. Unstable pressure control 
cannot maintain a constant meniscus, leading to inconsistent droplet 
ejection and poor print quality. Additionally, QD ink particles may 
sediment at the bottom of the reservoir or within the printhead. Such 
deposits result in nozzle clogging and print defects. To prevent sedi
mentation, the ink was stirred inside the reservoir and circulated along 
the conduit between the reservoir and the printhead. Continuous stirring 

Fig. 8. (a) Top-view and (b) cross-sectional scanning electron microscopy (SEM) images of quantum dot (QD) subpixels fabricated by filling black pixel-defining 
layer (PDL) arrays with QD ink. (c) Fluorescence image of patterned QD subpixels formed by sequential deposition of red (R) and green (G) QDs using inkjet printing.
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and circulation prevented sedimentation, eliminating nozzle clogging 
even with particle-laden inks. The Fig. 7 image shows the inkjet printing 
equipment installed at ETRI.

Fig. 8 shows the results of fabricating a 55 × 55 QD pixel array that 
mimics the RGB stripe pixel structure of a QD-OLED display on a unit 
substrate. The pixel is divided into a non-emitting region (black PDL 
structure) and an emitting region (TiO2 or QD structure). The pixel size 
on the unit substrate was 180 × 180 μm, and H (pixel height) was 10 μm. 
The subpixel size was 60 × 180 μm, and S (spacing) was 30 μm. To 
suppress ink droplet overflow from the PDL, the surface energy of the 
black PDL was tuned by controlling the CF₄ plasma treatment conditions 
[35]. Without plasma treatment, the water contact angle of the black 
PDL surface was approximately 60◦, whereas CF₄/O₂ plasma treatment 
increased the contact angle to approximately 90◦ (Fig. S4). These results 
confirm that CF₄ plasma treatment enables effective control of the sur
face energy of the black PDL. Figs. 8(a) and 8(b) show SEM plan-view 
and cross-sectional images of the subpixel formed by filling the black 
PDL wells with TiO2 ink. The SEM images confirm that the ink was 
uniformly filled and cured within the PDL. Fig. 8(c) shows a fluorescence 
image of the pixel prepared by sequentially filling the PDL wells with 
alternating R and G QDs. The ink was selectively confined within the 
subpixel wells without overflowing onto the PDL surfaces. The blue 
subpixels were produced directly by the B emission of the TEOLED 
without a QD CCL; therefore, no blue fluorescence was observed in the 
image.

3.5. Development of stacked QD-OLED panels

Fig. 9(a) illustrates the inkjet printing process on the RGB and L 
subpixels of a stacked QD-OLED panel using an industrial printhead. The 
upper schematic shows a representation of the printhead (360 DPI) with 
nozzles spaced at 70.5 μm intervals. The lower schematic illustrates the 
panel pixel layout, with an L subpixel added alongside the RGB sub
pixels. If the RGB subpixels are formed based on the nozzle interval of 
70.5 μm of the printhead, a pixel pitch of 211.5 μm can be achieved. 

However, in this panel, an L subpixel was added to the RGB subpixels, 
and four subpixels were accommodated within the 211.5 μm pixel pitch. 
Accordingly, each of the four RGBL subpixels measured 52.875 × 180 
μm, with a spacing (S) of 12.875 μm. The lower image in Fig. 9(a) shows 
the inkjet printing process on the panel. To print one swath for each 
color, the inkjet process must match the pixel and nozzle spacing [6,7]. 
As with the RGB subpixels, each subpixel occupied its own designated 
area, and printing was performed by offsetting the printhead position by 
52.875 μm to align with the R, G, and B subpixel positions. Therefore, 
the R, G, and B subpixels were produced in three swaths. The L subpixel 
must contain one of the colors, R, G, or B, depending on the design. 
Accordingly, the printhead deposited ink at the same position while the 
operating program was adjusted according to the target letter color. The 
RGB and L subpixels were each printed in three separate passes (R, G, 
and B), completing pixel fabrication in a total of six printing operations. 
Fig. 9(b) shows the printing pattern areas for the six swath prints. In 
swaths 1–3, the R-QD, G-QD, and TiO2 NP inks were printed on the R, G, 
and B subpixels, respectively. In swaths 4–6, the R-QD, G-QD, and TiO2 
NP inks were then printed on the L subpixel in that order.

Fig. 10(a) shows the SEM images of the stacked QD-OLED panel. The 
SEM plan-view and cross-sectional images (upper left and upper right) 
show that the R, G, B, and L subpixels comprising the panel were uni
formly arranged. R and G CFs were present on the R and G subpixels, 
whereas the B and L subpixels had no CFs. The high-magnification SEM 
cross-sectional views (lower left and lower right) show the OLED, black 
PDL, QD, and CF regions comprising the panel. The OLED region was a 
multilayer structure in which the electrodes, organic materials, and TFE 
layers are stacked sequentially. A magnified SEM image of the corre
sponding region is shown in Fig. S5. The lower electrode, consisting of 
Mo/SiO2/Mo/ITO (100/250/80/20 nm) on a glass substrate, was 
clearly visible. The region approximately 400 nm above the lower 
electrode was composed of multilayer organic materials and electrodes 
forming the TEOLED. In addition, the TFE Al2O3/SiNx layer (90/600 
nm) was clearly visible, with the QD PDL confirmed to have been 
deposited on top. Fig. 10(b) shows a photograph of the stacked QD- 

Fig. 9. Schematic illustration of quantum dot (QD) pixel fabrication in stacked quantum dot organic light-emitting diode (QD-OLED) panels using an industrial inkjet 
printhead, including subpixel arrangement and multi-pass (swath) printing strategy.
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OLED panel fabricated on a 6-inch glass substrate, in which some of the 
panel's text and graphic patterns are visible as reflections. The final 
display panel was completed through sequential vacuum deposition for 
the OLED layers, followed by photolithography and inkjet printing for 
QD pixel fabrication. Fig. 10(c) shows photographs of the panel under 
two illumination conditions: one in which the R, G, and B subpixels are 
illuminated individually, and one in which the L subpixels displaying R, 
G, and B emission are illuminated simultaneously. The corresponding 
videos are provided as Supplementary Information. Thus, a novel 
stacked QD-OLED panel featuring 184,800 QD subpixels integrated on a 
TEOLED has been successfully fabricated, illuminated, and demon
strated to operate stably.

4. Conclusion

In this study, a novel stacked QD-OLED panel with a structure su
perior to existing commercial QD-OLED displays was developed and 
reported for the first time. Stacked QD-OLED panels are more cost- 
competitive than existing QD-OLED panels because all fabrication pro
cesses, including TFT, OLED, and QD pixel layer, are performed 
sequentially on a single substrate. In addition, this approach is well 

suited for various substrates, such as flexible and stretchable substrates, 
and effectively reduces optical interference in high-resolution displays, 
positioning the stacked QD-OLED as a core technology for next- 
generation display development. The stacked QD-OLED panel demon
strated a resolution of 141 ppi, equivalent to that of a 65-inch 8K TV, 
with a total of 184,800 QD subpixels successfully fabricated using an 
inkjet printing process. The fabrication of QD pixels for the stacked QD- 
OLED was demonstrated using QD ink, a black PDL photoresist, and 
inkjet printing equipment suited for the display industry. First, a high- 
aspect-ratio black PDL processable at temperatures below 100 ◦C was 
fabricated via photolithography, and the resulting high-resolution PDL 
patterns were characterized. Next, the rheological properties of the QD 
ink were evaluated using a squeeze-flow rheometer, and the color con
version characteristics of the R- and G-QD CCL under a blue tandem 
TEOLED light source were analyzed. Finally, a technology was devel
oped to form QD pixels on a blue tandem OLED panel using an industrial 
inkjet printhead, and stable panel operation was demonstrated. This 
stacked QD-OLED technology is expected to serve as a key enabler for 
the development of next-generation OLED on silicon and micro-LED 
displays incorporating QD materials across a broad range of form 
factors.

Fig. 10. (a) Scanning electron microscopy (SEM) images showing the plan-view and cross-sectional structure of the stacked quantum dot organic light-emitting diode 
(QD-OLED) panel. (b) Photograph of the fabricated panel on a 6-inch glass substrate. (c) Images of panel operation demonstrating individual red, green, and blue 
(RGB) subpixel emission and combined illumination.
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