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1. Introduction1)

As a key information display and communication tool in the fourth 
industrial revolution, displays are very important. In particular, not only 
small- and medium-sized but also large-sized OLEDs are the most 
competitive displays that can realize form factor-free in displays for 
mass production[1,2]. Among them, interest in quantum dot (QD)-organic 
light emitting diodes (OLED) research is increasing in recent years be-
cause it exhibit high color gamut in BT 2020, excellent wide-angle de-
pendence (WAD) characteristics and fast response speed[3,4]. The 
QD-OLED display made by the combination of QD and OLED is a 
display that shows information using QD devices, which are nano-
meter-sized microscopic semiconductor particles that emit light by 
themselves by absorbing the incident blue light[5]. Despite being a 
next-generation display with such excellent characteristics, many stud-
ies have been conducted to increase the efficiency of quantum dot ma-
terials themselves, including Cd-based and non-Cd-based materials and 
devices[6,7]. In addition, the efficiency of the QD material itself is 
greatly affected by various processes applied to the actual display[8]. 
In other words, it is important to improve the efficiency of the materi-
als itself in order to maximize the light conversion efficiency by col-
lecting blue incident light, but the approach to structural optimization 
of process architecture is also very important. Furthermore, in ap-
proaching such structural optimization, color purity, which is one of the 
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biggest advantages of QD, must be considered together[9]. However, 
most of the papers have been reported on efficiency and color gamut 
of quantum dot light-emitting diodes (QLEDs), but there are few pa-
pers on QD-OLED[10,11].

Therefore, first of all, in this paper, the optimization of the device 
structure for QD-OLED to improve the color purity of red was studied. 
That is, the influence of the process architecture that affects the emis-
sion spectrum of red color after passing through the red(R)-QD was 
systematically investigated. Especially, in organic optoelectronic devices, 
numerical analysis is very important when experiments are designed to 
extract the physical factors that control the electrical and optical prop-
erties and to optimize the in device performance[12]. Therefore, in this 
study, the effect of the QD-OLED process architecture on the emission 
spectrum was systematically analyzed using Fluxim’s the semiconducting 
thin film optics simulation (SETFOS) tool. The SETFOS is a very use-
ful tool for developing these novel optoelectronic thin film-based 
technologies. This tool basically follows the Monte Carlo simulation of 
the transport of a single-type charge carrier in a device composed of 
a disordered organic semiconductor located in between two electro-
des[13,14]. In particular, this tool is used to analyze the influence of 
factors such as QD density in the QD layer and the thickness of QD 
layer to improve color purity, which is essential in obtain a high color 
gamut, and to investigate the optimal structure of QD-OLED devices.

2. Experimental

2.1. Device design of the OLED multi-layers
As shown in Figure 1, a blue OLED emitting layer consisting of dif-

ferent layers was designed in this paper. Indium tin oxide (ITO) mate-
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Figure 1. The basic structure of the investigated OLED multi-layers 
and the materials used in the different layers.

Figure 2. The energy band diagram of the OLED multi-layers.

rials were selected as the anode electrode, and Ca and Al materials 
were selected as the cathode electrode. The 5-nm Ca layer is thinly de-
posited on the 150-nm Al layer to facilitate electron’s injection effi-
ciency from the cathode. For the electron injecting layer (EIL) layer, 
40-nm of n-NET5 material was used and 10-nm of NET5 material was 
used as the electron transporting layer (ETL). The emitting layer was 
a fluorescent blue material, spiro-DPVBi 15-nm. A 10-nm of p-NHT5 
material was used as the hole injecting layer (HIL), and 10-nm of 
a-NPD was used as the hole transporting layer (HTL). To maximize 
hole’s injection efficiency from anode and to improve electron’s in-
jection efficiency from cathode, the energy level diagram of these 
OLED multilayer systems was examined as presented in Figure 2. The 
highest occupied molecular orbital (HOMO) levels of the a-NPD, blue 
fluorescent layer B-Spiro-DPVBi, and NET5 were -2.33, -2.55, and 
-5.6 eV, respectively, and the lowest unoccupied molecular orbital 
(LUMO) levels were -5.33, -5.6, and -5.7 eV, respectively.

2.2. Emission spectrum properties of the blue OLED
In this study, the emission spectrum according to the wavelength 

was first investigated using a 15 nm spiro-DPVBi, which is a 
fluorescent blue material. Figure 3 shows that the emission spectrum 
analysis indicates the maximum peak in the 445 nm wavelength band. 
In addition, as a result of the blue color coordinated analysis using 
CIE1931 to investigate the color purity, we can observe that the blue 
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Figure 3. The emission spectrum of blue OLED.

Figure 4. The CIE1934 color diagram of blue OLED.

Figure 5. The schematic diagram of OLED stack with red quantum- 
dot (R-QD) layer.

color coordinate in the CIE1931 color diagram indicates that Bx is 0.15 
and By is 0.12, as shown in Figure 4. In other words, the blue material 
spiro-DPVBi does not emit a complete deep blue light by itself.

2.3. Process architecture modeling of QD-OLED
Figure 5 shows the schematic diagram of the QD-OLED process ar-

chitecture considered for the design of this study. A QD layer is addi-
tionally stacked on top of the OLED multi-layers, which is shown in 
Figure 1. The thin film transistor is located under the OLED mul-
ti-layers, and the bottom glass is located as the base layer.
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Figure 6. The emission spectrum according to the wavelength with 
different density of the red quantum dot (R-QD).

2.4. Quantum dot light extraction
The theoretical equation for calculating the external quantum effi-

ciency (EQE) of the QD-OLED should be considered according to the 
following equation. The total EQE represents the product of the effi-
ciency of the blue incident light, efficiency of the blue light con-
version, and light out-coupling efficiency to the air. Therefore, as ex-
pressed in the following equation, we can observe that the overall EQE 
increases as the blue incident-light and light-conversion efficiencies in-
crease[15].

EQE = ηB × ηc × ηout (1)

where ηB is the efficiency of the blue incident light, ηC is the effi-
ciency of the blue light conversion in the QD layer, and ηout is the 
light out-coupling efficiency.

3. Results and Discussion

3.1. Emission spectrum with different R-QD densities
First, the emission spectrum result according to the wavelength was 

analyzed to determine the R-QD light-conversion efficiency according 
to the blue incident light. In order to investigate the effect of the QD 
filling density on the light conversion efficiency, this study analyzed 
the spectrum after passing the QD according to the incident light by 
dividing the QD density into five stages: 1, 5, 10, 20 and 30%. The 
thickness of the QD layer was selected in advance as 10µm through 
optimal simulation, and detailed investigations were conducted accord-
ing to the QD filling density. Figure 6 shows that as the QD density 
increased from 1 to 20%, the intensity in the blue wavelength band 
gradually decreased after passing through the QD, and that in the red 
wavelength band increased. We can observe that when the QD density 
was 20%, the light leakage in the blue wavelength band according to 
the blue incident light was very weak and rarely occurred, whereas the 
intensity in the red wavelength band significantly increased. Therefore, 
in the OLED structure investigated in this study, it was found that blue 
light could be effectively blocked when the QD density was at least 
20%, and a very sharp red spectrum could be obtained when the QD 

Figure 7. The emission spectrum of blue OLED with different R-QD 
thickness.

density was 30% or more. In other words, the QD filling density should 
be increased to at least 20% in order to ensure display characteristics 
that provide high color purity.

3.2. Emission spectrum with different R-QD thicknesses
Figure 7 shows the emission spectrum according to the thiGckness 

of the R-QD layer containing R-QDs when the R-QD density in the 
R-QD layer is 10%. As shown in Figure 7, when the thickness of the 
R-QD layer is 2 µm, it can be seen that the emission spectrum is 
strong in both the blue and red wavelength bands. This happens be-
cause the thickness of the R-QD layer is too thin, so the blue incident 
light cannot be adequately scattered in the R-QD layer. In other words, 
it can be seen that a large portion of the blue incident light passes 
through the R-QD layer and generates blue light leakage, and some of 
the light is scattered in the R-QD layer, contributing to the intensity 
of the red emission spectrum. When the thickness of the R-QD layer 
is increased to 4 µm, the emission spectrum in the blue wavelength 
band tends to decrease rapidly. However, the emission peak from the 
blue wavelength band is still large. This tendency shows an improved 
behavior when the R-QD thickness increases to 6 µm or more and is 
almost minimized at the 10 µm thickness. However, even at a thick-
ness of 10 µm, an emission spectrum due to blue light leakage is still 
observed in the blue wavelength band. From the CIE1931 color space 
chromaticity diagram analysis (now shown in this paper) for the R-QD 
10 µm thickness also show that the Rx and Ry are 0.530 and 0.450, 
respectively. It shows a less value than the standard color coordinates, 
Rx 0.708 and Ry 0.292 for deep red in Rec. 2020 or BT. 2020 that 
defines various aspects of ultra-high-definition television (UHDTV) with 
standard dynamic range (SDR) and wide color gamut[16,17]. In other 
words, it can be seen that it is difficult to completely block blue light 
leakage by simply increasing the thickness of the R-QD layer. Therefore, 
it seems necessary to supplement the device structure in order to in-
crease the red color quality.

3.3. New device architecture capable of reducing blue light leakage
From the result of Figure 7, it can be seen that blue leakage cannot 

be blocked entirely with only the R-QD layer itself, and thus the red 
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Figure 8. The schematic diagram of OLED stack with both red quan- 
tum-dot (R-QD) layer and red color filter (R-CF) layer.
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Figure 9. The emission spectrum according to the wavelength with 
different thickness of the red color filter (R-CF).

color purity is also low. Therefore, as shown in Figure 8, to com-
pletely block blue light leakage and increase red color purity, this 
study considered the additional layering of a red color filter (R-CF) on 
top of the R-QD layer to investigate its effect.

3.4. Emission spectrum of R-QD with different R-CF thicknesses
In the case where R-CF is applied at the upper part of the R-QD, 

it is necessary to first analyze the thickness of the CF that is required 
to completely block the blue-light leakage and ensure only the red 
spectrum. Therefore, as shown in Figure 9, the spectral influence of the 
wavelength according to the thickness of the R-CF was investigated. 
After the density of the R-QD was fixed at 10%, the CF thickness was 
systematically split into 1, 2, 3, and 5 µm and analyzed. Figure 9 
shows that when the R-CF thickness was 1 µm, a slight light-leakage 
phenomenon was observed in the blue wavelength band due to the thin 
thickness of the R-CF. It can be seen that as the thickness increases 
by more than 2 um, the aforementioned blue light was completely 
blocked. In addition, we can observe that the full width at half max-
imum of the red light with a thickness of 1 µm decreased compared 
with that at the thickness of 3 µm or more. Thus, the red spectrum 
becomes very sharp. The CIE1931 color diagram (shown in Figure 10) 
and the changes shown in the graph of the color coordinate according 
to the thickness (shown in Figure 11) indicate that as the thickness in-
creases from 1 to 3µm, CIE_x moved to the right (increased), and 
CIE_y moved down (decreased) to a deep red. As a result of the spec-
trum analysis at 5µm thickness, it was confirmed that no significant 

Figure 10. The CIE1931 color diagram according to the thickness of 
the red color filter.
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Figure 11. The color coordinate change with the different thickness of 
the red color filter.

difference existed from the result at 3 µm, showing both Rx and Ry 
are 0.685, 0.315, respectively. Therefore, we can observe that in order 
to ensure a high color purity, the thickness of the aforementioned 
R-CF on the R-QD should be ensured to be at least 3 µm.

4. Conclusion

We have investigated the optimal structure of QD-OLED from the 
viewpoint of process architecture through emission spectrum analysis 
based on the wavelength. It was confirmed that the blue light leakage 
through the QD can be minimized using the by QD filling density 
above the critical value in the R-QD layer. In addition, a very sharp 
red spectrum can be obtained by completely blocking the blue light 
leakage through the R-CF when the R-CF thickness at the upper part 
of the R-QD is increased by at least to 3 µm. Overall, we can observe 
that in order to obtain a high red color purity, the blue light must be 
effectively blocked, and to effectively block the blue light, the QD fill-
ing density in the QD layer and the CF thickness above the QD layer 
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must be increased above the threshold value.
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