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Abstract: In this study, we have designed a series of blue electroluminescent (EL) devices with streamlined structures based
on conventional electron transport materials. The incorporation of TcTa layer leads to a distinct improvement in the EL
properties, which is attributable to the balanced distribution of the charge carriers and the extent of the recombination zones
in the emission layer. In addition, it has been found that the auxiliary thickness of the stepwise TcTa layer is advantageous in
order to improve the color purity of the device. Finally, device obtained the highest brightness, current efficiency, power
efficiency, power efficiency and external quantum efficiency (EQE), reaching 3914 cd/m*,12.58 cd/A, 12.69 Im/W and
13.1% respectively. The color coordinates of the device are (0.176, 0.159), which are shown in dark blue..
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1. Introduction

Organic light-emitting diodes (OLEDs) have attracted the attention of researchers for decades because of their potential
applications in solid-state lighting and full-color displays[1-5]. Compared to green and red materials, blue emitters often
exhibit suboptimal performance, resulting in lower device efficiency, shortened device life, and compromised color purity[6-
8]. Developing efficient and stable blue devices is a major challenge for the advancement of OLED technology[9-12]. Due to
the large forbidden bandwidth of the blue emitter, it is relatively easy to cause excitation energy to be too high, which can lead
to exciton-exciton interactions or exciton-polarizer interactions that destroy the chemical structure of the molecule[14,15]. This
will have a significant impact on the efficiency and lifespan of blue devices[16]. The choice of material with a narrow
bandwidth is not enough to meet a high color rendering index[17]. Designing more efficient and stable blue emitters is a
crucial step in overcoming the challenges associated with OLED materials.

To meet this need, purely aromatic thermally activated delayed fluorescence materials (TADF) were prepared. Zhang et al
[18]. designed a blue TADF emitter material, bis [4-(9, 9-dimethyl-9, 10-dihydroacridine) phenyl] sulfone (DMAC-DPS),
which exhibits a distorted molecular configuration and significantly inhibits intramolecular charge transfer. The HOMO and
LUMO levels are highly separated and promote a small A Est for effective RISC progression. In addition, DMAC-DPS-based
OLEDs have a high external quantum efficiency (EQE) of 19.5% and international lattice coordinates (CIE) of (0.16, 0.20).
Kim et al [19]. designed and constructed two sky blue TADF transmitters, DCZTRZ and DDCZTRZ. Blue OLEDs based on
these two emitters emit 459 and 459 respectively. 467 nm, which has a longer lifetime than blue phosphorescent OLEDs based
on Ir (dbi)s. Although new materials improve the performance of devices, few studies have been conducted to optimize the
structural design of devices.

The aim of this study is to propose a strategy to improve the performance of the CZ-PS by designing a simplified device
structure. The electron transport material Tm3PyP26PyB was used as the host material to simplify the device structure, and a
TcTa layer was inserted as a stepwise intermediate layer between HTL and EML to achieve a balance between injection and
pore transport. By optimizing the doping concentration of the emitter and the thickness of the deposited layer, a dark blue
device with maximum current efficiency and external quantum efficiency (EQE) of 13.63 cd/A and 13.1%, respectively, was
obtained.

2. Methodology

All organic materials used in this investigation were sourced from Luminescent Technologies and were used in their
original state without any cleaning. The anode substrate consists of indium tin oxide (ITO) coated glass with a disk resistance
of 10 Q/sq. The patterned ITO substrate is washed with a detergent before film deposition, rinsed in deionized water and
finally dried in an oven. The organic layer is deposited in a high vacuum. It is prepared by co-evaporation of CZ-PS with host
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materials from two sources, and the doping concentration is adjusted by controlling the evaporation rate of CZ-PS. MoOs,
lithium fluoride and Al in another vacuum chamber at velocities of 0.01, 0.01 or 1 nm/s and without atmospheric action. The
thickness of the deposited layers and the evaporation rate of the individual materials were monitored under vacuum with a
quartz crystal monitor. On any substrate. The current density-brightness-voltage characteristics (J-B-V) were measured with
programmable Keith light source measuring units (Keithley 2400 and 2000). The EL spectra were measured with a calibrated
Hitachi F-7000 fluorescence spectrophotometer. From the light energy measured by the photodiode, the EL spectrum and the
current flowing through the device, the external quantum efficiency (EQE) of the device was calculated. CIE1931 Standard
Method for Chromatic Coordinates.

3. Results and discussion

Figure 1 shows the energy level diagram and molecular structure of the optimized devices for CZ-PS, TcTa and
Tm3PyP26PyB .In this case, the MoO3 use to inject the intermediate material and inoculate the hole [20-22]. Di-4 (N, N-
diolaminophenyl) cyclohexane (TAPC) was selected as the hole transport layer (HTL) and as the electron blocking layer
(EBL). CZ-PS was chosen as the emitter because of its pure blue emission (peak in toluene at 404 nm wavelength) and the
great separation of the Homound and Lumo mirrors. Tm3PyP26PyB was selected as the electron transport layer and as the
main film because of its high electron mobility [23-27].
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Fig. 1. Energy levels of the devices in this work and the molecular structures.

Initially, a series of devices were produced. The detailed performances of these examples are shown in Figure 2 (a). The
experimental results show that at 5 a doping concentration of 10% by weight a maximum brightness of 1854 cd/m2, a current
efficiency of 11.68 cd/A, a power efficiency of 11.76 Im/W and an EQE of 11.3% are obtained. Switching-on voltage shows
the normalized EL spectra of these devices in Figure 2(b), which operate at a current density of 10 mA/cm2. The EL spectrum
of 10% by weight has a peak of 463 nm and the CIE coordinates of (0.178, 0.164). Furthermore, at approx. 575 nm a further
emission peak originating from excimers is observed [28—30].

Vol: 2024 | Iss: 5 | 2024 | © 2024 Membrane Technology 360



Membrane Technology
ISSN (online): 1873-4049

(@) (b) 10
A RS A AARAA, T Pt
U] R o R X £ 3 _,J‘.[u \\.; ™ 463 nm
. ,, W
I < st U — 6 wt%
g z e\ .
g i i W T 8wtk
~ 2000 c Y o
3 11E & ol ) J 10 wt'e
= E T E JiA
Q E 0 = f
5|5 s m i
2 2z P il
5 g o §a 6w B 04r h{
H] L
o |3 Be gwn | N i
o.1FE o @A 10 wit%h © i
© v 2wt% | E 02r i
o 1awth | S )
10 o,
. L Voltage V) e 00 //
10" 10° 10! 10? 300 400 700
Current density (mA/cm?) Wavelength (nm)

Fig. 2. () EL efficiency-current density characteristics of single-EML devices. (b) EL spectra of the single-EML devices at 10
mA cm2,

For comparison, we have produced another series of dual EML devices, which are structured as follows: 1TO/MoO3(3
nm)/TAPC (50 nm)/CZ-PS (x% by weight): TAPC (10 nm)/CZ-PS (x% by weight): Tm3PyP26PyB (10 nm)/Tm3PyP26PyB
(50 nm)/LiF (1 nm)/AI (100 nm). The values for x are given as 6, 8, 10, 12, 14 and 16, respectively. Figure 3 (a) show detailed
EL performance data. The 10% doped devices have the highest brightness, current efficiency, power efficiency and EQE of
1853 cd/mz?, 12.21 cd/A, 12.39 Im/W and 11.5%, respectively. Compared to single EML devices, dual EML devices have
reduced brightness but improved EL efficiency. The presence of double EMLs reduces the barriers to hole transport and
thereby facilitates the hole injection of HTL into EML, thereby improving the balance of holes and electrons on the Cz-PS
molecule. Figure 3 (b) shows the normalized EL spectra of dual EML devices, which show purer blue emission than single

EML devices.
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Fig. 3. () EL efficiency-current density of the double-EMLs devices. (b) EL spectra of the double-EMLs devices at 10 mA
cm2,

As shown in Figure 3 (a), the EL efficiency of dual EML devices is lower than that of single EML devices at high current
densities. At a brightness of 1000 cd/m?, the efficiency of a single EML device decreases more slowly than a dual EML device.
6 Therefore, single EML devices show superior EL performance and greater ease of use compared to dual EML devices. To
improve the performance of the EL, a TcTa thin layer was successively inserted between the HTL and the EML. This stepwise
layer facilitates the transport of holes, resulting in a balanced distribution of electrons and holes and a wider recombination
range. In addition, the performance of the EL has improved in terms of both brightness and efficiency, as shown in the Figure.
4 (a). Finally, devices with showed the highest brightness (3864 cd/m?), current efficiency (12.58 cd/A), power efficiency
(12.69 Im/W) and EQE (13.0%). This study shows that adding TcTa layers to these devices can significantly improve their EL
performance by up to 50%.
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Fig. 4. () EL efficiency-current density of the devices with TcTa at different thicknesses. (b) EL spectra of the devices with
TcTa layer at different thicknesses.

It is suspected that the key to achieving high EL performance in these devices is to try to efficiently regulate the injection
and transport of holes, leading to a more balanced distribution of charge carriers across the emitter molecules. In addition, the
EL spectrum of the single EML device with 5 nm without TCTA layer shows a clear blue shift of approximately 26 nm, as in
Figure 4 (b). The inclusion of the TcTa layer significantly improves EL performance, along with a reduction in emission
energy loss, blue shift and excimer peak reduction. This shows that the device structure for the emitter is advantageous to use
excitons for light emission and improve the purity of blue emission. This gives a dark blue CIE (0.163, 0.088). Once the frame
of the device is built up, the thickness of the ETL is further optimized. As shown in the Figure 5 (a), the highest brightness for
the 7 device with an ETL thickness of 60 nm (3914 cd/m2), current efficiency (13.63 cd/A), power efficiency (13.56 Im/W)
and EQE (13.1%).
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Fig. 5. (a) EL efficiency-current density of devices with electron transport layer at different thicknesses. EL spectra of devices
with electron transport layer at different thicknesses.

As shown in Figure. 5 (b), the normalized EL spectral peak is at 439 nm. We hypothesize that the widened ETL promotes
electron injection into the EML and thereby balances the distribution of electrons and holes within the EML. This in turn leads
to a certain pore accumulation in EML, which counteracts the initial pore defects and ultimately leads to an improvement in EL
performance. We then constructed devices with the following structure: ITO/MoQO3 (3 nm)/TAPC (y nm) (y = 40, 45, 50, 50,
55, 60)/TcTa (3 nm)/CZ-PS (10%): Tm3PyP26PyB (10 nm)/Tm3 PyP26PyB (60 nm)/LiF (1 nm)/Al (100 nm) was prepared to
determine the thickness of the HTL.
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Fig. 6. () EL efficiency-current density of devices with hole transport layer at different thicknesses. (b) EL spectra of devices
with hole transport layer at different thicknesses.

The EL properties of these devices are shown in Figure 6 (a), Figure 6 (b). The optimized HTL thickness is 50 nm,
identical to previous optimizations. This suggests that in this case, 50 nm is the optimal thickness for HTL to achieve efficient
hole transport. In addition, it shows that the key to achieving devices with high EL performance is to effectively control the
implantation and transport of holes. At the same time, we try to optimize the thickness of EML. The detailed EL performances
of the designed devices with different EML thicknesses are shown in Figure 7(a), and (b), respectively. Remarkably, the EL
performance of devices with 10 nm EML shows an encouraging improvement compared to devices with EML thicknesses of 6
and 8 nm. This shows that the extension of the EML helps to achieve high EL efficiency and color purity. To gain a deeper
understanding of the mechanism of the improved EL efficiency of 8 these devices, the distribution of holes and electrons in
these devices is also analyzed.
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Fig. 7. (a) EL efficiency-current density of devices with emitting layer at different thicknesses. (b) EL spectra of the devices
with emitting layer at different thicknesses.

As shown in Figure 8, device (a), the electrons are localized on the CZ-PS molecule due to the efficient electron transport
properties of the host material Tm3PyP26PyB. On the contrary, due to the high pore blocking ability of Tm3PyP26PyB, pores
accumulate in the TAPC layer near the interface between TAPC and EML. In the device (b), the insertion of the TcTa layer
facilitates the implantation of the holes in the EML. At the same time, the TcTa layer also balances some electrons on CZ-PS,
improving the balance of holes and electrons on CZ-PS molecules. Accordingly, device (b) exhibits improved EL performance
and blue shift of the EL spectrum, indicating superior color purity. The device (c) has a thicker ETL layer compared to (b).
With increasing ETL thickness, electron transport is delayed. Theoretically, increasing the implantation rate of pores
contributes to the formation of a recombination region near ETL, which is advantageous for maintaining the balance of charge
carriers on the CZ-PS molecule and expanding the recombination region. The device (b) thus exhibits the purest CZ-PS
emission, while the device (c) in this case achieves the highest EL efficiency. It can be seen that the design of the device
structure with electron transport materials as the main body and step-by-step energy levels of injection and transport of holes is
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advantageous, balancing the distribution of charge carriers and even improving the trapping ability of charge carriers. This
reduces the operating voltage and improves EL efficiency, brightness and color purity.

(a) (b) (c)
-1.8 eV -1.8eV 1.8eV
-2.5eV -2.4 eV -2.4 eV
I [25eV. 25 eV
TAPC |[-291eV TAPC -2.91eV TAPC -2.91eV
(HTL/EBL) (HTL/EBL) (HTL/EBL)
fcTa fcTa
CZ-P§:Tm3PyR26PyB CZ-P§:Tm3PyP26PyB Cz-P§:Tm3PyP26PyB
(EML) (EML) (EML)
+44+4+ 4 ++ +4+
ik R 4]
55ev fFla-, -5.5eV L R 5.5eV Lo gk
-5.8 eV 5.7eV|.58eV -5.7eV|.58 eV
-6.5 eV -6.5eV -6.5 eV

Fig. 8 Carriers' distribution in device (a), (b) and (c).
4. Conclusion

In summary, by doping CZ-PS in Tm3PyP26PyB, we successfully synthesized a high-efficiency dark blue EL device,
which was widely used as ETL material, thus simplifying the device structure. 3 nm TCTA thin film between HTL and EML to
balance the distribution of holes and electrons. Compared to previously reported results, the dark blue EL device has a low
switch-on voltage of 2.8 V and a maximum brightness of 3914 cd/m?*. Finally, the maximum current efficiency, power
efficiency and EQE of the optimized dark blue EL device were 12.58 cd/A, 12.69 Im/W and 13.1%, respectively. The CIE
values were (0.176 and 0.159, respectively). At a brightness of 1000 cd/m?, the current efficiency and the EQE of the device
are 11.17 cd/A and 11.4%, respectively.
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