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Abstract

:

High-efficiency deep-blue organic light-emitting diodes (OLEDs) play a crucial role in realizing ultra-high-definition (UHD) flat-panel displays and reducing power consumption. Generally, most reported OLEDs with a Commission Internationale de L’Eclairage (CIE) y coordinate < 0.06 are achieved by traditional fluorescent deep-blue emitters. However, it is challenging to obtain deep-blue fluorescent OLEDs with a high external quantum efficiency (EQE) (reaching the theoretical limit of 5%). In this work, we have successfully employed a hole-transporting material for an emitter, which can increase the efficiency in deep-blue OLEDs. The device employed with the proposed hole-transporting material exhibits deep-blue emission peaks at 427.0 nm with CIE coordinates of (0.155, 0.051), a turn-on voltage (Von) of 4.5 V, and an EQE of 4.5%. The performance of the OLED can be improved by 5.0% by optimizing the device structure. Finally, the flexible display when using the OLED devices exhibited a high image quality.
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1. Introduction


With the increasing demand for organic-light-emitting-diode (OLEDs) displays with low power, deep-blue emitters with a high efficiency have attracted much attention [1,2,3,4,5,6,7,8,9]. The commonly used fluorescent luminescent materials exhibit the characteristics of a long lifetime and low cost. However, 25% of excitons are harvested for luminescence, which causes a lower efficiency when compared to phosphorescent emitters [10,11,12,13,14,15,16]. To improve the efficiency of an OLED, phosphorescence emitters are employed to harvest not only 25% excitons (*) from a singlet and but also 75% excitons (***) from triplet states, as shown in Figure 1a. However, blue phosphorescent emitters suffer from a short lifetime, high cost and severe efficiency roll-off. Then, the TADF materials have been considered as an alternative solution for the blue OLED device because 100% IQE can be achieved by harvesting triplet excitons through the reverse intersystem crossing (RISC) process, as shown in Figure 1b [17,18,19,20,21,22,23].



The TADF material developed by Yasuhiro Kondo et al. exhibits a high performance in OLEDs with a low full-width at the half-maximum (FWHM) value (14 nm). Moreover, the emitted light employed by OLED exhibits a high external quantum efficiency (EQE) (34.3%) with Commission Internationale de L’Eclairage (CIE) coordinates of (0.12, 0.11) [24]. Dae Hyun Ahn et al. have developed a promising TADF emitter, which exhibited high properties with a high EQE (21.50%) and CIE coordinates of (0.15, 0.06), respectively [25]. Although the y coordinate in CIE (CIEy) reached 0.06, reaching a deeper region still poses a challenge for the CIE y of TADF blue emitters.



Usually, traditional fluorescent deep-blue emitters are the most explored OLED devices for reaching a deeper region in CIE y. Nevertheless, it is difficult for these devices to obtain a high EQE (>5%). For example, the researchers from Sungkyunkwan University have reported a violet OLED emitter derived from the tetra-tert-butylindolo carbazole emitter with an EQE of 3.3% [26]. Z. Gao et al. have developed a deep-blue OLED device (EQE = 3.02 %) [27]. Therefore, more efforts are needed to enhance the EQE of fluorescent deep-blue OLEDs.



Generally, traditional blue fluorescent materials are composed of core moieties and side groups [28]. The core moieties, which mainly affect the performance in the blue fluorescent materials, should exhibit a high photoluminescence quantum yield (PLQY). It should be noted that the side chain part of traditional blue fluorescent materials can optimize OLED performance by the following method: (a) using large-volume side chains to reduce molecular stacking and thereby suppress luminescence quenching [29]; (b) introducing donor/acceptor side chains to change the electron/hole injection characteristics [30]; and (c) increasing the emission effect to affect molecular orientation [31].



It is well known that the emission of core moiety are red-shifted by increasing the number of side groups [32]. Therefore, to achieve a high-efficiency deep-blue emission, the emission region of the core moiety, which is related to the conjugation length, would take place in the violet or ultra-violet region. The core moieties in which emission wavelengths are appropriate for deep-blue molecules are anthracene, pyrene, chrysene, and fluorene, respectively [33]. Among these materials, the fluorene core moieties connected with various side groups have become promising candidates for deep-blue fluorescent molecules with a high efficiency. Specifically, fluorene exhibits blue light with PLQY as high as 72% [34]. More importantly, the properties of deep-blue fluorescent molecules, including optical, thermal, and electrical performances, can be improved by adopting various side groups.



In this work, the traditional hole-transporting material 9,9-bis-(4-triphenyl-amine)-9H-fluorene (DTF), which adopts fluorene as the core moiety and triphenylamine (TPA) as side groups, has been used for a promising deep-blue fluorescent molecule. The ultraviolet-visible (UV-Vis) absorption spectrum and photoluminescence (PL) spectrum of DTF films have been used to characterize the performance of materials [35,36]. It should be mentioned that DTF films were the theoretically preferred candidates for deep-blue OLEDs because DTF films exhibit an ultra-violet absorption below 350 nm. Moreover, the PLQY of DTF in dichloromethane (DCM) was 0.97. It should be noted that DTF was used as hole-transporting material. The utilization of DTF as deep-blue fluorescent material has not yet been reported. Herein, the preparation process and the performance of a deep-blue OLED device employing DTF were systematically investigated.




2. Materials and Methods


The materials used in this work were supplied by commercial suppliers (Lumtec) without additional purification.



The optical absorption spectrum was measured using Hitachi ultraviolet-visible spectrophotometer U-3010. The fluorescence spectrum was measured using Hitachi fluorescence spectrometer F-4600 [37].



Indium tin oxide (ITO)-coated glass substrates with a thickness of 135 nm and a sheet resistance of 15 Ω sq−1 were successively cleaned with detergent and deionized water. Then, they were dried in an oven at 110 °C for more than 2 h and then treated with ultraviolet ozone for 15 min. The organic layers LiF and aluminum were thermally evaporated at rates of 1.0, 0.1 and 10.0 Å s−1, respectively. The evaporation rate was monitored by a quartz crystal.



The voltage and current were measured by a computer-controlled Keithley 2400 source meter. The luminance characteristics were measured with a Spectrascan PR655 photometer under ambient atmosphere. CE and PE of the devices were calculated using the measured luminance, current, voltage and its lighting area. The EQE of the device was calculated from the current density, luminance, and EL spectrum, assuming a Lambertian distribution [38,39].




3. Results


The DTF is composed of a fluorene core and TPA side groups and is usually used as a hole-transporting material [40]. We noticed that fluorene is a core structure that can emit ultraviolet light and has a high PLQY (0.72) [41]. We think that DTF may be a promising candidate for deep-blue fluorescent materials. Density function theory (DFT) calculations (Gaussian 09 program) are used to study the B3LYP/6-31G (d) basis set. We can see that the TPA plane and fluorene plane are almost perpendicular to each other in Figure 2. This twisted conformation helps to reduce the π-π stacking between molecules. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of DTF are distributed at the electron-rich triphenylamine moiety and the fluorene moiety, respectively [42].



The characteristics of the DTF films characterized under room temperature can be seen in Figure 3. The DTF films exhibit ultraviolet absorption with peaks at 209.0 nm, 279.0 nm, and 311.0 nm. As shown in the PL spectrum, a mixture of two adjacent peaks, 427.0 nm and 450.0 nm, can be evidently observed, respectively. Meanwhile, the FWHM is estimated to be 48 nm. Furthermore, the PLQY of DTF in DCM is measured to be 0.97. The above results indicate that DTF is a promising deep-blue fluorescent emitter.



The detailed deposition process of Device 1 is shown in Figure 4a, as follows: Firstly, a 30 nm thick 4,40-bis [N-(1-naphthyl)-N-phenyl] biphenyl diamine (α-NPD) film was deposited on the ITO template. Secondly, a 20 nm thick 4,4′,4″-tris(N-carbazolyl) triphenylamine (TCTA) layer was fabricated and patterned on the α-NPD layer. Subsequently, a 10 nm thick 9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi) layer and a 20 nm thick bis (2-(diphenylphosphino)phenyl) ether oxide (DPEPO):16 wt% DTF layer were deposited in sequence on the TCTA layer, and then a 30 nm thick 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBi) layer and a 0.8 nm thick LiF (0.8 nm) layer were deposited in sequence on the DPEPO layer. Finally, 80 nm thick aluminium (Al) was used as a cathode electrode for the OLED device.



Excitons can be combined well in the DTF films because DPEPO has a high singlet energy level (S1) and triplet energy level (T1). It should be mentioned that the doping concentration of DTF in the emitting layer (EML) is optimized to 16 wt%. Figure 4b shows the electroluminescence (EL) spectra with a different luminance. Device 1 exhibits the same deep-blue emission peaks at 427.0 nm, which is consistent with the PL spectrum. The CIE coordinates of Device 1 are measured to be (0.155, 0.051), demonstrating that the deep-blue OLED device can be fabricated. As shown in the J-V-L plots (Figure 4c), device 1 exhibits a high turn-on voltage (Von = 4.5 V, seen in Table 1), which may be caused by a large injection barrier between DPEPO and TPBi. As depicted in Figure 4d, Device 1 achieves a high EQE (4.5%).



Note that Device 1 exhibits a relatively high Von and low power efficiency (PE = 1.4 lm/W). Therefore, we investigated devices using mCP as the host and TPBi/2,7-bis(diphenylphosphoryl)-9,90-spirobi[fluorene] (SPPO13)/1,3-tri[(3-pyridyl)-phen-3-yl]-benzene (TmPyPB) as the ETL, with the configuration (as shown in Figure 5a) of di-[4-(N,Ndi-tolyl-amino)-phenyl]cyclohexane (TAPC) (40 nm)/TCTA (10 nm)/1,3-bis(carbazole-9-yl)benzene (mCP):24 wt% DTF (20 nm)/ETL (45 nm)/LiF (0.8 nm). The doping concentration of DTF is optimized to 24 wt%. The materials of the ETL layers are TPBi, SPPO13, and TmPyPB for Devices 2-1, 2-2, and 2-3, respectively. Figure 5b shows the EL spectra of Devices 2-1, 2-2, and 2-3 at different luminances. In the normalized EL spectra of Device 1, the intensity of the peak at 427 nm is higher than the peak at 450 nm. However, in Devices 2-1, 2-2 and 2-3, the intensity of the peak at 450 nm is higher than the peak at 427 nm. Therefore, there is a slight red shift of Devices 2-1, 2-2 and 2-3 compared to Device 1. The red shift may be caused by poor exciton confinement in the EML and can be estimated by the CIE coordinate variation [43]. The CIE coordinates of Devices 2-1, 2-2 and 2-3 are measured to be (0.160, 0.064), (0.151, 0.062) and (0.151, 0.056). The emissions of Devices 2-1, 2-2, 2-3 are slightly red-shifted compared with Device 1. The J-V-L plots are shown in Figure 5c. Devices 2-1, 2-2, and 2-3 exhibit a lower Von of 3.2 V, 3.1 V and 3.1 V (shown in Table 1). The lower Von may be caused by a lowered injection barrier. Moreover, as shown in Figure 5d, Devices 2-1, 2-2 and 2-3 exhibit a lower external EQE of 2.7%, 1.2% and 1.7%, respectively.



In contrast to the Device 1, Devices 2-1, 2-2, and 2-3 exhibit a lower Von and lower EQE, which may be caused by hole leakage from EML to ETL. DPEPO with a larger steric hindrance, higher energy gap and higher excited state energy levels possess a better capacity for hole blocking and exciton confinement in the deep-blue device. Therefore, we use DPEPO as a hole-blocking layer and investigate Device 3 with the configuration shown in Figure 6a: TAPC (40 nm)/TCTA (10 nm)/mCP:24 wt% DTF (20 nm)/DPEPO (5 nm)/TmPyPB (45 nm)/LiF (0.8 nm). The thickness of DPEPO is optimized to 5 nm. The EL spectra of Device 3 are depicted in Figure 6b, indicating stable deep-blue emission peaks at 427.0 nm in this device with the CIE coordinates of (0.155, 0.055). The J-V-L plots are shown in Figure 6c. Device 3 exhibits a Von of 3.3 V (shown in Table 1). Most importantly, Device 3 exhibits a high EQE of 5.0% in Figure 6d. It is challenging for the CIE y of TADF blue emitters to reach a deeper region (CIE y < 0.06) [44]. Normally, most reported OLEDs with CIE y < 0.06 were achieved by traditional fluorescent deep-blue emitters. Here, deep-blue fluorescent OLEDs with a high EQE of 5.0% (reaching the theoretical limit) were reported.



An AMOLED display was used to test the OLED device (Device 3), which was prepared on a flexible polyimide (PI) substrate. As shown in Figure 7a, the display features an external compensation sub-pixel circuit composed of three thin film transistors (TFT, T1–T3) and one storage capacitance (Cst) to provide a stable driving circuit for the OLED device. The cathode electrode of the OLED device is connected to the low-level power source (VSS = 0 V), while the anode electrode is connected to the source electrode of the driving TFT (T1). When the scan signal (WR) is selected, VData is transported to the gate electrode of T1, allowing the brightness of the OLED to be adjusted via the driving current generated by T1. The circuit design ensures the reliable performance of the OLED device.



Figure 7b illustrates the sub-pixel arrangement in each pixel of the top-emitting flexible AMOLED display. Each pixel is composed of three sub-pixels (Red/Green/Blue). The areas of OLED are 4664 μm2 for R sub-pixel, 5088 μm2 for G sub-pixel and 5862 μm2 for B sub-pixel, respectively. Meanwhile, the pixel size is 29,756.25 μm2. Therefore, the average aperture ratio (the proportion of OLED area in the pixel) is 52.5%. Figure 7c shows the pixel expanding horizontally and vertically in two dimensions. The scan signals (WR1~WR2160, RD1~RD2160) are generated by the gate driver circuits. The data lines are connected to the external source IC.



Figure 7d presents the schematic diagram of the 31-inch AMOLED display on the plastic substrate. The process starts by coating the PI substrate, with a thickness of 10 μm, on the carrier glass using a slot-die coater. Next, a stack of SiO2/Si3N4/SiO2 films is deposited on the PI to serve as a template layer for the TFT arrays. The indium-gallium-zinc oxide (IGZO)-TFTs are then fabricated on the inorganic SiO2/Si3N4/SiO2 films, followed by the deposition of the OLED films on the TFT arrays in an AMOLED manufacturing factory. Finally, the laser lift-off process is used to peel off the PI from the carrier glass, as shown in Figure 7d. This fabrication process ensures the reliability and flexibility of the AMOLED display. The mechanical properties of the prepared flexible structure can be seen in our previous study [3].



Our team has performed lighting tests on the fabricated OLED device, and as shown in Figure 8a, all pixels (2160 × 3840) light up successfully, demonstrating the functionality of the OLED devices. Additionally, even after the laser lift-off process, the display still works well, as shown in Figure 8b. In our previous study [3], the flexible display was continuously operated for 500 h. Colorimetric measurements were taken using the CIE at (0.72, 0.28), completely covering the BT.2020 color gamut (the black line in Figure 8c). The luminance uniformity of the flexible display was systematically studied using the following equation:


   P i  = ( 1 −  |     L i  −  L  c e n t e r      L  c e n t e r      |  )  



(1)




where Lcenter is the luminance at the center of the display, Li is the luminance at the other place in the display, and Pi is the luminance uniformity. The luminance uniformity of low grays (63 gray), medium grays (127 gray) and high grays (232 gray) in different pictures (R/G/B/W) can be seen in Figure 8d. It should be mentioned that all the gray scales can reach the LG’s brightness uniformity spec (80%), indicating that the OLED devices and the displays fabricated in our laboratory can reach industrialization requirements.




4. Conclusions


In conclusion, we have found that traditional hole-transporting material is a promising deep-blue fluorescent emitter. (1) A mixture of two adjacent peaks at 427.0 nm and 450.0 nm can be evidently observed in DTF films. Furthermore, the PLQY of DTF in DCM is measured to be 0.97; (2) A device utilizing DTF as an emitter exhibits deep-blue emission peaks at 427.0 nm, which is consistent with the PL spectrum. The device exhibits CIE coordinates of (0.155, 0.051), a Von of 4.5 V, and an EQE of 4.5%; (3) By optimizing the device structure, a Von of 3.3 V and EQE of 5.0% can be obtained; (4) Finally, confirming the OLED device described above (Device 3), the flexible AMOLED display exhibits a high image quality, demonstrating the high performance of the OLED devices.
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Figure 1. Energy diagram of (a) phosphorescent emitter and (b) TADF emitter. 
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Figure 2. The calculated HOMO and LUMO distributions of DTF and molecular structure of materials used in devices. 
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Figure 3. The ultraviolet absorption and PL spectra of DTF films. 
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Figure 4. Device 1: (a) structure and HOMO, LUMO energy levels (in eV); (b) EL spectra; (c) current density-voltage-luminance (J-V-L) plots; and (d) EQE curve. 
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Figure 5. Devices 2-1, 2-2 and 2-3: (a) structure and HOMO, LUMO energy levels (in eV); (b) EL spectra at different luminance; (c) J-V-L plots; and (d) EQE curves. 
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Figure 6. Device 3: (a) Structure and HOMO, LUMO energy levels (in eV); (b) EL spectra with different luminance; (c) J-V-L plots; and (d) EQE curve. 
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Figure 7. The 31-inch 4K AMOLED flexible display. (a) The circuit design of each sub-pixel in the display; (b) the sub-pixel arrangement in each pixel; (c) the TFT array diagram of 4K AMOLED display; and (d) the schematic diagram of thin films on the backplane. 
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Figure 8. The image of 31-inch 4K AMOLED display on (a) PI/glass template; (b) PI template; (c) CIE color coordinate of the AMOLED display; (d) the brightness difference over the display. 
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Table 1. The EL performance summary of the prepared devices in this work.






Table 1. The EL performance summary of the prepared devices in this work.





	Device
	Von

[V]
	CEMax

[cd/A]
	PEMax

[lm/W]
	EQEMax

[%]
	Peak

[nm]
	LMAX

[cd/m2]
	CIE





	1
	4.5
	2.0
	1.4
	4.5
	427
	266.2
	(0.155, 0.051)



	2-1
	3.2
	1.4
	1.2
	2.7
	427/450
	3500.0
	(0.160, 0.064)



	2-2
	3.1
	0.7
	0.7
	1.2
	427/450
	1120.0
	(0.151, 0.062)



	2-3
	3.1
	0.9
	0.8
	1.7
	427/450
	3750.0
	(0.151, 0.056)



	3
	3.3
	2.5
	2.3
	5.0
	427
	674.0
	(0.155, 0.055)







Von: The driving voltage at the luminance of 1 cd/m2; CEMax: The maximum CE; PEMax: The maximum PE; EQEMax: The maximum EQE; Peak: The peak wavelength of EL spectra; LMax: The maximum luminance; CIE: Commission Internationale de L’Eclairage.
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