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Abstract

:

Organic light-emitting diodes (OLEDs) are promising for displays and lighting technologies because of their excellent advantages, such as high efficiency, high luminance, low power consumption, light weight, and flexibility. In recent years, ultrathin emitting nanolayers (UENs) have been used to develop OLEDs without the doping technique, which can simplify device structure, reduce material loss, achieve good exciton utilization, and realize comparable performance to doped devices such as the external quantum efficiency of 28.16%, current efficiency of 63.84 cd/A, and power efficiency of 76.70 Lm/W for white OLEDs. In this review, we comprehensively summarize the recent progress in the field of UEN-based OLEDs. Firstly, the host–guest-doped OLEDs and doping-free UEN-based OLEDs are compared. Then, various effective approaches for designing UEN-based OLEDs are presented, including both monochromatic and white devices. In particular, the properties of materials, the design of device structures, and the main working mechanisms of UEN-based OLEDs are highlighted. Finally, an outlook on the future development of UEN-based OLEDs is provided.
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1. Introduction


In 1987, Tang et al. reported the first organic light-emitting diodes (OLEDs) with an external quantum efficiency (EQE) of 1%, setting off an OLED research boom [1]. OLEDs have become one of the most promising display technologies due to their advantages of self-emissivity, high efficiency, high luminance, high contrast ratio, and flexibility [2,3,4,5,6,7]. A reasonable emitting layer has been well demonstrated to be the key to achieving high device performance [8,9,10,11,12,13,14,15,16]. However, host–guest doping techniques are commonly used to produce emitting layers in OLEDs in order to solve the problems of molecular aggregation and exciton quenching. As a result, doping techniques can improve the luminescence efficiency, broaden the design flexibility of devices, and inhibit device aging [17,18] Nevertheless, there are still many limitations for doping techniques such as high-precision doping, high requirements for the host material, and high manufacturing costs, especially for the complex device structure of white OLEDs (WOLEDs) requiring the incorporation of two or more emitting layers [19,20,21,22,23,24]. Due to the limitations of traditional doping technology, doping-free organic light-emitting diodes (DF-OLEDs) have gradually attracted the attention of researchers, and OLEDs comprising ultrathin emitting nanolayers (UENs) have been extensively studied over the past few years.



In UEN-based OLEDs, as the name implies, the emitting layer is usually very thin (e.g., <1 nm) compared to the doped OLEDs. The exploitation of UENs does not have to use doping technology since it can form a similar co-doping effect with adjacent layers, which makes the device structure and fabrication process more simplified [25,26,27]. In addition, the device design becomes more flexible, and the material consumption and manufacturing costs are lowered [28,29]. Nowadays, UENs can achieve high electroluminescence (EL) performance. For example, the EQE of UEN-based OLEDs can exceed 20%, and the color rendering index (CRI) can exceed 90 [30,31].



In this review, we first compare traditional host–guest doping structures with the UEN-based technique to clarify the characteristics of UEN-based OLEDs. Then, the latest progress in research on OLEDs with UENs is reviewed in detail, including both monochromatic and white devices. Finally, we present our views on the future development of OLEDs with UENs.




2. Comparison of Host–Guest Doping Structures and Doping-Free UEN-Based OLEDs


2.1. Host–Guest Doping Structures


The conventional host–guest doping system combines the host material with various high-efficiency guest emitters, obtaining high efficiency and different light colors [32,33,34,35]. However, on one hand, if the doping concentration is too low, the distance between the host and guest molecules would be larger than the energy transfer radius, and the exciton on the host molecule will first spread to another host molecule instead of the doped guest molecule, which will lead to energy loss [36,37,38]. On the other hand, if the doping concentration is too high, the π-π stacking interaction of the doped guest molecule will be enhanced, leading to concentration quenching [39,40]. Because of the demand for energy transfer, the host material is required to have a high triplet (T1) energy level, suitable lowest unoccupied molecule orbital (LUMO) and highest occupied molecule orbital (HOMO) energy levels matching the carrier transport layer, and good carrier transport capability [41,42,43]. In particular, the triplet energy of host materials is required to be higher than that of guests in both phosphorescence and thermally activated delayed fluorescence (TADF) OLEDs because TADF materials are capable of harvesting triplet excitons by utilizing the reverse intersystem crossing (RISC) mechanism. In addition, the co-evaporation technology, which is used to construct a host–guest doping structure, has some shortcomings such as low material utilization, unsatisfactory reproducibility for mass production, high demand for customization of equipment, and high manufacturing cost of devices. Hence, the commercial development of doped OLEDs is still challenging [44,45,46,47]. In view of the above limitations, the development of more economical and environmentally friendly DF-OLEDs is helpful.




2.2. UEN-Based OLEDs


UEN-based OLEDs originated from the study of sub-monolayer materials inserted into OLEDs. Initially, researchers inserted light-emitting or electrode materials such as 5,6,11,12-tetraphenylnaphthacene (Rubrene), [2-methyl-6-[2-(2,3,6,7-tetrahydro-1H, red fluorescent dye 5H-benzo[ij]quinolizin-9-yl)ethenyl]-4H-pyran-4-ylidene]propane-dinitrile, quinacridone, Cs, and LiF into OLEDs in the form of sub-monolayers to obtain the EL spectra and improve the device performance [48,49,50,51,52,53,54]. It was found that the introduction of a sub-monolayer does not cause significant changes in carrier behaviors. In addition, the inserted ultrathin luminescent material film is not continuous; its molecules are scattered in islands on the rough adjacent layers (Figure 1), leading to molecular aggregation decreasing and concentration quenching. It presents a special doping effect (two-dimensional), which is similar to the conventional host–guest system (three-dimensional). The materials on both sides of the introduced ultrathin layers can be considered as the host, while the inserted ultrathin layers can be regarded as the guest. Compared with the complex doped OLEDs, UEN-based OLEDs have many advantages such as simple structure, avoiding the complicated and expensive co-evaporation technology, and the ability to precisely control the thickness of UENs by sensor detection. Based on the above advantages, UEN-based OLEDs are a promising direction for the development of DF-OLEDs. Hence, researchers use more and more emitting materials as UENs, and the study of UEN-based OLEDs has emerged. So far, it is feasible to achieve high EL performance for UEN-based OLEDs, which can be comparable to conventional doped OLEDs. Additionally, it should be pointed out that phosphorescence emitters are generally adopted to boost the efficiency of UEN-based OLEDs since both singlet and triplet excitons can be harvested. Thus, among the reported representative UEN-based OLEDs, phosphorescence OLED devices are mostly focused on to date.





3. Progress in UEN-Based OLED Research


A main research purpose in the study of UEN-based structures is to develop low-cost and high-performance DF-WOLEDs. Since monochromatic emission is the basis of white colors, the development of high-performance monochromatic OLEDs using UEN structures has also been reported [55,56,57,58]. Therefore, in this section, the progress in research on monochromatic OLEDs based on UEN structures is first stated. Then, the progress in research on WOLEDs based on UEN structures is introduced in detail. The detailed performance of representative UEN-based OLEDs is shown in Table 1.



3.1. UEN-Based Monochromatic OLEDs


3.1.1. UEN-Based Red OLEDs


Currently, it is relatively easy to achieve high efficiency for red OLEDs. Therefore, the utilization of UEN structures is a feasible way to develop high-performance red OLEDs. Additionally, red UENs can be used as a basis to develop WOLEDs or to verify the electroluminescent properties of red-emitting materials due to the low cost.



To solve the problem of color purity deterioration and concentration quenching in a conventional doping system, Xu et al. used UENs of 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) and Rubrene to confine charges and excitons [59]. The device structure was indium tin oxide (ITO)/N,N′-bis-(1-naphthyl)-N,N′-diphenyl-1,10-biph-enyl-4,40-dia-mine (NPB) (48 nm)/Rubrene (0.05 nm)/NPB (1 nm)/DCJTB (0.1 nm)/NPB (1 nm)/Rubrene (0.05 nm)/tri-(8-hydroxyquinoline) aluminum Alq3 (40 nm)/LiF (0.3 nm)/Al (150 nm). Their best device obtained the maximum current efficiency (CE) of 5.6 cd/A, luminance of 21,525 cd/m2, and CIE coordinates of (0.617, 0.379). It was quite a high performance at that time. This representative work took place in the early stages of the study of UEN-based OLEDs. It demonstrated some optimization strategies in conventional devices such as confining charges and excitons and the great potential of high-performance UEN-based OLEDs.



In 2015, Xue et al. manufactured UEN-based red OLEDs for the development of WOLEDs, where the structure was ITO/MoO3 (2 nm)/1,3-bis(carbazol-9-yl)benzene (MCP) (60 nm)/bis(2-methyldibenzo[f,h] quinoxaline)-(acetylacetonate)-iridium(III) [Ir(MDQ)2 (acac)] (X nm)/1,3-bis [3,5-di(pyridin-3-yl)phenyl]benzene (BmPyPhB) (30 nm)/8-hydroxyquinolinato lithium (Liq) (1 nm)/Al (100 nm) [60]. The best device obtained high performance with a CE of 19.3 cd/A and power efficiency (PE) of 17.3 Lm/W at 0.1 nm thickness. In 2017, Liu et al. fabricated UEN-based OLEDs with the structure of ITO/MoO3/1,1-bis[(di-4-tolylamino)phenyl]-cyclohexane (TAPC, 60 nm)/4,4′,4″-tri(N-carbazolyl)triphenylamine (TCTA, 5 nm)/4,4′-(naphtho [2,3-c][1,2,5]thiadiazole-4,9-diyl)bis(N,N-diphenylaniline) (NZ2TPA, 0.1 nm)/bis(10-hy-droxybenzo[h]quinolinato)beryllium (Bebq2, 50 nm)/LiF (1 nm)/Al. This device structure was used to verify the EL property of the near-infrared emitter NZ2TPA [61]. The results were encouraging, with the maximum EQE of 3.9% at 696 nm and the highest luminance of 6330 cd/m2. In 2023, Miao et al. fabricated a high-performance UEN-based red OLED, achieving the peak EQE, CE, and PE of 20.90%, 38.48 cd/A, and 44.78 Lm/W, respectively [36]. The device structure was ITO (180 nm)/MoO3 (3 nm)/TAPC (x nm)/m-bis(N-carbazolyl)-benzene (MCP) (10 nm)/bis [2-(4,6-difluoro-phenyl)pyridinato-C2,N](picolinato)iridium(III) (FIrpic) (0.40 nm)/2,4,6-tris [3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) (50 nm)/LiF (1 nm)/Al (100 nm). Although there was no detailed explanation for the high performance, it could be speculated that the reasons were the good confinement of excitons by hole-transporting MCP and electron-transporting PO-T2T and an ideal charge balance at the MCP/PO-T2T interface.




3.1.2. UEN-Based Yellow/Orange OLEDs


In addition to achieving high efficiency, researchers have broadly explored the emission mechanism of devices by fabricating yellow and orange OLEDs based on UEN structures. With such efforts, more insightful mechanisms have been unlocked in recent years.



To discover more emission mechanisms related to UEN-based OLEDs, in 2019, Zhao et al. developed high-performance orange OLEDs with UEN structures [62]. The characteristics and structure of the device with doping-free UENs are shown in Figure 2. The maximum CE, PE, EQE, and luminance could reach 52.0 cd/A, 65.3 Lm/W, 22.8%, and 20,800 cd/m2, respectively, in device B2. The specific structure of B2 was ITO/NPB:15%MoOX (40 nm)/NPB (10 nm)/TCTA (10 nm)/bis(2-phenylbenzothiazolato)(acetylacetonate)iridium [bt2Ir(acac)] (0.2 nm)/TCTA: TPBi (1:1) (5 nm)/bt2Ir(acac) (0.2 nm)/TCTA: TPBi (1:1) (5 nm)/bt2Ir(acac) (0.2 nm)/TPBi (40 nm)/Liq (1 nm)/Al (120 nm). Compared with the single ultrathin luminescent layer in device B1, whose luminescent layer was bt2Ir(acac) (0.2 nm), they found that the CE, PE, and EQE of the device based on dual luminescent layers were about twice as much as those of the device based on a single ultrathin luminescent layer. They speculated that the high exciton concentration at the TCTA/TPBi interface led to exciton annihilation, and the multi-UEN structure with a spacer layer caused the low-concentration exciton accumulation, making the quenching negligible. This representative work shows the importance of interlayers in achieving high-performance UEN-based OLEDs. The importance of interlayers in UEN-based OLEDs will be discussed in more detail later.



Xue et al. developed UEN-based orange OLEDs with optimized structures of ITO/MoO3 (2 nm)/4,4′_N,N′_dicarbazole-biphenyl (CBP) (70 nm)/bis(4-phenylthieno [3,2-c]pyridinato-N,C20) acetylacetonate iridium(III) (PO-01) (X nm)/2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (30 nm)/LiF (0.8 nm)/Al (100 nm), obtaining the CE of 51.2 cd/A at 0.15 nm thickness [60,63]. By changing the position of PO-01 inserted in CBP, they pointed out that the energy was transferred from CBP and TPBi to PO-01, rather than PO-01 capturing the charge exciton formation directly. Wang et al. explored the emission mechanism of exciplex generation by using ultrathin Rubrene emitting layer-based orange OLEDs [64]. The structures were ITO/NPB (30 nm)/TCTA or CBP (10 nm)/Rubrene (0.1, 0.2, 0.4, 0.6 and 0.8 nm)/TPBi (10 nm)/4,7-diphenyl-1,10-phe-nanthroline (Bphen) (40 nm)/Mg: Ag (100 nm). The EL characteristics of TCTA devices with exciplex formation were found to have little effect on the current density by changing the Rubrene thickness, indicating that energy transfer was the main emission mechanism. The authors pointed out that the exciplex could be used to achieve the TADF process, and the EQE of the TCTA devices was 5.3%, which proved the existence of RISC. The current density of CBP devices without exciplex formation decreased significantly with increasing Rubrene thickness, suggesting that the main emission mechanism of the devices was charge trapping.



UEN-based yellow and orange OLEDs also were used to examine the EL performance of newly developed emitting materials. For example, in 2021, Kidanu et al. used a newly proposed platinum complex, called FBNNND, to develop high-performance orange OLEDs and achieved pure yellow emission at the FBNNND thickness of 0.6 nm with a maximum EQE of 20.2% [65].




3.1.3. UEN-Based Green OLEDs


Apart from high-efficiency red OLEDs, researchers’ pursuit of high efficiency with UENs lies more in green ones, and some intensive studies about UEN-based green OLEDs have been conducted.



In 2018, Zhang et al. simply positioned the UENs away from the high-concentration exciton formation region to effectively avoid the exciton annihilation due to exciton diffusion region expansion, significantly improving the efficiency decay at high luminance [66]. The characteristics of their devices are shown in Figure 3. The different positions of exciton emission and exciton recombination were the reason for the devices’ performance differences. In device D3, they were completely separated, while they were overlapped in devices D1 and D2. The structure of the best-performing device D3 was ITO (180 nm)/MoO3 (10 nm)/MoO3: NPB (25%, 35 nm)/NPB (10 nm)/TAPC (5 nm)/TCTA (5 nm)/Bepp2 (4 nm)/Ir(ppy)2(acac) (0.2 nm)/Bepp2 (16 nm)/Bepp2: Liq (3%, 25 nm)/Liq (1 nm)/Al (150 nm). Its EQE, CE, and PE reached 25.5%, 98.0 cd/A, and 85.4 Lm/W at the peak and remained at 24.3%, 92.7 cd/A, 49.3 Lm/W at 10,000 cd/m2 luminance, respectively. The representative work shows another crucial factor regarding UEN-based OLEDs, namely that the position of UENs should be carefully adjusted for high performance.



Liu et al. used UENs to broaden the exciton complex region, resulting in more efficient energy transfer to the emitter [67]. The specific device structure was ITO/Cs2CO3 (1 nm)/BPhen (35 nm)/TPBI (12.5 nm)/emitter (0.5 nm)/MCP (49 nm)/MoO3 (6 nm)/Al (100 nm), which yielded an EQE of 24.7%. In the same year, Shi et al. realized a high-efficiency green phosphorescent top-emitting OLED with UENs, which had a greater improvement in CE compared with the bottom-emitting device (2.7 times) [68]. It was pointed out that by limiting the emission area at the wave web of the top-emitting OLEDs based on UENs, the micro-cavity effect in the top-emitting device could be better utilized to achieve efficiency improvement. The study also compared single and dual ultrathin layers, and the dual-ultrathin-layer device could better balance the charge to further improve the efficiency. After optimization, the maximum CE reached 126.3 cd/A for the device structure of Al/MoO3 (3 nm)/MCP (50 nm)/iridi-um(III)bis(2-(4-trifluoromethylphenyl)-pyridine)tetraphenylimidodi-phosphinate [Ir(tfmppy)2(tpip)] (0.5 nm)/separate layer/Ir(tfmppy)2(tpip) (0.5 nm)/TPBi (10 nm)/Bphen (45 nm)/Liq (1 nm)/Al (1 nm)/Ag (22 nm)/MCP (80 nm). In 2017, Xu et al. well integrated the exciplex, tandem, and UEN design concepts [69]. As an excellent result, they achieved high performance with a maximum CE of 135.74 cd/A and EQE of 36.85%. The detailed structure was ITO/1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN) (10 nm)/TAPC (55 nm)/bis [2-(2-pyridinyl-N)phenyl-C](acetylacetonato)-iridium(III) [Ir(ppy)2(acac)] (0.8 nm)/1,3,5-tris[(3-pyrid-yl)-phen-3-yl]benzene (TmPyPB) (40 nm)/BPhen: LiNH2 (10 nm, 50% by mole)/HAT-CN (10 nm)/TAPC (55 nm)/Ir(ppy)2(acac) (0.8 nm)/TmPyPB (40 nm)/Liq (2 nm)/Al (120 nm). The reason for high performance was that the rational device structure allowed the inherent properties of the material to be well utilized, which enabled the effective generation of exciplex, a good charge balance, and the excellent confinement of the exciton complex region.



In 2021, Nanda et al. applied the TADF material DTCBPy to develop high-efficiency UEN-based green OLEDs. The structure of the best-performance device was ITO/HAT-CN (10 nm)/NPB (30 nm)/MCP (20 nm)/DTCBPy (1 nm)/dibenzo[b,d]-thiophene-2,8-diylbis(diphenyl-phosphine oxide) (PPT) (10 nm)/TPBi (50 nm)/LiF (1 nm)/Al (100 nm), and it achieved an approximately 2.7 times higher EQE of 13.5% compared to conventional devices with a 30 nm light-emitting layer, which demonstrated the great potential of TADF for UEN-based OLED development [70]. Also, Kang et al. conducted multiple comparative experiments on HAT-CN/TAPC/TCTA/tris [2-phenylpyridinato-C2,N]iridium(III) [Ir(ppy)3]/TmPyPB/LiF/Al structures with different thicknesses of the UENs, charge transport layer, and charge injection layer to determine the optimal light-emitting layer thickness of 0.075 nm, ETL thickness of 54 nm, HTL thickness of 80 nm, HIL thickness of 0.25 nm, and EIL thickness of 1 nm [71], which also controlled the optical path length and charge balance. Finally, the highest EQE of 23.8% was achieved by sacrificing the need for optical path length but satisfying the dominant charge balance without the use of tandem structure, new host and transport layer. Recently, Wu et al. also fabricated TADF OLEDs based on UENs with the structure of ITO/TAPC (50 nm)/TCTA (10 nm)/TADF material (tBuCzDBA) (1 nm)/4,6-bis(3,5-di(pyridin-4-yl)phenyl)-2-methylpyrimidine (B4PYMPM) (65 nm)/LiF (1 nm)/Al (100 nm), and the maximum CE, PE, and EQE of the device were 70.2 cd/A, 88.2 Lm/W, and 22.0%, respectively [72]. In addition, 1 nm and 10 nm pure hole and pure electron devices were made for comparison, and it was found that there the 1 nm based device had more balanced charge injection and closer charge mobility, revealing the potential of UENs with low power consumption and cost.




3.1.4. UEN-Based Blue OLEDs


Efficient blue emission is key for achieving high-performance white emission, but unfortunately, there are still relatively few blue OLEDs based on UEN structures at present due to the low efficiency and instability restrictions [73,74,75,76].



In addition, most UEN-based blue OLEDs are composed of phosphorescent or TADF emitters. On one hand, blue phosphorescent UNEs can harvest both triplet and singlet excitons, ensuring high efficiency. For example, the peak CE of 11.9 cd/A and PE of 9.2 Lm/W were achieved at 0.1 nm thickness with the structure of ITO/MoO3 (2 nm)/MCP (60 nm)/FIrPic (X nm)/BmPyPhB(30 nm)/Liq (1 nm)/Al (100 nm) [60]. Also, Zhang et al. achieved a CE of 25.5 cd/A, PE of 20.0 Lm/W, and EQE of 13.3% using the structure of ITO/[poly(3,4-ethylenediox-ythiophene): poly (styrenesulfonic acid)] (PEDOT: PSS) (40 nm)/NPB (40 nm)/TCTA (10 nm)/Firpic (0.25 nm)/TmPyPB(40 nm)/LiF (100 nm) [77]. By further introducing HAT-CN that can form a charge transfer complex with NPB as the charge generation unit of the tandem device, tandem blue OLEDs with a CE of 53.2 cd/A, PE of 23.4 Lm/W and EQE of 27.8% were realized [78]. Mu et al. fabricated high-performance blue OLEDs by sandwiching an ultrathin Firpic layer between MCP and TmPyPB [79]. The detailed structure was ITO/PEDOT: PSS/TAPC (30 nm)/TCTA (4 nm)/MCP (5 nm)/Firpic (x nm)/TmPyPB (45 nm)/LiF/Al. The optimal PE of 50 Lm/W and EQE close to 18% were demonstrated. The high performance was attributed to the combined benefits of balancing the fluorescence of the exciplex and the phosphorescence of the Firpic decaying, relieving triplet–triplet annihilation (TTA), and suppressing the diffusion of triplets.



On the other hand, blue TADF UMNs are also able to harness 100% exciton utilization efficiency, guaranteeing high device performance. Miao et al. combined the TADF material with a UEN structure by inserting the UENs into the TADF exciplex interface of MCP and PO-T2T [80].



The detailed work is shown in Figure 4. The ultrahigh-performance blue OLEDs showed the CE, PE, EQE, and luminance of 59.34 cd/A, 74.55 Lm/W, 30.21%, and 8578 cd/m2, respectively. The specific structure was ITO (180 nm)/MoO3 (3 nm)/TAPC (45 nm)/MCP (10 nm)/FIrpic (0.40 nm)/PO-T2T (50 nm)/LiF (1 nm)/Al (100 nm). The reason for the ultrahigh performance was the good T1 energy level design and good utilization of material properties. The T1 values of MCP and PO-T2T are 2.93 eV and 2.99 eV, respectively, higher than the ones in the MCP/PO-T2T exciplex (2.64 eV). Moreover, the T1 energy levels of the MCP/PO-T2T exciplex are higher than the energy level of FIrpic (2.62 eV). This allowed a good transfer of exciton energy from the MCP/PO-T2T exciplex, where excitons were generated, to FIrpic. Furthermore, the excellent balance of charge made the exciplex electrically neutral so that it could avoid triplet excitons and polaron quenching. In addition, the exciplex exhibited the characteristics of TADF. The Forster energy transfer from the exciplex to FIrpic was enhanced due to the RISC permitting upconversion from triplets to singlets. The non-radiative transition of triplet excitons generated at the exciplex by TTA was effectively suppressed, and a complete exciton utilization was realized. The representative work showed the validity of introducing multi-functional emitting materials to improve performance.





3.2. UEN-Based WOLEDs


The use of UENs to bypass the limitations of doping techniques and develop simple-structure, low-cost, and high-performance WOLEDs is an important goal of researchers. Therefore, there is a wealth of research results in the field of UEN-based WOLEDs. In the early days of research, WOLEDs with UENs were mainly based on traditional orange–blue- or red–blue-emitting materials, called two-color WOLEDs [81,82,83,84,85]. Then, three-color and four-color WOLEDs with more complex device structures were developed in order to simultaneously accomplish high efficiency and high CRI [3,86,87,88]. In recent years, with the advancement of materials science and understanding of UENs, researchers have been gradually integrating design concepts such as TADF, exciplexes, and UENs to develop high-performance WOLEDs.



3.2.1. Early Explorations of UEN-Based WOLEDs


At the early stage, the working mechanism of UEN-based WOLEDs was still unclear. Hence, the performance of the devices was not satisfactory enough. However, the early efforts enabled the gradual development of UEN-based WOLEDs.



In 2013, Zhao et al. developed multiple combinations of complementary UEN-based WOLEDs [88]. The detailed device structures are shown in Figure 5, where (fbi)2Ir(acac) is bis(2-(9,9-diethyl-9H-fluoren-2-yl)-1-phenyl-1H-benzoimidazol-N,C3)iridium-(acetylacetone-te), (ppy)2Ir(acac) is bis(2-phenylpyridine)-(acetylacetonate)iridium(III), (piq)2Ir(acac) is bis(1-phenyliso-quinoline)(acetylacetonate)iridium (III), and (MDQ)2Ir(acac) is bis(2-methyldibenzo[f,h]-quinoxaline)(acetylacetonate) iridium(III). A thin TCTA interlayer was inserted into UENs to inhibit the energy transfer, and the luminescent color could be regulated by adjusting the thickness of the TCTA interlayer. The blue/orange, blue/green/red, and blue/green/orange/red WOLEDs showed the maximum EQEs of 16.4%, 18.5%, and 10.8%, respectively. Although four-color WOLEDs showed poorer performance in EQE, they had the highest CRI of 87. This study of UEN-based WOLEDs showed that UENs had great potential to develop undoped white devices. However, it also revealed there was a long way to go to achieve high performance. Subsequently, Zhu et al. inserted orange UENs into a blue emitter to fabricate WOLEDs [89]. The specific structure was ITO/MoO3 (10 nm)/TAPC:MoO3 (20%, 50 nm)/TAPC (30 nm)/TCTA: FIrpic (10%, 5 nm)/bis(2-phenyl-benzothiozolato-N,C2′)iridium-(acetylacetonate) [Ir(bt)2(acac)] (0.02, 0.04, 0.06, 0.08 nm)/2,6-bis(3–(carbazol-9-yl)phenyl)pyridine (26DCzPPy): FIrpic (20%, 5 nm)/BmPyPB (10 nm)/BmPyPB:Li2CO3 (3%, 30 nm)/Li2CO3(1 nm)/Al (100 nm), and the maximum PE, CE, and EQE reached 63.2 Lm/W, 59.3 cd/A, and 23.1%, respectively. The EL mechanism of the orange UENs was the energy transfer instead of the direct charge capture, and efficiency roll-off was caused by TTA.



As hybrid WOLEDs may simultaneously achieve high efficiency and stability, Liu et al. utilized the structure of ITO/N,N,N′,N′-tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD): tetra-fluoro-tetracyanoqino dimethane (F4-TCNQ) (50 nm, 4%)/NPB (20 nm)/iridium(III) diazine complexes (MPPZ)2Ir(acac) (0.5 nm)/NPB (4 nm)/p-bis(p-N,N-di-phenyl-amino-styryl) benzene (DSA-ph) (0.2 nm)/TPBi (30 nm)/LiF (1 nm)/Al (200 nm) to fabricate WOLEDs with phosphorescent orange and fluorescent blue UENs [90]. It achieved the maximum CE and PE of 7.6 cd/A and 8.9 Lm/W, respectively, and the highest CRI was 75 in two-color hybrid WOLEDs based on an Ir complex. Also, Wang et al. developed hybrid WOLEDs with a PE of 9.93 Lm/W and EQE of 4.49% by using a blue UEN combined with a doped orange-emitting layer [91]. Zhao et al. developed a hybrid WOLED by using a yellow UEN combined with a doped blue light-emitting layer. However, the thin yellow-emitting layer resulted in lower efficiency due to electron leakage [92]. By properly thickening the yellow up to 1 nm, the CE of 79.0 cd/A and PE of 40.5 Lm/W were achieved. On the other hand, Jeon et al. combined the design concept of UENs and pre-mixing to develop WOLEDs based on pre-mixed UENs, and the color could be changed by adjusting the position of the UEN insertion and the pre-mixed composition [93]. Finally, white light of CIE (0.34, 0.34) and good color stability were achieved.




3.2.2. Further Developments of UEN-Based WOLEDs


As more insights about the working mechanisms of UEN-based WOELDs have been uncovered, the huge potential of such WOLEDs has attracted great research attention worldwide. As a consequence, more and more strategically designed devices have been fabricated [94,95,96,97,98,99]. With the intensive endeavors taken by researchers, UEN-based WOELDs achieved satisfactory performance compared to doped devices, further showing the advantages of the UEN-based technique.



Effects of Interlayers


By inserting an interlayer or spacer between UENs, the charge and exciton distribution may be manipulated accordingly, which is a feasible scheme to boost device performance. In general, interlayers can be unipolar or bipolar materials.



In 2015, Xue et el. put a lot of effort into improving high-performance UEN-based WOLEDs [60,63,100]. First, they fabricated WOLEDs with orange and blue UENs based on existing OLEDs with orange UENs. The detailed structure was ITO/MoO3 (2 nm)/CBP [(70-Z) nm]/PO-01 (0.15 nm)/CBP (Z nm)/FIrPic (0.1 nm)/TPBi (30 nm)/LiF (0.8 nm)/Al (100 nm). The best CE and PE were 33.6 cd/A and 30.1 Lm/W, respectively, when Z was 4. In this case, they pointed out that the light emission layer could be regarded as a single layer with multi-doped dyes without differential color aging, resulting in outstanding spectra stability. As Z increased, Dexter energy transfer from FIrPic to PO-01 became less or was completely blocked, which meant that the charge recombination zone was moved and could be regarded as conventional WOLEDs with multiple emission layers. Then, they used CBP:TPBi instead of pure CBP as the interlayer to control the exciton distribution by changing the mixing ratio of CBP:TPBi so that the stability of white emitting was improved. They further developed three-color and four-color WOLEDs with UENs based on high-performance monochromatic OLEDs with UENs. The PE of three-color and four-color WOLEDs could reach 27.2 Lm/W and 26.0 Lm/W, respectively, and the devices realized lower turn-on voltage than conventional doping devices; e.g., for the PE of four-color UEN-based WOLEDs, there was a 39% improvement compared to doped devices. The reason for the high performance was that the energy barriers for charge injection at the interfaces in doped ones could be avoided, which led to the carriers accumulating at the narrow interfaces. In the same year, to achieve redistribution of excitons and more balanced white light emission, Tan et al. introduced TAPC as a hole trapping layer into WOLEDs based on UENs [101]; the detailed structure was ITO/PEDOT:PSS (25 nm)/TAPC (20 nm)/MCP (12 nm)/Red Dopant (0.2 nm)/MCP (4 nm)/FIrpic (0.2 nm)/TAPC (0.8 nm)/TPBi (8 nm)/Ir(ppy)3 (0.2 nm)/TPBi (32 nm)/LiF (1 nm)/Al (100 nm), and the CE and PE were 23.4 cd/A and 17.0 Lm/W, respectively.



In previous works, interlayers were demonstrated as one of the crucial factors for high device performance. So, more in-depth research on interlayers in UENs was conducted. Liu et al. further clarified the spacer’s role and developed high-performance doping-free hybrid UEN-based WOLEDs, whose structure and materials are shown in Figure 6, where Ir(dmppy)2(dpp) is bis(2-phenyl-4,5-dimethylpyridinato)[2-(biphenyl-3-yl)pyridinato] iridium(III) [102]. They thoroughly employed the doping-free principle; both UENs and other layers were doping-free. To achieve high performance, NPB and TPAC were combined as the HTL due to the high T1 and LUMO of TPAC, which were 2.84 eV and 1.8 eV, respectively, confining the excitons and electrons. TmPyPB was selected as the ETL owing to its high electron mobility (103 cm2/V s), deep HOMO of 6.7 eV, and high T1 of 2.7 eV, which could effectively improve the electron injection, prevent the hole leakage, and confine the excitons. The authors first pointed out that the interlayers could avert the concentration quenching and unipolar interlayers were more conducive for doping-free hybrid WOLEDs than bipolar ones. After optimization, they obtained a device with a CRI of 91.3 and PE of 14.6 Lm/W.



To further promote the performance of UEN-based WOLEDs, bipolar emitting layers or interlayers were also strategically introduced to control the distribution of charges and excitons, where bipolar layers were generally the combination of p-type and n-type organic semiconductor materials with high energy states in order to guarantee the radiative recombination [103,104,105,106,107]. In 2018, Miao et al. used a bipolar N,N′-di-(1-naphthalenyl)-N,N′-diphenyl-[1,1′:4′,1″:4″,1‴-quaterphenyl]-4,4‴-diamine (4P-NPD)/4P-NPD: Bepp2 (1:1)/Bepp2 blue light-emitting layer; they first probed the mechanism of exciton utilization and energy transfer using two-color and three-color UEN-based WOLEDs and finally developed red–yellow–green–blue four-color WOLEDs [108]. As a result, a maximum EQE of 21.46% and PE of 47.90 Lm/W were obtained with the device structure of ITO/MoO3 (3 nm)/TAPC (40 nm)/Ir(piq)2(acac) (0.1 nm)/4P-NPD (3 nm)/4P-NPD: Bepp2 (1:1, 3 nm)/bis(2-(3-trifluoromethyl-4-fluorophenyl)-4-methylquinolyl)-(acety-lacetonate)-iridium(III) [Ir(ffpmq)2(acac)] (0.06 nm)/4P-NPD: Bepp2 (1:1, 3 nm)/Bepp2 (3 nm)/Ir(ppy)3 (0.2 nm)/TmPyPB (50 nm)/LiF (1 nm)/Al (100 nm). Also, Yu et al. deeply explored WOLEDs with UENs by using a TCTA and 1,3,5-tri(m-pyrid-3-yl-phenyl) benzene (TmPyPB) hybrid bipolar interlayer to achieve carrier balance and broaden the exciton distribution region to reduce triplet–polaron annihilation (TPA) and improve device lifetime [109]. The specific structure was ITO/MoO3: TCTA (2:3, 35 nm)/TCTA (27-Z nm)/bis [2-(3,5-dimethylphenyl)-4-methyl-quinoline]-(acetylacetonate)-iridium(III) [Ir(mphmq)2acac] (0.07 nm)/TCTA: Tm3PyPB (3.5: 1, Z nm)/PO-01 (0.2 nm)/TCTA: Tm3PyPB (3.5:1, 3 nm)/Ir(ppy)2acac (0.15 nm)/TCTA: Tm3PyPB (3.5:1, 3 nm)/FIrpic (0.1 nm)/Tm3PyPB (40 nm)/LiF (1 nm)/Al (120 nm). The interlayer thickness could be adjusted, achieving emissions from short wavelength to long wavelength. Finally, they achieved a yellow–green–blue WOLED with a maximum CE of 47.8 cd/A and PE of 44.5 Lm/W. Dai et al. also made many efforts to develop high-performance three-color WOLEDs using the structure of ITO/MoO3: TCTA (2:3, 35 nm)/TCTA (18 nm)/Firpic (0.3 nm)/TCTA: TmPyPB (1:4 3 nm)/Ir(ppy)2(acac) (0.15 nm)/TCTA: TmPyPB (1:4 3 nm)/PO-01 (0.05 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm), which achieved the CIE coordinate change of only (0.001, 0.001) when the luminance was varied from 1000 cd/m2 to 10,000 cd/m2, showing excellent color stability [110,111]. The peak CE, PE, and EQE in their work were 59.2 cd/A, 61.1 Lm/W, and 18.0%, respectively. The reasons for such excellent performance were as follows: the bipolar hybrid spacer TCTA: TmPyPB contributed to the uniform exciton distribution; the green UEN located in the middle mitigated the TTA and maintained the sequential energy transfer, which counteracted the emission intensity variation caused by the drift of exciton combination region at different voltages; and the carrier trapping effect was used to compensate for the emission intensity at low voltages.



In addition, UENs without interlayers were also developed. Wu et al. developed red–green–blue three-color and orange–blue two-color WOLEDs without the interlayer, achieving balanced white light emission by strategically adjusting the thickness of UENs with lower T1 or singlet energy (S1) for smooth exciton diffusion and sufficient energy transfer [112]. The structures of three-color and two-color WOLEDs were ITO/HAT-CN (10 nm)/TAPC (45 nm)/TCTA (10 nm)/Ir(MDQ)2(acac) (0.02 nm)/Ir(ppy)2(acac) (0.02 nm)/FIrpic (0.3 nm)/TmPyPB (40 nm)/Liq (2 nm)/Al (120 nm) and ITO/HAT-CN (10 nm)/TAPC (45 nm)/TCTA (10 nm)/PO-01 (0.02 nm)/FIrpic (0.3 nm)/TmPyPB (40 nm)/Liq (2 nm)/Al (120 nm). A PE of 55.5 lm/W was achieved, which was the highest efficiency at the time.




Position Optimization


To boost the efficiency of WOLEDs, the understanding of the position of UENs is significant, especially in multi-color WOLEDs, since the exciton recombination zone is affected by the charge dynamics [113,114,115,116,117,118].



Miao et al. conducted an in-depth study on multi-color WOLEDs based on UENs [31,119,120]. Firstly, the fluorescent blue light-emitting layer was inserted between the ETL and HTL, and the green and yellow light emitters doped in the ETL and HTL were controlled to keep them away from the interface between ETL/EML and HTL/EML. The red UENs were inserted in the blue emission layer to produce red–yellow–green–blue WOLEDs. The CE, PE, EQE, and CRI of the device reached 34.15 cd/A, 29.51 Lm/W, 17.71%, and 94, respectively. The researchers further inserted ultrathin red-, yellow-, and green-emitting layers into the blue light-emitting layer in a different order, and the specific structures of the devices and the best performance are shown in Figure 7. The final insertion resulted in a high EQE of 19.34% and an extremely superior CRI of 96. The high performance was mainly due to the precise control of the carrier recombination zone, allowing both singlet and triplet excitons to be effectively utilized. Carrier recombination was confined to the entire EML and the interface between the EML and the adjacent layers, resulting in the fact that the generated singlet excitons could be directly recombined on Bepp2 for blue emission, which also meant there was a prohibition of non-radiative decay loss related to transferring singlet excitons energy to ultrathin phosphorescent layers. Because of the longer diffusion distance for triplet excitons (>10 nm) and higher triplet level of Bepp2 than those for phosphorescent emitters, the generated triplet excitons could diffuse to ultrathin phosphorescent layers and be used for phosphorescent emission. This ultimately allowed the generated excitons to be used efficiently, achieving 100% utilization in theory.



Additionally, Zhang et al. succeeded in increasing the exciton complex probability while suppressing annihilation by precisely tuning the positions of the three luminescent layers of red, green and blue, and they finally obtained the CE of 44.2 cd/A, PE of 39.0 Lm/W and EQE of 20.3% with the specific device structure of ITO (180 nm)/MoO3 (10 nm)/MoO3: TAPC (25%, 35 nm)/TAPC (12 nm)/TCTA (5 m)/Ir(MDQ)2(acac) (0.05 nm)/TCTA (1 nm)/FIrpic (0.4 nm)/26DCzPPy (2 nm)/BmPyPB (2 nm)/Ir(ppy)2(acac) (0.2 nm)/BmPyPB (8 nm)/BmPyPB: Li2CO3 (3%, 25 nm)/Li2CO3 (1 nm)/Al (150 nm) [121]. Zhao et al. inserted an ultrathin bis (1-phenylisoquinoline) (acetylacetonate)iridium (III) [Ir(pq)2acac] red-emitting layer into the mSOAD blue-emitting layer to produce a red–blue two-color WOLED based on UENs and the best performance of the device obtained after an in-depth analysis of the number of UENs and position of the UEN insertion, obtaining the highest CE of 31.9 cd/A, PE of 30.4 Lm/W, and EQE of 17.3% [122].




Influence of Tandem Structures


The exploitation of tandem structures is a useful method for achieving high luminance, high efficiency, and a long lifetime [69,104,123]. Using tandem UEN-based WOLEDs could also achieve the mentioned advantages, but the use needs to be optimized.



Liu et al. applied the tandem design concept to DF-WOLEDs for the first time and fabricated yellow–blue and red–blue two-color tandem WOLEDs based on UENs, and the yellow–blue tandem device obtained the CE of 81.2 cd/A and the best luminance performance of 44,886 cd/m2 among non-doped devices at that time [124]. Zhang et al. utilized a doping-free LiF/Al/HAT-CN structure as the charge generation unit (CGU) based on the UEN and tandem design concept [48]. In the CGU, dissociation of the complexes at the HAT-CN/NPB interface generated charge and utilized the Al/LiF layer to assist electron injection into the adjacent ETL. The device ultimately achieved an ultrahigh EQE and CE of 31.6% and 94.9 cd/A with the structure of ITO/PEDOT: PSS (40 nm)/EL unit/CGU/EL unit/LiF (1 nm)/Al (100 nm). The EL unit was NPB (30 nm)/TCTA (10 nm)/PO-01 (0.1 nm)/MCP (3 nm)/Firpic (0.25 nm)/TmPyPB (40 nm), where PO-01 and Firpic were used as non-doped blue and yellow UENs, respectively.




Introduction of Multi-Functional Emitting Materials


Similar to doped devices, the innovation of material engineering brings new space for the performance improvement of UEN-based WOLEDs [125]. Various multi-functional emitting materials have been introduced to construct UEN-based WOLEDs, such as aggregation-induced emission (AIE) materials, exciplex materials, and TADF materials. With the understanding of the chemistry and physics of multi-functional emitting materials, high device performance has been yielded.



Firstly, avoiding the aggregation-caused quenching issue is challenging for developing high-performance UEN-based WOLEDs, particularly for blue fluorophores. Unlike conventional chromophores, AIE luminogens can overcome the quenching problem caused by aggregation, since aggregation can improve rather than quench their emissions. Therefore, AIEgens are promising for DF-OLEDs avoiding thickness restriction. Liu et al. introduced an AIE material, blue BTPEAn, into DF-WOLEDs for the first time and used it as a UEN to fabricate WOLEDs, which exhibited high device performance (e.g., pure-white colors, high efficiency, or sunlight-like emissions) [126]. The architecture of the three-color devices was ITO/HAT-CN (100 nm)/NPB (15 nm)/TAPC (5 nm)/Ir(piq)3 (0.3 nm)/TAPC (1.5 nm)/Ir(dmppy)2(dpp) (0.9 nm)/TAPC (3.5 nm)/BTPEAn (0.4, or 15 nm) 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB, 35 nm)/Cs2CO3 (1 nm)/Al (160 nm), and the CRI of 92.8 reached a new record among OLEDs based on AIE materials at that time.



Additionally, the introduction of exciplex materials has recently been found to be effective in developing high-performance UEN-based WOLEDs. Zhang et al. conducted extensive and in-depth research on this and developed high-performance UEN-based WOLEDs by arranging red, green, and blue UENs in an mCBP: PO-T2T exciplex in different sequences [78]. The best-performing device had the EQE of 26.1%, CE of 40.0 cd/A, PE of 50.1 Lm/W, and CRI of 81 with the structure of ITO/HAT-CN (15 nm)/TAPC (50 nm)/TCTA (5 nm)/mCBP (3 nm)/FIrpic (0.05 nm)/mCBP (2 nm)/mCBP: PO-T2T (1:1, 2 nm)/FIrpic(0.2 nm)/mCBP: PO-T2T (1:1, 2 nm)/Ir(ppy)2acac (0.1 nm)/mCBP: PO-T2T (1:1, 2 nm)/RD071 (red emitter, 0.05 nm)/mCBP: PO-T2T (1:1, 2 nm)/FIrpic (0.1 nm)/PO-T2T (40 nm)/LiF (1 nm)/Al. Compared to the previous devices, the blue light-emitting ratio was increased, which meant that more excitons of mCBP: PO-T2T were utilized due to the inserted Flrpic UENs with a precise thickness design, resulting in the fact that correlated color temperature (CCT) was increased to 2827 K while CRI stayed above 80. Furthermore, the WOLEDs achieved a barrier-free structure between HTL/ETL and UENs to efficiently inject carriers due to a reasonable arrangement of energy levels.



Also, Ying et al. inserted orange UENs into a blue mCBP: PO-T2T exciplex to obtain high performance [127]. The EQE and PE of the best-performance device could reach 22.45% and 97.1 Lm/W, respectively. The specific structure was ITO/HAT-CN (15 nm)/TAPC (50 nm)/TCTA (5 nm)/mCBP (5 nm)/mCBP: PO-T2T (1:1, 25 nm)/PO-T2T (45 nm)/Liq (1.5 nm)/Al (150 nm), in which the inserted iridium(III)bis(4-(4-t-butylphenyl)thieno-[3,2-c]pyridinato-N,C2)acetylacetonate [Ir(tptpy)2acac] could be intelligently energy aligned with the mCBP: PO-T2T exciplex, which contributed to effective confinement of excitons and the barrier-free carrier injection. The authors pointed out that the emission was mainly due to the efficient energy transfer from the exciplex to the UENs, and changing the locations of UENs would not essentially affect the performance of hybrid WOLEDs. Chen et al. also utilized a mCBP: PO-T2T exciplex to design UEN-based WOLEDs [128]. They used materials and structures similar to those used by Zhang [78]. The difference was that they used mCBP: PO-T2T as a blue emitter rather than FIrpic. The peak EQE, CE, PE, and CRI were 21.9%, 52.1 cd/A, 67.1 Lm/W, and 85, respectively. Zhao et al. also inserted multiple yellow UENs into a blue exciplex to produce yellow–blue WOLEDs with the optimized structure of ITO (180 nm)/MoO3 (8 nm)/TCTA: MoO3 (15%, 50 nm)/TCTA (10 nm)/4,40-bis(9-carbazolyl)-2,20-dimethylbiphenyl (CDBP) (10 nm)/CDBP: PO- T2T (7.5 nm)/PO-01 (0.02 nm)/CDBP: PO-T2T (2.5 nm)/PO-01 (0.02 nm)/(2.5 nm)/PO-01 (0.02 nm)/CDBP: PO-T2T (7.5 nm)/PO-T2T (10 nm)/PO-T2T: Li2CO3 (3%, 45 nm)/Li2CO3 (1 nm)/Al, which achieved high performance with the CE, PE, and EQE of 62.8 cd/A, 75.9 Lm/W, and 20.4%, respectively [129]. In addition, MCP: PO-T2T [130] and mCBP: PO-T2T [131] were also demonstrated to be excellent exciplex emitters, which could work well with complementary-color UENs to furnish white emissions.



On the other hand, TADF materials have been demonstrated to be effective for improving device performance because of their ability to harvest singlet and triplet excitons [123,132,133]. Liao et al. first used the blue TADF material 10, 10,10-(4,4,4-Phosphoryltris(benzene-4,1-diyl))tris-(10Hphenoxazine) (TPXZPO) as the n-type interlayer switch for the structure of ITO/HAT-CN (10 nm)/TAPC (40 nm)/MCP (15-x nm)/bis(2-benzothiophen-2-ylpyridine) (acetylacetonate) iridium (III) [Ir(bt)2acac] (0.5 nm)/TPXZPO (x = 1, 2, 3, 5, 10 nm)/Firpic (0.5 nm)/4,6-bis(3,5-di(pyridin-4-yl)phenyl)-2-phenylpyrimidine (B4Py-PPM) (40 nm)/LiF(0.8 nm)/Al (150 nm) [134]. In the best performance, the CE of 38.93 cd/A, PE of 37.05 Lm/W, and EQE of 14.96% could be reached. The excitons generated in TPXZPO were completely transferred to Ir(bt)2acac, while the interlayer played a key role in regulating exciton and charge distribution. Zhao et al. utilized the blue TADF material DMAC-DPS to develop UEN-based WOLEDs and fabricated yellow–blue WOLEDs with the CE, PE, and EQE of 34.9 cd/A, 29.2 Lm/W, and 11.4%, respectively [135]. Xue et al. obtained good EQE and CRI of 18.7% and 88, respectively, with only about 7% efficiency roll-off, by inserting red and yellow UENs into the bluish-green TADF material 10-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-9,9-dimethylacridan (DMAC-TRZ) [136]. The detailed structure was ITO/HAT-CN (10 nm)/TAPC (50 nm)/TCTA (10 nm)/DMAC-TRZ (6 nm)/PO-01 (0.8 nm)/DMAC-TRZ (3 nm)/Ir(piq)3 (0.2 nm)/DMAC-TRZ (3 nm)/PO-01 (0.8 nm)/DMAC-TRZ (6 nm)/4,6-bis(3,5-di(pyri-din-3-yl)phenyl)-2-(pyridin-3yl) pyrimidine (B3PYMPM) (50 nm)/Liq (1 nm)/Al (120 nm). The WOLEDs used materials with a high T1 energy level, TCTA and B3PYMPM, to confine excitons, while TTA could be suppressed due to the insertion of several bipolar UENs contributing to improving exciton utilization and expanding exciton distribution. In 2022, Zhang et al. applied the TADF material 9,10-bis(4-(9H-carbazol-9-yl)-2,6-dimethylphenyl)-9,10-diboraanthracene (CzDBA) as UENs in WOLEDs and could achieve the maximum EQE of about 8% [137]. They analyzed densities of excitons at a steady state and pointed out that the non-radiative decay of triplets might reduce the EQE. Therefore, TADF materials could be effective in improving performance owing to the lower triplet-to-singlet energy gap and faster singlet radiative recombination rate.



Meanwhile, exciplexes with TADF properties are also beneficial for guaranteeing the high performance of UMN-based WOLEDs. For instance, Sheng et al. developed WOELDs based on the combination of materials with TADF and exciplex properties to develop high-performance WOLEDs with the structure of ITO/HAT-CN (10 nm)/TAPC (40 nm)/TCTA (5 nm)/26DCzPPy (5 nm)/PO-01 (0.1 nm)/26DCzPPy (3 nm)/PO-T2T:6% 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-10H-spiro[acridine-9,9′-fluorene] (SpiroAC-TRZ) (15 nm)/PO-T2T (30 nm)/Liq (1 nm)/Al, achieving a high PE of 60.9 Lm/W and good color stability [138]. Sun et al. fabricated two-color WOLEDs by inserting red UENs into the bluish-green TADF material DMAC-TRZ, which could harvest superfluous triplet excitons within emitters and reduce quenching caused by local exciton accumulation [139]. In addition, the strong hole traps of UENs resulted in the improvement of carrier balance, which brought about a stable recombination zone. Finally, they developed excellent-performance UEN-based WOLEDs, as shown in Figure 8, achieving low efficiency roll-off and excellent color stability with the CE, PE, and EQE of 63.84 cd/A, 66.06 Lm/W, and 28.16%, respectively.
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Table 1. Performance summary of representative UEN-based OLEDs in recent years.
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Devices

	
EQE

(%)

	
CE

(cd/A)

	
PE

(Lm/W)

	
CRI

	
Luminance

(cd/m2)

	
CIE

	
Ref.






	
Red

	
20.90

	
38.48

	
44.78

	
--

	
14,410

	
(0.589,0.369)

	
[80]




	
Orange/yellow

	
22.8

	
52.0

	
65.3

	
--

	
20,800

	
--

	
[62]




	
24.5

	
57.87

	
78.95

	
--

	
20,890

	
(0.510,0.481)

	
[80]




	
Green

	
25.5

	
98.0

	
85.4

	
--

	
--

	
--

	
[66]




	
23.8

	
~60

	
~80

	
--

	
--

	
--

	
[72]




	
Blue

	
30.21

	
59.34

	
74.55

	
--

	
8578

	
(0.162,0.367)

	
[80]




	
27.4

	
48.3

	
57.1

	
--

	
--

	
--

	
[78]




	
22.45

	
74.2

	
97.1

	
--

	
--

	
--

	
[127]




	
White

	
28.16

	
63.84

	
66.06

	
78

	
31,094

	
(0.43,0.44)

	
[139]




	
21.9

	
52.1

	
67.1

	
85

	
--

	
(0.38,0.46)

	
[128]




	
26.1

	
40.0

	
50.1

	
81

	
--

	
(0.459,0.426)

	
[78]




	
22.70

	
58.58

	
76.70

	
66

	
25,400

	
(0.426,0.491)

	
[80]




	
23.88

	
56.41

	
70.89

	
75

	
16,110

	
(0.437,0.424)

	
[80]




	
19.34

	
32.19

	
30.65

	
96

	
47,470

	
(0.482,0.430)

	
[31]









To further enhance the device performance, Miao et al. recently extended the design concept of combining TADF and an exciplex to develop WOLEDs based on UENs by inserting multiple complementary UENs into the exciplex interface with the TADF property to develop a series of multi-color WOLEDs, which had the peak EQEs of 23.48%, 22.70%, and 23.88%, as shown in Figure 9 [80]. Moreover, the CRI of all devices could reach 74~75 even though most excitons generated in Ir(bt)2(acac) were transferred to a weak yellow emission of bis(2-phenylquinoline) iridium(III) (acetylacetonate) [Ir(pq)2(acac)] with a lower energy level. Furthermore, the EL spectra could be easily regulated by simply changing the combination sequence of different phosphorescent UENs in the MCP/PO-T2T interface. The main reason for such high performance was that phosphorescent UENs sensitized by the exciplex interface ensured 100% exciton utilization by multi-channel energy transfer from the TADF exciplex to UENs. This work demonstrated the feasibility and advancement of combining design concepts such as TADF, exciplexes, and UENs to develop high-performance WOLEDs.





3.2.3. Degradation Mechanisms of UEN-Based OLEDs


In general, the reliability of UEN-based OLEDs is rarely reported, which may be attributed to the fact that the device lifetime is still far from satisfactory. The poor stability originates from both the used materials and device structures [140,141,142,143,144]. On one hand, the emitting materials greatly decide the lifetime of OLED devices [145,146,147,148,149,150]. In particular, since there is no stable blue phosphorescence or TADF blue-emitting materials so far, achieving UEN-based OLEDs with a long lifetime is a great challenge. In addition, charge-transporting materials play a significant role in device degradation [151,152,153,154]. For example, inorganic charge-transporting materials usually exhibit better stability than their organic counterparts. The stability is even different for organic materials (e.g., TCTA is more stable than TAPC and CBP). On the other hand, the device engineering also affects the stability of UEN-based OLEDs, since charge and exciton dynamics have an important influence on emission performance (e.g., charge–exciton interaction, exciton recombination and quenching) [155,156,157,158,159,160,161]. Additionally, although almost no attention has been paid to the optical effect of UEN-based OLEDs, this effect is significant for device lifetime since excess thermal energy is generated by the trapped light [162,163,164,165,166,167,168,169].



Similar to conventional OLEDs, UEN-based OLEDs also suffer from water and oxygen attack, electrochemical and photochemical reactions, electrical and thermal breakdown, etc. [170,171,172,173,174]. However, compared to conventional devices, UEN-based OLEDs may be more influenced by electron-induced molecule migration. The molecules of UENs are scattered in islands on the rough adjacent layers, showing a two-dimensional doping effect. However, the delicate design is more easily affected when making the EML thinner. The molecule migration induced by the flow and collision of electrons can easily destroy this two-dimensional doping form and causes the molecular distribution of the EML to become scattered in a way that was not anticipated at the time of design. At the time of design time, there may be a need for strategies to improve device performance such as confining the excitons and electrons [175,176,177,178,179,180].






4. Conclusions and Outlook


As UENs would simplify device structures, minimize fabrication procedures, and reduce the cost, a great number of UEN-based monochromatic and white OLEDs have been reported in recent years. Nowadays, the performance of OLEDs with UENs can be somewhat comparable to that of the state-of-the-art doping counterparts. Herein, we have reviewed the recent progress in the field of UEN-based OLEDs. Specifically, we have emphasized some representative high-performance UEN-based red, yellow/orange, green, blue, and white OLEDs.



Research on UEN-based OLEDs started from monochromatic colors and extended to white emissions. Afterward, the emission mechanism of UEN-based OLEDs was explored. It was found that UENs directly captured very few charges, while the dominant mechanism of device luminescence was usually the energy transfer between the host and the guest. With a greater understanding of emission mechanisms, researchers gradually applied new materials and design concepts (e.g., interlayer, AIE, exciplex, and TADF materials) to the development of UEN-based WOLEDs. Although the performance of UEN-based OLEDs has been gradually enhanced, there are still many challenges limiting their practical applications, such as efficiency, efficiency roll-off, and lifetime. In the case of efficiency, as the EQE is decided by the outcoupling factor, the fraction of excitons decayed radiatively, the photoluminescence quantum efficiency of emitters, and charge balance, the material and device engineering should be well controlled [181,182,183,184,185]. Additionally, since PE is inversely proportional to operational voltages, future works also need to focus on how to reduce the voltages in order to achieve the theoretical PE limit of WOLEDs (248 Lm/W) [55,186,187,188,189]. To lower the efficiency roll-off, charge balance is typically required. Hence, the selection of charge transport layers, the design of interlayers, and the position of UENs should be carefully managed [6,190,191,192].



In terms of device lifetime, it is worth noting that UEN-based OLEDs have not yet obtained satisfactory stability, even for monochromatic green OLEDs. Therefore, there is still a large gap between UEN-based OLEDs and advanced doped OLEDs from the perspective of stability [193]. As the lifetime is a crucial factor determining the commercial potential of products, more efforts are necessary to be made to enhance the stability of UEN-based OLEDs. In particular, the stability mechanism of UEN-based OLEDs is still unclear, requiring an insightful understanding of charge and exciton behaviors [194,195,196,197]. In particular, by virtue of inorganic charge transport materials, the device stability may be improved, although almost no such work has been reported [198,199,200,201]. In addition, due to the high exciton utilization efficiency of TADF emitters, more and more researchers have adopted TADF materials for UENs in order to develop high-performance OELDs. However, there is still a lack of stable TADF materials that can efficiently produce deep blue emissions, which is an important limiting factor for UEN-based blue and white OLEDs. Hence, the innovation of device structures may be helpful (e.g., the use of tandem structures, the design of warm-white emissions). Once the above issues are solved, UEN-based OLEDs are believed to have bright prospects for mass production and play an important role in the display and lighting fields.
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Figure 1. Schematic device structure and emitting layer molecule distribution of OLEDs with UENs inserted into (a) heterojunction interfaces, (b) single host materials, and (c) mixed host materials. HIL, HTL, ETL, and EIL are hole injection layer, hole transport layer, electron transport layer, and electron injection layer, respectively. 
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Figure 2. Characteristics of UEN−based OLEDs. (a) Power efficiency (PE), (b) current efficiency (CE), (c) EQE, and (d) EL spectra of devices B1 and B2. (e) The structure of devices. (f) The detailed EML of device B2. (g) Schematic diagram of the emission mechanism of device B2. Reproduced from reference [62], Wiley−Blackwell, 2019 [62]. 
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Figure 3. Characteristics of devices D1–D3: (a) current–voltage–luminance, (b) CE–luminance, (c) PE–luminance, and (d) EQE–luminance. Reproduced from reference [65], American Chemical Society, 2018 [66]. 
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Figure 4. (a) Device structure diagram for all blue devices B1–B4. (b) Schematic energy level diagram for all monochromatic phosphorescent devices in this work. (c) EL spectra for devices B1–B4 at 5 V. (d) CE–voltage–luminance characteristics. (e) CE–luminance–EQE curves. (f) PE–luminance curves for all blue devices B1–B4. Reproduced from reference [80], Elsevier, 2023 [80]. 
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Figure 5. Device structure of WOLEDs based on doping-free UENs. Reproduced from reference [88], American Chemical Society, 2013 [88]. 
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Figure 6. Schematic structures of the doping-free hybrid WOLEDs (DFH-WOLEDs) and the chemical structure of emitters. Reproduced from reference [102], Elsevier, 2016 [102]. 
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Figure 7. Schematic diagrams of the emission mechanisms of four white devices. (a) For device W1, (b) for device W2, (c) for device W3, (d) for device W4. The circles and triangles are the exciton energies (S1, S0, and T1). The performance of the best device W1: (e) EL spectra, CIE coordinates, CCT, and CRI; (f) CE–L–EQE characteristic curves. Reproduced from reference [120], Walter de Gruyter, 2017 [120]. 
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Figure 8. (a) Graphical abstract of the work. (b) Proposed energy-level diagram of hybrid warm WOLEDs. (c) External quantum efficiency–brightness characteristics of devices W1, W2, W3, and W4. Inset: Current density–brightness–voltage (J−B−V) characteristics of devices W1, W2, W3, and W4. (d) Normalized EL spectra of devices W1, W2, W3, and W4 operating at 10 mA/cm2. Reproduced from reference [139], Elsevier, 2022 [139]. 
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Figure 9. (a) Device structure diagram for all white devices W3-1 to W3-4. (b–e) Normalized EL spectra as well as CIE coordinates, CRI, and CCT for all white devices at different voltages, (f) current density–voltage–luminance characteristics, (g) CE and EQE, and (h) PE curves. Reproduced from reference [80], Elsevier, 2023 [80]. 
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