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Recently, quasi-two-dimensional (Q-2D) perovskites have received much attention due to their excellent photophysical properties. Phase compositions in Q-2D perovskites have obvious effect on the device performance. Here, efficient green perovskite light-emitting diodes (PeLEDs) were fabricated by employing o-fluorophenylethylammonium bromide (o-F-PEABr) and 2-aminoethanol hydrobromide (EOABr) as the mix-interlayer ligands. Phase compositions are rationally optimized through composition and interlayer engineering. Meanwhile, non-radiative recombination is greatly suppressed by the introduction of mix-interlayer ligands. Thus, green PeLEDs with a peak photoluminescence quantum yield (PLQY) of 81.4%, a narrow full width at half maximum (FWHM) of 19 nm, a maximum current efficiency (CE) of 27.7 cd/A, and a maximum external quantum efficiency (EQE) of 10.4% were realized. The results are expected to offer a feasible method to realize high-efficiency PeLEDs.
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INTRODUCTION
Metal-halogen perovskites are emerging as potential candidates for light-emitting diodes due to their high color purity (insensitive to crystal size), high photoluminescence quantum yield (PLQY), facile adjustable photoelectronic properties, and solution processability (Wang et al., 2018a; Miao et al., 2019; Quan et al., 2019; Han et al., 2021). Impressive electroluminescence efficiency of perovskite light-emitting diodes (PeLEDs) has been demonstrated in recent years (Meng et al., 2020; Liu et al., 2021a; Liu et al., 2021b; Hassan et al., 2021; Zhu et al., 2021). Currently, numerous research efforts focused on development of perovskite electroluminescent materials with high PLQY, good film quality, and efficient carrier injection.
Three-dimensional (3D) perovskites with continuous octahedral frameworks generally feature in a weak exciton binding energy (Miyata et al., 2015; Yang et al., 2016). Excitons in 3D perovskites tend to separate into free carriers which induce non-radiative recombination. Q-2D perovskites with a multiple quantum-well structure are another approach to achieve efficient electroluminescence (He et al., 2019; Guo et al., 2021; Jiang et al., 2021; Yang et al., 2021). The multiple quantum-well structure of Q-2D perovskites is beneficial to exciton formation and reducing the possibility of exciton dissociation. In addition, Q-2D perovskites are a strongly bound system due to the strong quantum and dielectric confinement effects (Blancon et al., 2017; Xing et al., 2017; Zhang et al., 2018; Cheng et al., 2020). These effects contribute to improving the exciton binding energy, adjusting the photoelectric properties, and inhibiting the non-radiative recombination. There exists an ultrafast energy transfer process from the large bandgap phases (small n values) to the lowest bandgap phase (larger n values) in Q-2D perovskites, which promises efficient radiative recombination (Liu et al., 2017; Panuganti et al., 2021; Yin et al., 2021). Hence, Q-2D perovskites are considered good candidate materials for efficient PeLEDs. This unique emission behavior of Q-2D perovskites is strongly dependent on the perovskite phase compositions. Up to now, it is still difficult to obtain the Q-2D perovskites with single n phase (n ≥ 2), and the Q-2D perovskite films are usually a mixture with different n phases (Tsai et al., 2018; Yang et al., 2018; Yang et al., 2019). Previous studies have shown that enhanced phase purity has a significant effect on charge transfer between different n phases and eventual device performance (Wang et al., 2018b; Yang et al., 2018; Yu et al., 2019). Organic interlayer ligands in Q-2D perovskites can directly affect the phase compositions (purity). The subtle structure change in organic interlayer ligands might lead to a big difference in perovskite phase compositions. Therefore, selecting suitable organic interlayer ligands to regulate the phase compositions in Q-2D perovskites is expected as a feasible strategy to further improve the device efficiency.
In this work, o-F-PEABr and EOABr were employed as the mix-interlayer ligands to fabricate Q-2D PeLEDs. Phase compositions and energy levels can be effectively regulated by the o-F-PEABr ligand. On combining with the EOABr ligand, the non-radiative recombination channels in these Q-2D perovskites are greatly suppressed. Efficient green PeLEDs based on mix-interlayers were realized with an emission peak at 509 nm, a maximum CE of 27.7 cd A−1, and a maximum EQE of 10.4%. The results demonstrated here offer a simple path to realize efficient PeLEDs.
RESULTS AND DISCUSSION
Perovskite precursor solutions were prepared by dissolving o-F-PEABr, lead bromide, and cesium bromide in dimethyl sulfoxide solvent according to the Q-2D perovskite general formula o-F-PEA2Csm-1PbmBr3m+1 with various m values (the Experimental section). Perovskite emitters were prepared by the one-step spin-coating method. To study the effect of phase compositions on PeLED performance, a group of devices with a configuration of ITO (100 nm)/polyvinylcarbazole (PVK):N,N′-bis(4-butylphenyl)-N,N-bis(phenyl)-benzidine (TPD) (30 nm)/perovskite emitters (60 nm)/3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBI) (35 nm)/LiF (1 nm)/Al (150 nm) were fabricated. PVK:TPD acted as a hole-transporting layer, and TPBI was used as an electron-transporting layer. The perovskite emitters with m = 1, 2, 3, 4 were employed as the light-emitting layers. PeLEDs based on the perovskite emitters with m = 1 were also fabricated; however, device performance could be hardly observed. As previously reported, this should be attributed to their poor film morphology, large hole-injection barrier, and serious traps assisting non-radiative recombination (Era et al., 1994; Xing et al., 2017).
The electroluminescence (EL) performance of these PeLEDs is shown in Supplementary Figure S1 and Supplementary Table S1. All these PeLEDs show green emission from 511 to 502 nm (Supplementary Figure S1A). The EL peaks show a slightly red shift with the m values increased. The m = 3 (o-F-PEA2Cs2Pb3Br10) PeLEDs show optimum device performance with a peak luminance of 7,290 cd/m2, a maximum CE of 14.2 cd A−1 (Supplementary Figure S1C), and a maximum EQE of 5.1% (Supplementary Figure S1D). The turn-on voltage (Von) at 3.0 V certifies the carriers were effectively injected into the perovskite emitters (Supplementary Figure S1B), which can be proved by the smaller hole-injection barrier (Supplementary Figure S2). Therefore, the m = 3 perovskite was used as the optimal condition for further study.
As the ultraviolet–visible (UV–Vis) absorption spectra shown in Supplementary Figure S3A, the phase compositions of o-F-PEA2Csm-1PbmBr3m+1 Q-2D perovskite can be effectively regulated by changing the m values. The single absorption peak at 396 nm of m = 1 (o-F-PEA2PbBr4) perovskite is attributed to the n = 1 phase. The absorption peaks of m = 2 (o-F-PEA2CsPb2Br7) perovskite at 396, 428, and 456 nm are attributed to n = 1, 2, 3 phases, respectively. The n = 1, 2 phases could be greatly inhibited as the m = 3 (o-F-PEA2Cs2Pb3Br10) and 4 (o-F-PEA2Cs3Pb4Br13) perovskites. The PLQY of m = 1, 2, 3, 4 is 1.1%, 6.8%, 58.7.1, and 46.8%, respectively.
The morphology of these perovskites was studied through the scanning electron microscopy (SEM) test. As shown in Supplementary Figure S4, the m = 1 perovskite films show a rough and wrinkle morphology. The film quality showed notable improvement with the m values increased from 2, 3 to 4. Thus, the improved PeLED performance of m = 3 perovskites comes from the combination of improved phase purity, higher film quality, efficient carrier injection, and higher PLQY.
The employment of mix-interlayer ligands with synergistic effects is an effective way to improve the device performance. Here, mix-interlayer perovskites were fabricated by introducing the EOABr ligand with the general formula of (EOA x o-F-PEA y)2Cs2Pb3Br10 (x + y = 1). The phase compositions were further engineered by tuning the mix-interlayer ligand molar ratio with x:y = 1:8, 2:8 toward efficient quasi-2D perovskites. UV–Vis absorption and photoluminescence (PL) spectra of these samples are exhibited in Figure 1A; the m = 3 sample is also included for comparison. The m = 3 and 1:8 samples show weak excitonic absorption peaks of low-n phases (n ≤ 4). As the molar ratio of x:y increased to 2:8, excitonic absorption peak intensity at 430, 462, and 478 nm is slightly enhanced, corresponding to the n phases of 2, 3, and 4, respectively. With the increasing concentration of EOABr, the excitonic absorption peaks of large-n phases (n ≥ 5) around 503 nm show a minor blue shift. Meanwhile, gradually blue-shifted PL spectra were also found from 508, 507 to 505 nm with the increased EOABr molar ratio (Figure 1B). These trends can be interpreted by the increase of n ≤ 4 phases together with the reduction of n ≥ 5 phases with more EOABr added.
[image: Figure 1]FIGURE 1 | (A) UV–Vis absorption spectra and (B) PL spectra of the corresponding Q-2D perovskite films with different interlayers.
PLQYs of these samples are shown in Figure 2A. The PLQYs of 1:8 and 2:8 samples are 81.4 and 79.1%, respectively, which are much larger than that of m = 3 perovskite. Figure 2B shows the corresponding time-resolved PL decay kinetics spectra. The PL decay curves are fit with a tri-exponential decay model (Supplementary Table S3) (Sun et al., 2016; Yang et al., 2017; Li et al., 2018). The 1:8 perovskites show the highest average PL lifetime (τave) of 57.6 ns, which is larger than that of m = 3 (47.1 ns) perovskites, demonstrating that excitons in the mix-interlayer perovskites can live for a longer time. Supplementary Equations S1, S2 in the Supporting Information are used to calculate the radiative (kr) and non-radiative (knr) transition rates. The m = 3 perovskite shows a moderate kr:knr ratio of 1.43. The 1:8 and 2:8 perovskites show significantly increased kr:knr ratios of 4.36 and 3.78, respectively. Therefore, non-radiative channels in mix-interlayer Q-2D perovskites are suppressed through more effective interlayer ligand passivation.
[image: Figure 2]FIGURE 2 | (A) PLQY and (B) time-resolved PL decay curves of the corresponding Q-2D perovskite films with different interlayers.
The X-ray diffraction (XRD) test was carried out to analyze the crystal structures of these mix-interlayer perovskites (Supplementary Figure S5). The diffraction pattern of CsPbBr3 (stand PDF# 18-0364) was also included for comparison. The 2θ diffraction peaks at 15.24° and 30.71° are observed from all the perovskite films, which ascribe to the (100) and (200) planes of the large-n phase (n ≥ 5) perovskite similar to CsPbBr3. The stronger XRD peak intensity of 1:8 and 2:8 samples indicated more dominant crystal orientation.
The film morphology of these samples was examined using SEM (Supplementary Figure S6). The SEM images show smoother film morphology with the addition of EOABr. The high-quality perovskite films of (EOA x o-F-PEA y)2Cs2Pb3Br10 can restrain leakage current and facilitate the realization of highly efficient PeLEDs.
Encouraged by the excellent optical and physical properties, the performance of these mix-interlayer perovskites was tested with the same device configuration of ITO (100 nm)/PVK:TPD (30 nm)/perovskite emitters (60 nm)/TPBI (35 nm)/LiF (1 nm)/Al (150 nm). Figure 3 shows the electroluminescence (EL) performance of these PeLEDs. All the devices show green emission with a single peak. The EL spectra exhibit a small blue shift from 510 to 507 nm (Figure 3A) with the increase in the molar ratio of EOABr ligand, which are well in keeping with that of the PL spectra. The FWHM value of mix-interlayer PeLEDs is about 19 nm, which shows excellent color purity.
[image: Figure 3]FIGURE 3 | (A) EL spectra at 1 mA cm−2, (B) current density (J) and luminance (L) vs voltage, (C) current efficiency (CE) vs current density, and (D) external quantum efficiency (EQE) vs current density characteristics of the devices based on the corresponding Q-2D perovskite films with different interlayers.
The energy levels of perovskite emitters are exhibited in Supplementary Figure S7. The valence band of m = 3, 1:8, 2:8 is 5.47, 5.46, and 5.45 eV, respectively. Subtraction by the optical bandgaps gives the corresponding valence band of 3.09, 3.07, and 3.05 eV, respectively. Thus, efficient carrier injection between transporting layers and perovskite emitter layers could be achieved. The lowest unoccupied molecular orbital of PVK:TPD (−2.3 eV) can confine the electron current within the perovskite emitting layers. The hole current can also be restricted within the perovskite emitting layers via the deep highest occupied molecular orbital of TPBI (−6.2 eV). Furthermore, this device structure can realize effective carrier injection and confinement in perovskite emitting layers. Figure 3B shows the current density (J)–voltage (V)–luminance (L) spectra. Here, the decreased Von of mix-interlayer perovskites comes from the slightly reduced hole carrier injection barrier.
All the EL performance parameters are summarized in Table 1 and Supplementary Table S3. With the employment of EOABr, the device performance is significantly improved (Figures 3C,D). At the ratio of 1:8, the PeLEDs show best performance with peak CE and EQE values of 27.7 cd A−1 and 10.4%, respectively. The improved EQE can be explained by the higher PLQY, larger kr:knr, and better film quality owing to the mix-interlayer ligands.
TABLE 1 | Summary of the device performance with different interlayers as the light-emitting layers.
[image: Table 1]The device stability is one of the key parameters of PeLEDs. The spectra stability of 1:8 PeLEDs was first studied to investigate the device stability. As shown in Figure 4A and Supplementary Figure S9, all PeLEDs exhibit good spectra stability as the driving voltage increased from 3.4 to 6.6 V. In addition, the long-term device lifetime was also measured. The device lifetime was carried out in constant current mode with an initial luminance of about 100 cd/m2. The half-lifetime (T50) amounts to the time it takes to decrease the luminance to 50% of its initial value. As shown in Figure 4B and Supplementary Figure S10, the T50 lifetime of the m = 3, 1:8, and 2:8 PeLEDs is 34.6, 48.5, and 7.2 min, respectively. The good device stability of 1:8 PeLEDs is probably due to the better film quality, matched energy levels, and efficient carrier injection. Statistical EQE performance of the 1:8 perovskite for 30 devices is shown in Supplementary Figure S8. The average EQE was 9.1% with a relative standard deviation of 9.5%. Therefore, the 1:8 PeLEDs also show good reproducibility.
[image: Figure 4]FIGURE 4 | (A) EL spectra of EOA:OFP (1:8) PeLEDs with the operating voltage from 3.4 to 6.6 V and (B) T50 lifetime measurements for EOA:OFP (1:8) PeLEDs at an initial luminance of 100 cd m−2.
CONCLUSIONS
In summary, efficient green PeLEDs have been realized by introducing o-F-PEABr and EOABr as the mix-interlayer ligands. The phase compositions, defect passivation, and film quality can be easily adjusted through composition and mix-interlayer engineering. Under the optimization of optical and electric properties, efficient green PeLEDs based on 1:8 mix-interlayers were obtained with a peak CE of 27.7 cd/A, a maximum EQE of 10.4%, and a T50 lifetime of 48.5 min. This work can provide a simple and feasible strategy for improving the performance of Q-2D PeLEDs.
EXPERIMENTAL SECTION
Materials. Cesium bromide (CsBr, 99.5%), lead bromide (PbBr2, 99.5%), o-F-PEABr (99.5%), TPD (99.5%), and EOABr (99.5%) were purchased from Xi’an p-OLED Corp. Dimethyl sulfoxide (DMSO, 99.8%) was purchased from Acros, PVK (average Mw ∼1100000) was purchased from Sigma-Aldrich, and TPBI (99.5%) was purchased from Luminescence Technology Corp. All materials were used as received without further purification.
Preparation of Perovskite Precursor Solution
The o-F-PEABr Q-2D perovskite precursor solution of m = 1, 2, 3, and 4 was prepared by dissolving o-F-PEABr, CsBr, and PbBr2 in the molar ratios of 2:0:1, 2:2.4:2, 2:3.6:3, and 2:4.8:4 in DMSO under continuous stirring for 6 h at 50°C, respectively. The mix-interlayer Q-2D perovskite precursor solution of 1:8 and 2:8 was prepared by dissolving o-F-PEABr, EOABr, CsBr, and PbBr2 in the molar ratios of 1.78:0.22:3.6:3 and 1.6:0.4:3.6:3 in DMSO under continuous stirring for 6 h at 50°C, respectively. The Pb2+ concentration in perovskite precursor solution is 0.15 M.
Fabrication and Characterization of PeLEDs
The PeLEDs were fabricated following a well-established procedure. First, the ITO substrates were ultrasonically cleaned with detergent and deionized water. After baking at 120°C, the ITO substrates were treated with UV-O3 for 30 min and transferred into a nitrogen-filled glove box. 30 nm of PVK:TPD (4:1, w/w, chlorobenzene) was spin-coated and then baked at 130°C for 20 min. 1,4-Dioxane was spin-coated onto PVK:TPD at 3,000 rpm to increase the surface wettability. Then, perovskite emitters were spin-coated from the precursor solution and annealed at 95oC for 20 s. Finally, TPBI (35 nm), LiF (1.0 nm), and Al (150 nm) were evaporated under a pressure of 1 × 10–4 Pa. The thickness of the evaporated materials was monitored by a quartz crystal thickness monitor (SQM-160, Inficon). Deposition rates of TPBI, LiF, and Al were 1.5 Å s−1, 0.1 Å s−1, and 4 Å s−1, respectively. The emission area of these PeLEDs was 2 mm * 2 mm. All the fabrication processes were accomplished inside a nitrogen dry box. The oxygen and moisture of nitrogen dry box were less than 1 ppm. Current density (J)–voltage (V) curves were measured by using a dual-channel Keithley 2400 instrument. The EL spectra, CE, and EQEs were measured by using an integrating sphere, a multi-channel analyzer PMA-12, and an external quantum efficiency measurement system (C9920-12, Hamamatsu Photonics, Japan) (Mo et al., 2016). Before the measurement in the atmosphere, all the devices were encapsulated with a UV-cured epoxy resin.
Measurement and Characterization
UV–Vis absorption spectra were collected by a SHIMADZU/UV-3600 PLUS spectrophotometer. XRD spectra were measured by a multipurpose X’Pert PRO system. SEM images were taken with a ZEISS/SIGMA500 system. PL spectra were measured using an Edinburgh FL980 fluorescence spectrophotometer with a 375 nm xenon lamp as the excitation light source. Time-resolved PL decay spectra were measured with an Edinburgh FL980 fluorescence spectrophotometer with a 371.6 nm ps diode laser as the excitation light source. PLQYs of the perovskite films were measured by a commercialized PLQY measurement system from Ocean Optics with a 375 nm LED as the excitation light source. The energy level values were measured by atmospheric ultraviolet photoelectron spectroscopy (Riken Keiki AC-3).
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
ZW fabricated and characterized the PeLEDs and wrote the first manuscript. FM conceived the idea, designed the experiments, supervised the device fabrication, performed data analysis, and revised the manuscript. QF conducted the SEM test. SS and LQ prepared the samples for UV–Vis absorption and PL tests. GS conducted the PLQY and energy level tests. ZC performed and analyzed the photophysical characterization. QZ conducted the device performance test. WZ and SS supervised the whole project and made revisions for the manuscript. All authors read and approved the final manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors greatly appreciate the financial support from the School of Materials Science and Engineering, Jiangsu Engineering Laboratory of Light-Electricity-Heat Energy-Converting Materials and Applications (GDRGCS2021004), College Innovation Team Project of Guangdong Province (2021KCXTD042), National Natural Science Foundation of China (No. 21901190), Science and Technology Projects of Innovative Leading Talents of Jiangmen [Jaingren (2019) 7], Cooperative Education Platform of Guangdong Province (No. (2016) 31), and Key Laboratory of Optoelectronic Materials and Applications in Guangdong Higher Education (No. 2017KSYS011).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.825822/full#supplementary-material
REFERENCES
 Blancon, J.-C., Tsai, H., Nie, W., Stoumpos, C. C., Pedesseau, L., Katan, C., et al. (2017). Extremely Efficient Internal Exciton Dissociation through Edge States in Layered 2D Perovskites. Science 355, 1288–1292. doi:10.1126/science.aal4211
 Cheng, L., Jiang, T., Cao, Y., Yi, C., Wang, N., Huang, W., et al. (2020). Multiple-Quantum-Well Perovskites for High-Performance Light-Emitting Diodes. Adv. Mater. 32, e1904163. doi:10.1002/adma.201904163
 Era, M., Morimoto, S., Tsutsui, T., and Saito, S. (1994). Organic‐Inorganic Heterostructure Electroluminescent Device Using a Layered Perovskite Semiconductor (C6H5C2H4NH3)2PbI4. Appl. Phys. Lett. 65, 676–678. doi:10.1063/1.112265
 Guo, Y., Apergi, S., Li, N., Chen, M., Yin, C., Yuan, Z., et al. (2021). Phenylalkylammonium Passivation Enables Perovskite Light Emitting Diodes with Record High-Radiance Operational Lifetime: the Chain Length Matters. Nat. Commun. 12, 644. doi:10.1038/s41467-021-20970-6
 Han, B., Yuan, S., Cai, B., Song, J., Liu, W., Zhang, F., et al. (2021). Green Perovskite Light‐Emitting Diodes with 200 hours Stability and 16% Efficiency: Cross‐Linking Strategy and Mechanism. Adv. Funct. Mater. 31, 2011003. doi:10.1002/adfm.202011003
 Hassan, Y., Park, J. H., Crawford, M. L., Sadhanala, A., Lee, J., Sadighian, J. C., et al. (2021). Ligand-Engineered Bandgap Stability in Mixed-Halide Perovskite LEDs. Nature 591, 72–77. doi:10.1038/s41586-021-03217-8
 He, Z., Liu, Y., Yang, Z., Li, J., Cui, J., Chen, D., et al. (2019). High-Efficiency Red Light-Emitting Diodes Based on Multiple Quantum Wells of Phenylbutylammonium-Cesium Lead Iodide Perovskites. ACS Photon. 6, 587–594. doi:10.1021/acsphotonics.8b01435
 Jiang, Y., Cui, M., Li, S., Sun, C., Huang, Y., Wei, J., et al. (2021). Reducing the Impact of Auger Recombination in Quasi-2D Perovskite Light-Emitting Diodes. Nat. Commun. 12, 336. doi:10.1038/s41467-020-20555-9
 Li, Y., Huang, H., Xiong, Y., Kershaw, S. V., and Rogach, A. L. (2018). Revealing the Formation Mechanism of CsPbBr3 Perovskite Nanocrystals Produced via a Slowed-Down Microwave-Assisted Synthesis. Angew. Chem. Int. Ed. 57, 5833–5837. doi:10.1002/anie.201713332
 Liu, J., Leng, J., Wu, K., Zhang, J., and Jin, S. (2017). Observation of Internal Photoinduced Electron and Hole Separation in Hybrid Two-Dimentional Perovskite Films. J. Am. Chem. Soc. 139, 1432–1435. doi:10.1021/jacs.6b12581
 Liu, Y., Yu, Z., Chen, S., Park, J. H., Jung, E. D., Lee, S., et al. (2021). Boosting the Efficiency of Quasi-2D Perovskites Light-Emitting Diodes by Using Encapsulation Growth Method. Nano Energy 80, 105511. doi:10.1016/j.nanoen.2020.105511
 Liu, Z., Qiu, W., Peng, X., Sun, G., Liu, X., Liu, D., et al. (2021). Perovskite Light‐Emitting Diodes with EQE Exceeding 28% through a Synergetic Dual‐Additive Strategy for Defect Passivation and Nanostructure Regulation. Adv. Mater. 33, 2103268. doi:10.1002/adma.202103268
 Meng, F., Liu, X., Chen, Y., Cai, X., Li, M., Shi, T., et al. (2020). Co‐Interlayer Engineering toward Efficient Green Quasi‐Two‐Dimensional Perovskite Light‐Emitting Diodes. Adv. Funct. Mater. 30, 1910167. doi:10.1002/adfm.201910167
 Miao, Y., Ke, Y., Wang, N., Zou, W., Xu, M., Cao, Y., et al. (2019). Stable and Bright Formamidinium-Based Perovskite Light-Emitting Diodes with High Energy Conversion Efficiency. Nat. Commun. 10, 3624. doi:10.1038/s41467-019-11567-1
 Miyata, A., Mitioglu, A., Plochocka, P., Portugall, O., Wang, J. T.-W., Stranks, S. D., et al. (2015). Direct Measurement of the Exciton Binding Energy and Effective Masses for Charge Carriers in Organic-Inorganic Tri-halide Perovskites. Nat. Phys 11, 582–587. doi:10.1038/nphys3357
 Mo, H. W., Tsuchiya, Y., Geng, Y., Sagawa, T., Kikuchi, C., Nakanotani, H., et al. (2016). Color Tuning of Avobenzone Boron Difluoride as an Emitter to Achieve Full‐Color Emission. Adv. Funct. Mater. 26, 6703–6710. doi:10.1002/adfm.201601257
 Panuganti, S., Besteiro, L. V., Vasileiadou, E. S., Hoffman, J. M., Govorov, A. O., Gray, S. K., et al. (2021). Distance Dependence of Förster Resonance Energy Transfer Rates in 2D Perovskite Quantum Wells via Control of Organic Spacer Length. J. Am. Chem. Soc. 143, 4244–4252. doi:10.1021/jacs.0c12441
 Quan, L. N., Rand, B. P., Friend, R. H., Mhaisalkar, S. G., Lee, T.-W., and Sargent, E. H. (2019). Perovskites for Next-Generation Optical Sources. Chem. Rev. 119, 7444–7477. doi:10.1021/acs.chemrev.9b00107
 Sun, S., Yuan, D., Xu, Y., Wang, A., and Deng, Z. (2016). Ligand-Mediated Synthesis of Shape-Controlled Cesium Lead Halide Perovskite Nanocrystals via Reprecipitation Process at Room Temperature. ACS nano 10, 3648–3657. doi:10.1021/acsnano.5b08193
 Tsai, H., Nie, W., Blancon, J. C., Stoumpos, C. C., Soe, C. M. M., Yoo, J., et al. (2018). Stable Light‐Emitting Diodes Using Phase‐Pure Ruddlesden-Popper Layered Perovskites. Adv. Mater. 30, 1704217. doi:10.1002/adma.201704217
 Wang, Z., Jingjing, Q., Wang, X., Zhang, Z., Chen, Y., Huang, X., et al. (2018). Two-Dimensional Light-Emitting Materials: Preparation, Properties and Applications. Chem. Soc. Rev. 47, 6128–6174. doi:10.1039/c8cs00332g
 Wang, K.-H., Peng, Y., Ge, J., Jiang, S., Zhu, B.-S., Yao, J., et al. (2018). Efficient and Color-Tunable Quasi-2D CsPbBrxCl3-X Perovskite Blue Light-Emitting Diodes. ACS Photon. 6, 667–676. doi:10.1021/acsphotonics.8b01490
 Xing, G., Wu, B., Wu, X., Li, M., Du, B., Wei, Q., et al. (2017). Transcending the Slow Bimolecular Recombination in Lead-Halide Perovskites for Electroluminescence. Nat. Commun. 8, 14558. doi:10.1038/ncomms14558
 Yang, Y., Ostrowski, D. P., France, R. M., Zhu, K., Van De Lagemaat, J., Luther, J. M., et al. (2016). Observation of a Hot-Phonon Bottleneck in Lead-Iodide Perovskites. Nat. Photon 10, 53–59. doi:10.1038/nphoton.2015.213
 Yang, B., Chen, J., Hong, F., Mao, X., Zheng, K., Yang, S., et al. (2017). Lead‐Free, Air‐Stable All‐Inorganic Cesium Bismuth Halide Perovskite Nanocrystals. Angew. Chem. Int. Ed. 56, 12471–12475. doi:10.1002/anie.201704739
 Yang, X., Zhang, X., Deng, J., Chu, Z., Jiang, Q., Meng, J., et al. (2018). Efficient Green Light-Emitting Diodes Based on Quasi-Two-Dimensional Composition and Phase Engineered Perovskite with Surface Passivation. Nat. Commun. 9, 570. doi:10.1038/s41467-018-02978-7
 Yang, X., Chu, Z., Meng, J., Yin, Z., Zhang, X., Deng, J., et al. (2019). Effects of Organic Cations on the Structure and Performance of Quasi-Two-Dimensional Perovskite-Based Light-Emitting Diodes. J. Phys. Chem. Lett. 10, 2892–2897. doi:10.1021/acs.jpclett.9b00910
 Yang, L., Zhang, Y., Ma, J., Chen, P., Yu, Y., and Shao, M. (2021). Pure Red Light-Emitting Diodes Based on Quantum Confined Quasi-Two-Dimensional Perovskites with Cospacer Cations. ACS Energ. Lett. 6, 2386–2394. doi:10.1021/acsenergylett.1c00752
 Yin, Z., Leng, J., Wang, S., Liang, G., Tian, W., Wu, K., et al. (2021). Auger-Assisted Electron Transfer between Adjacent Quantum Wells in Two-Dimensional Layered Perovskites. J. Am. Chem. Soc. 143, 4725–4731. doi:10.1021/jacs.1c00424
 Yu, M., Yi, C., Wang, N., Zhang, L., Zou, R., Tong, Y., et al. (2019). Control of Barrier Width in Perovskite Multiple Quantum Wells for High Performance Green Light-Emitting Diodes. Adv. Opt. Mater. 7, 1801575. doi:10.1002/adom.201801575
 Zhang, H., Liao, Q., Wu, Y., Zhang, Z., Gao, Q., Liu, P., et al. (2018). 2D Ruddlesden-Popper Perovskites Microring Laser Array. Adv. Mater. 30, 1706186. doi:10.1002/adma.201706186
 Zhu, L., Cao, H., Xue, C., Zhang, H., Qin, M., Wang, J., et al. (2021). Unveiling the Additive-Assisted Oriented Growth of Perovskite Crystallite for High Performance Light-Emitting Diodes. Nat. Commun. 12, 5081. doi:10.1038/s41467-021-25407-8
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The handling Editor declared a past co-authorship with one of the authors SS.
Copyright © 2022 Wang, Meng, Feng, Shi, Qiu, Sun, Chen, Zeng, Zhu and Su. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-09-825822-t001.jpg
Light-emitting Von (V) CE pax (cd/A) EQE nax (%) Linax (cd/m?) Peak (nm)
layers

m=3 30 142 51 7,290 510
EOA:OFP (1:8) 29 277 104 8,000 509
EOAOFP (2:8) 29 183 70 6800 507





OPS/images/fchem-09-825822-g003.gif





OPS/images/fchem-09-825822-g004.gif
EL Intanshy (i)  »






OPS/xhtml/nav.xhtml
Contents

		Cover

		Efficient Green Quasi-Two-Dimensional Perovskite Light-Emitting Diodes Based on Mix-Interlayer		Introduction

		Results and Discussion

		Conclusions

		Experimental Section		Preparation of Perovskite Precursor Solution

		Fabrication and Characterization of PeLEDs

		Measurement and Characterization





		Data Availability Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Chemistry

Efficient Green Quasi-Two-
Dimensional Perovskite Light-
Emitting Diodes Based on Mix-
Interlayer





OPS/images/fchem-09-825822-g001.gif





OPS/images/fchem-09-825822-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





