

  nanomaterials-11-00993




nanomaterials-11-00993







Nanomaterials 2021, 11(4), 993; doi:10.3390/nano11040993




Article



Position Effects of Metal Nanoparticles on the Performance of Perovskite Light-Emitting Diodes



Chen-Min Yang 1 and Fang-Chung Chen 1,2,3,*[image: Orcid]





1



Department of Photonics, College of Electrical and Computer Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan






2



Center for Emergent Functional Matter Science, National Chiao Tung University, Hsinchu 30010, Taiwan






3



Department of Photonics, College of Electrical and Computer Engineering, National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan









*



Correspondence: fcchen@mail.nctu.edu.tw or fcchendop@nycu.nctu.edu.tw







Academic Editor: Wolfgang Heiss



Received: 26 March 2021 / Accepted: 10 April 2021 / Published: 13 April 2021



Abstract

:

Metal nanoparticles have been widely used for improving the efficiencies of many optoelectronic devices. Herein, position effects of gold nanoparticles (Au NPs) on the performance of perovskite light-emitting diodes (PeLEDs) are investigated. Amphiphilic Au NPs are synthesized so that they can be incorporated into different layers of the PeLEDs to enhance device efficiencies. The photoluminescent (PL) studies indicate apparent position effects; the strongest PL intensity occurs when the NPs are directly blended with the light-emitting perovskite layer. In contrast, the PeLEDs exhibit the highest luminance efficiency while the Au NPs are placed in the hole-transporting layer. The direct blending of the NPs in the perovskite layer might affect the electrical properties, resulting in inferior device performance. The results reported herein can help to understand the enhancing mechanism of the PeLEDs and may also lead to even better efficiencies in the near future.
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1. Introduction


Organic–inorganic hybrid perovskite materials are receiving increasing attention for many optoelectronic applications because of their advantageous properties, including high absorption coefficients, high carrier mobilities, solution processability and low material costs [1,2,3,4]. The power conversion efficiencies of perovskite solar cells (PSCs) have been improved rapidly, from the first reported value of 3.8% to the current record of 25.5% [5,6]. For many other device applications, such as light-emitting devices (LEDs) [7,8,9], lasers [10,11], and photodetectors [12], perovskite materials have also been widely adopted to construct next-generation optoelectronic devices. In particular, perovskite materials possess high photoluminescence quantum yield (PLQY) and narrow emission over the entire visible spectrum; their high color purities make them promising candidates for future displays and lighting sources [8].



The device efficiency of the earliest perovskite light-emitting diodes (PeLEDs) was very low, and the electroluminescence (EL) could only be observed at liquid nitrogen temperatures [13]. Currently, external quantum efficiencies (EQEs) over 20% have been reported [14]. However, their EQEs are still lower than those of inorganic LEDs and organic light-emitting diodes. Therefore, further improvements in the device efficiencies are still required if PeLEDs can compete with other LED technologies. Among the proposed strategies for improving the device EQEs of PeLEDs, the use of plasmonic nanostructures has been considered a promising method [8]. For example, Ag nanorods were incorporated into the hole-transporting layers of CsPbBr3-based PeLEDs to improve the device efficiencies in 2017 [15]. The EQE was improved up to 43.3%, and the authors attributed the device improvement to the increased radiative recombination rate induced by the plasmonic field of the nanorods. Meanwhile, Chen et al. blended Au nanoparticles (NPs) into the hole buffer layer, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), and found significant improvement in the device efficiencies [16]. The authors optimized the CsPbBr3-based PeLEDs through quenching control, and 86% enhancement in the maximum EQE was achieved. On the other hand, the device-enhancing mechanism of these plasmonic-enhanced PeLEDs is still not fully understood. Furthermore, there are only a few studies about plasmonic-enhanced PeLEDs. Therefore, in this work, we prepared amphiphilic Au NPs that can be dispersed well in both aqueous and organic solvents [17]. Their amphiphilicity allowed us to incorporate them into different layers of the PeLEDs, thereby facilitating the investigation of the position-dependent effects on the performance of PeLEDs. The experimental results reveal the device performance is enhanced if the metal NPs are incorporated closer to light-emitting layers (LELs). However, direct blending of the NPs into the perovskite layers might lead to morphology and/or changes in electrical properties, thereby degrading the device efficiency. As a result, the best location for the Au NPs is found to be in the hole-transport layer (HTL), which was closer to the LELs. Because of such position dependence, we deduce that the near field nature of the plasmonic field, which theoretically decays exponentially with the distance from the metal surface, should be responsible for the device improvements. The results of this work should improve the understanding of the mechanism behind the device enhancement of the plasmonic PeLEDs.




2. Materials and Methods


2.1. Materials


All the chemicals were used as received. Hydrogen tetrachloroaurate(iii) trihydrate (HAuCl4·3H2O) was purchased from Alfa Aesar. 9,9-Bis[4-[(4-ethenylphenyl)methoxy]phenyl]-N2,N7-di-1-naphthalenyl-N2,N7-diphenyl-9H-fluorene-2,7-diamine (VB-FNPD), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and 2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) were obtained from Lumitec. Other chemicals were purchased from Sigma-Aldrich. The amphiphilic Au NPs were synthesized following our previous method [17]. In short, an aqueous solution of HAuCl4 was mixed with a solution containing the as-prepared PEGylated graphene oxides (PEG−GO). Then, sodium citrate was added to the solution to reduce the Au ions. The mixture was heated to 80 °C and stirred for 4 h. The suspension was centrifuged (6000 rpm), and the residue was washed twice with deionized water to remove any unreacted starting material. Finally, the amphiphilic Au NPs were dried through lyophilization.




2.2. Device Fabrication and Characterization


The PeLEDs were fabricated on indium–tin–oxide (ITO)-coated glass substrates; Figure 1a displays the device structure. After cleaning, the substrates were dried overnight at 100 °C. Right before device fabrication, the substrates were exposed to UV ozone treatment for 15 min. An anodic buffer layer of PEDOT:PSS was deposited through spin-coating on to the ITO substrates, followed by thermal annealing at 150 °C for 15 min. As shown in the diagram of the energy levels (Figure 1b), the active perovskite layer exhibits a low-lying valence band edge. Therefore, we used a two hole-injection/transport layer to improve the hole injection efficiency. PTAA was dissolved in a solvent mixture, consisting of toluene and dimethylformamide (DMF) (2:1, v/v); the concentration was 2.0 wt %. The PTAA solution was spin-coated on the PEDOT:PSS layers at 2500 rpm for 60 sec and the resulting sample was annealed at 100 °C for 30 min. The second HTL of VB-FNPD was spin-coated from DMF (2.0 wt %) at 2000 rpm for 60 sec and was subject to pre-annealing at 100 °C for 30 min. Furthermore, the VB-FNPD layer was cross-linked by annealing at 230 °C for 90 min. Note that the addition of DMF in the solvent system dissolving PTAA could improve the wetting of VB-FNPD on the PTAA layer. Then, we fabricated FAPbBr3 thin films on the HTLs as the LEL of the PeLEDs. The LEL was prepared using a two-step preparation method. PbBr2 and formamidinium bromide (FABr) were firstly dissolved in DMF (0.75 M) and isopropanol (IPA, 6.0 mg mL−1), respectively; both solutions were stirred for more than 24 h. To prepare the perovskite layers, the PbBr2 solution was spin-coated onto the surface of the VB-FNPD layers at 7000 rpm; the sample was heated at 75 °C for 10 min. Then, the FABr solution was over-coated on the previous PbBr2 layers at 7000 rmps and the resulting samples were annealed at 75 °C for 3 min. As for the electron-transport layer, TPBi was dissolved in chlorobenzene (CB) at a concentration of 2.0 wt %. The solution was spin-coated on the previous perovskite layers at 2000 rpm for 60 sec; they were annealed at 75 °C for 10 min. Finally, the device was completed by depositing a Ag layer (80 nm) through thermal evaporation under a vacuum of 6 × 10−6 torr. The active area of the fabricated device was 10 mm2. For the devices containing Au NPs, various amounts of NPs were dispersed into the different solutions as described previously. Other fabrication procedures for devices containing Au NPs were similar.



All the PeLEDs were encapsulated in the glove box using cover glasses and sealed with UV-cured epoxy prior to characterization. The device characterization was performed in air. The device electrical characteristics of the PeLEDs were measured using a Keithley 2400 source-measure unit and a PR655 SpectraScan® colorimeter (Photo Research, Chatsworth, CA, USA). Absorption spectra were measured using a UV−Vis−NIR spectrometer (PerkinElmer Lambda 950, PerkinElmer, Waltham, MA, USA). Time-resolved photoluminescence (TRPL) measurements were performed by using a PicoQuant system consisting of a 375 nm laser equipped with a PDL 200-B picosecond pulsed diode laser driver, a time-correlated single photon counting system, a spectrometer (iRH-550, Horiba, Kyoto, Japan), and a fluorescence microscope.





3. Results and Discussion


Figure 1a displays the device structure used in this work. The PeLEDs were fabricated on indium–tin–oxide (ITO)-coated glass substrates [18,19]. Figure 1b revealed the energy levels of the materials and work functions of the electrodes. Because of the large hole-injection barrier, we previously used VB-FNPD as the single HTL in the PeLEDs to improve the hole-injection efficiency [18]. However, from the energy-level diagram (Figure 1b), we still could notice a large barrier existing between the work function of PEDOT:PSS and the highest occupied molecular orbital (HOMO) of VB-FNPD. In order to further improve the hole injection efficiency, we inserted the other HTL, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), between the PEDOT:PSS and VB-FNPD layers. In principle, such a ladder-type energy structure can facilitate hole injection in the PeLEDs. Figure 1c shows the current density−brightness−voltage (J–B–V) curves of the PeLEDs prepared with single and double HTLs. From the J–V curves, we observed that the current density of the device prepared with double HTLs apparently increased after the bias was larger than 2.5 V. On the other hand, from the results of current density, the device prepared with a single HTL turned on more slowly at 2.9 V, indicating that the addition of the PTAA layer could indeed promote the hole injection into the PeLEDs. However, if we defined the light turn-on voltage (VLT) as the one at which the brightness was 0.1 cd m−2, the VLT values of the PeLED prepared with single and double HTLs were 3.0 and 2.9 V, respectively [17]. More importantly, the PeLEDs prepared with the double HTLs exhibited higher efficiency. As revealed in Figure 1d, the highest luminance efficiency (LE) of the device prepared with a single HTL layer was 2.6 cd A−1; the efficiency decayed rapidly with the increasing current density and was decreased to 1.0 cd A−1 at about 30 mA cm−2. For the double HTL device, the highest LE was up to about 3.1 cd A−1, presumably due to the better charge balance. The efficiency also decreased more slowly than the device prepared with a single HTL. Therefore, we employed the structure with double HTLs for fabricating the standard PeLEDs in the following works.



In order to enhance the performance of PeLEDs, we synthesized amphiphilic Au NPs [17]. Figure 2a shows the transmission electron microscopy (TEM) image of the as-prepared Au NPs. The average diameter was about 30 nm. We also observed that the density of the Au NPs was slightly higher at the edges and at the wrinkles on the planes of graphene oxides (GO); we suspect that the higher numbers of defect sites (e.g., carboxyl groups) provided greater amounts of net negative charge for immobilizing the Au ions. These properties were consistent with our previous results [17]. Figure 2b shows the absorption spectrum of the Au NPs in water. We observed a peak at 545 nm, which is the typical location of the localized surface plasmon resonance (LSPR) for Au NPs. Furthermore, we simulated the extinction cross-sections of the Au NPs using Mie theory [20,21]; the resulting spectrum is also displayed in Figure 2b. Assuming the diameter of the Au NPs was 30 nm, the simulated peak of the plasmonic band was located at 520 nm when they were dispersed in water (refractive index n = 1.33). The peak position was close to the experimental result, suggesting the formation of Au NPs.



To improve the device efficiencies, we firstly blended the Au NPs in the VB-FNPD layers. Figure 3a shows the typical electroluminescent (EL) spectrum of the PeLEDs. The EL spectrum is almost identical to the photoluminescent (PL) spectrum, suggesting the same electronic state was excited. The EL spectrum was actually unchanged for all the devices we reported in this work. Figure 3b illustrates the efficiencies of the PeLEDs prepared with various amounts of Au NPs. While a very small amount of Au NPs were added (2.5 × 10−3 mg mL−1), the efficiency was almost unaffected. At the optimal concentration (5.0 × 10−3 mg mL−1), the device efficiency was improved and an efficiency of 4.4 cd A−1 has been achieved (Figure 3b); the efficiency was improved averagely by up to 42%. The efficiency of the best device could reach higher than 4.9 cd A−1. If we further increased the concentration, the device efficiency started to decrease. The peak of the EL spectrum was located at 548 nm, which was very close to the position of LSPR of the Au NPs. Therefore, we deduced that the strong coupling between the excitons and the LSPR improved the performance of PeLEDs.



If we consider the multiple-layer structure of the PeLEDs, there are other possible positions where we can place the Au NPs within the devices. Because the plasmonic electrical field decays rapidly with the distance away from the surface of the metal NPs, the spatial location of plasmonic NPs critically affects the efficiency of a device [17]. Ideally, if we blended the Au NPs directly into the perovskite LELs, the device should exhibit the best performance due to the direct contact between the NPs and the light-emitting species [22]. Unfortunately, as shown in Figure 3c, the device efficiency was decreased after we blended the Au NP into the LELs. Although the highest efficiency was almost the same as that of the standard device, the LE values became lower while the current density was larger. Figure 3d illustrates the statistical data of the device efficiencies. We can clearly see that the PeLEDs prepared with the Au NPs in the LELs possessed the largest deviation, indicating that the device was not very reproducible. Although the Au NPs we used here are amphiphilic, we suspect that the morphologies of the perovskite LELs were still affected, thereby limiting the device efficiencies. We foresee that proper surface modification of the Au NPs can help to reduce the negative impact on the morphology of the LELs [22].



We also blended the Au NPs into the first HTL, PTAA. As shown in Figure 3c, the addition of the Au NPs did not change the device characteristics greatly. Because the thickness of the VB-FNPD layer was about 40 nm, the plasmonic field induced by the NPs in the PTAA layer decayed exponentially and would not significantly influence the LELs of the PeLEDs. Therefore, the distance-dependent effects found in the PeLEDs also proved that the mechanism of the device enhancement was relevant to the plasmonic field of the nanostructures. Table 1 further summarizes the characteristics of the PeLEDs in this work.



Figure 4a displays the current density–voltage (J–V) and characteristics of the PeLEDs containing Au NPs at different device locations. We could not observe significant changes in the J–V curves after the Au NPs were incorporated into the VB-FNPD or PTAA layers. The applied currents were almost unchanged for these devices. However, the applied voltages were increased after the NPs were blended into the perovskite LELs, which was probably due to charge trapping. The balance between the electrons and holes was probably affected. Therefore, the electrical properties of the device were actually also affected significantly when the Au NPs were incorporated into the perovskite layers. Figure 4b also shows the brightness–voltage curves for the PeLEDs. The maximal brightness was improved from about 1750 to 2600 cd m−2 after the NPs were blended into the VB-FNPD layer. Meanwhile, the value was only increased slightly when the NPs were placed in the PTAA layer, confirming the influence was very limited. On the other hand, the brightness was decreased if the Au NPs were incorporated into the perovskite layer.



The log-log graph for the curves displayed in Figure 4a is re-plotted in Supplementary Materials Figure S1 for further analysis. At higher current regions, the curves could be described by J ∝ Vm+1, according to the trapped space charge-limited current model [23]. The resulting m values of the devices were all very close to 4, indicating deep traps existed in the devices. For example, as indicated in Figure S1, the m value of the PeLED containing the NPs in the VB-FNPD layer was equal to 3.76. Moreover, we further investigated the differential resistance (Rdiff = dU/dI) of the PeLEDs [24]. The results of the shunt resistance (Rsh = Rdiff(V = 0 V)) and the series resistance (Rs = Rdiff(V = 6 V)) for each condition are listed in Table S1. From the resistances, we can see that the Rs values were almost unchanged after the Au NPs were incorporated into the PTAA or VB-FNPD layer. The Rs decreased slightly after the Au NPs were blended in the perovskite layer. Similarly, the Rsh were very close to the PeLED prepared without Au NPs, confirming the electrical properties were not significantly changed after the use of the Au NPs. On the other hand, the Rsh increased after the Au NPs were blended into the perovskite layer. The morphologies of the perovskite LELs were possibly affected.



Figure 5a displays the steady-state PL spectra of the PeLEDs prepared with and without Au NPs. When the Au NPs were incorporated in the PTAA layer, we can see that PL intensity was only slightly increased [17,25,26]. The result supported the previous conclusion that the device efficiency was hardly affected because the NPs were far away from the light-emitting centers, i.e., the perovskite layer. On the other hand, if we blended the Au NPs in the VB-FNPD layer, PL was apparently enhanced, which was also consistent with the previous results, confirming their plasmonic effects [17,25]. More interestingly, when the Au NPs were incorporated into the perovskite layers, the device exhibited the highest intensity, suggesting the strongest plasmonic effects among the various configurations. Therefore, the PL results indicated that the direct blending of the Au NPs into the perovskite layer exhibited the most pronounced LSPR effects. In other words, the reason for the low efficiencies of the PeLED when using Au NPs in the LEL should be due to inferior electrical properties, such as poor charge transport or charge imbalance.



Figure 5b shows the corresponding time-resolved PL (TRPL) decay profiles for the PeLEDs prepared under various conditions. The curves could be fitted well using a biexponential decay equation [27,28]. The fast decay (τ1) could be assigned to the surface recombination, while the slower decay (τ2) represents radiative recombination [27]. Table 1 also summarizes the resulting fitting lifetimes for various types of PeLEDs. We can see clearly that the lifetimes became longer if the Au NPs were incorporated in the PeLEDs. The lifetimes slightly increased if the Au NPs were blended in the PTAA layer, due to the less effective consequences of the Au NPs. They further became longer when the Au NPs were incorporated into the VB-FNPD layer. The values of τ1 and τ2 could eventually be increased to 1.12 ± 0.01 and 7.75 ± 0.10 nsec, respectively, after the NPs were blended in the perovskite LELs. Although the details about the underlying mechanism are still under investigation, we suspect that the NPs could somehow reduce the level of surface and nonradiative recombination. The trend of TRPL results is consistent with that of steady-state PL measurements, confirming the distance-dependence of the position effects from the Au NPs.



Note that the phenomenon of the longer lifetime upon the use of NPs is different from the cases in polymer-based solar cells, where the lifetime becomes shorter [29]. The plasmonic effects provide an additional channel for exciton recombination, thereby reducing the lifetimes. For the PeLEDs in this work, on the other hand, two possible mechanisms could be probably responsible for the longer lifetimes of the perovskite films doped with Au NPs. The first is passivation of defects and/or reduced nonradiative recombination, as is described above. This could explain the enhanced PL intensities and longer lifetimes while the NPs were incorporated into the VB-FNPD and perovskite layers. However, because the PTAA layer did not make contact with the perovskite LEL directly, the slightly higher PL intensity and longer lifetime indicate some other factors could be also involved. Previously, Snaith et al. suggested that the addition of metal NPs in PSCs induces photon recycling (PR), which improves the device efficiencies of PSCs [30]. PR means re-absorption of radiative recombining charge pairs to generate an excitation, which can boost the external PLQY [31]; the lifetime may also become longer due to the possible enhanced PR. Therefore, the effect of the addition of NPs into the PeLEDs can probably also enhance PR in the PeLEDs, thereby improving the device efficiencies. In other words, the influence of PR could be more pronounced than opening additional channels for exciton recombination, thereby increasing the PL lifetimes for the devices prepared with NPs. However, further investigation is still required to validate this assumption.



In addition to plasmonic effects, some other mechanisms might be also responsible for the device improvements after the NPs are placed in the devices, such as the balance between electrons and holes [32,33]. However, as shown in Figure 4a, the J–V characterizations were not affected too much after the NPs were incorporated in the VB-FNPD layer, suggesting the change in electrical properties was not significant. Therefore, we deduced that the improved balance between electrons and holes should be not the main mechanism for device improvements.




4. Conclusions


We have synthesized amphiphilic Au NPs for improving the device efficiencies of PeLEDs. Because the NPs can be dissolved in many different solvents, including water and DMF, they can be readily blended into different layers of the solution-processed PeLEDs; the special processing property allows us to study the position effects induced by the Au nanostructures. The PL studies indicate that the strongest plasmonic effects occur when the NPs are directly embedded in the perovskite LELs. In contrast, the optical properties are only affected slightly when they are blended into the PTAA layer, which is not directly in contact with the perovskite layer. After the Au NPs are blended into the second HTL, VB-FNPD layer, significant effects can be also observed; the distance-dependent phenomena reflect the near-field nature of the plasmonic field induced by the Au NPs. On the other hand, the PeLEDs prepared with Au NPs in the VB-FNPD HTL exhibit the highest luminance efficiency. As compared with the standard device, the addition of Au NPs in the VB-FNPD layer can improve the device efficiency by 42%. Unfortunately, directly blending the NPs in the perovskite layer might affect the electrical properties, resulting in inferior device performance. Further, the efficiency of PeLEDs is almost not affected after the NPs are used in the PTAA layers. Finally, from the PL studies, we deduce that the Au NPs probably can aid in passivating the defects, decreasing the level of nonradiative recombination and/or improving photon recycling. We anticipate that the results reported herein can help to understand the enhancing mechanism of plasmonic PeLEDs and also to lead to even better efficiencies in the near future.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nano11040993/s1, Figure S1: The log–log plot of the J–V curves shown in Figure 4. The PeLEDs containing Au NPs at different device locations. The concentration of the NPs was 5.0 × 10−3 mg mL−1, Table S1: Differential resistances of the PeLEDs in this study.





Author Contributions


Conceptualization, C.-M.Y. and F.-C.C.; methodology, F.-C.C.; formal analysis, C.-M.Y. and F.-C.C.; investigation, C.-M.Y. and F.-C.C.; resources, F.-C.C.; data curation, F.-C.C.; writing—original draft preparation, C.-M.Y.; writing—review and editing, F.-C.C.; supervision, F.-C.C.; funding acquisition, F.-C.C. Both authors have read and agreed to the published version of the manuscript.




Funding


This research is funded by the Ministry of Science and Technology, Taiwan, grant numbers MOST 106-2221-E-009-127-MY3 and MOST 109-2221-E-009-147-MY3. This research is also funded by the Ministry of Education (MOE), Taiwan (SPROUT Project-Center for Emergent Functional Matter Science of National Chiao Tung University).




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jena, A.K.; Kulkarni, A.; Miyasaka, T. Halide perovskite photovoltaics: Background, status, and future prospects. Chem. Rev. 2019, 119, 3036–3103. [Google Scholar] [CrossRef]

	



Sun, J.; Wu, J.; Tong, X.; Lin, F.; Wang, Y.; Wang, Z.M. Organic/inorganic metal halide perovskite optoelectronic devices beyond solar cells. Adv. Sci. 2018, 5, 1700780. [Google Scholar] [CrossRef]

	



Zhang, C.; Kuang, D.B.; Wu, W.Q. A review of diverse halide perovskite morphologies for efficient optoelectronic applications. Small Methods 2020, 4, 1900662. [Google Scholar] [CrossRef]

	



Righetto, M.; Meggiolaro, D.; Rizzo, A.; Sorrentino, R.; He, Z.; Meneghesso, G.; Sum, T.C.; Gattig, T.; Lamberti, F. Coupling halide perovskites with different materials: From doping to nanocomposites, beyond photovoltaics. Prog. Mater. Sci. 2020, 110, 100639. [Google Scholar] [CrossRef]

	



Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc. 2009, 131, 6050–6051. [Google Scholar] [CrossRef]

	



Research Cell Record Efficiency Chart. Available online: https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200104.pdf (accessed on 4 February 2021).

	



Cheng, G.; Liu, Y.; Chen, T.; Chen, W.; Fang, Z.; Zhang, J.; Ding, L.; Li, X.; Shi, T.; Xiao, Z. Efficient all-inorganic perovskite light-emitting diodes with improved operation stability. ACS Appl. Mater. Interfaces 2020, 12, 18084–18090. [Google Scholar] [CrossRef] [PubMed]

	



Gu, L.; Wen, K.; Peng, Q.; Huang, W.; Wang, J. Surface-plasmon-enhanced perovskite light-emitting diodes. Small 2020, 16, 2001861. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, X.; Yang, Z.; Zhou, N.; Deng, Y.; Zhao, J.; Xiao, X.; Rudd, P.; Moran, A.; Yan, Y.; et al. Efficient sky-blue perovskite light-emitting diodes via photoluminescence enhancement. Nat. Comm. 2019, 10, 5633. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Yu, J.; Dong, H.; Yuan, F.; Zheng, X.; Jiang, M.; Zhang, L. Broad-band lead halide perovskite quantum dot single-mode lasers. J. Mater. Chem. C 2020, 8, 13642–13647. [Google Scholar] [CrossRef]

	



Kao, T.S.; Hong, K.B.; Chou, Y.H.; Huang, J.F.; Chen, F.C.; Lu, T.C. Localized surface plasmon for enhanced lasing performance in solution-processed perovskites. Opt. Express 2016, 24, 20696–20702. [Google Scholar] [CrossRef]

	



Liu, D.; Yu, B.B.; Liao, M.; Jin, Z.; Zhou, L.; Zhang, X.; Wang, F.; He, H.; Gatti, T.; He, Z. Self-powered and broadband lead-free inorganic perovskite photodetector with high stability. ACS Appl. Mater. Interfaces 2020, 12, 30530–30537. [Google Scholar] [CrossRef]

	



Era, M.; Morimoto, S.; Tsutsui, T.; Saito, S. Organic-inorganic heterostructure electroluminescent device using a layered perovskite semiconductor (C6H5C2H4NH3)2PbI4. Appl. Phys. Lett. 1994, 65, 676–678. [Google Scholar] [CrossRef]

	



Lin, K.; Xing, J.; Quan, L.N.; Arquer, F.P.G.; Gong, X.; Lu, J.; Xie, L.; Zhao, W.; Zhang, D.; Yan, C.; et al. Perovskite light-emitting diodes with external quantum efficiency exceeding 20 percent. Nature 2018, 562, 245–248. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Xu, B.; Wang, W.; Liu, S.; Zheng, Y.; Chen, S.; Wang, K.; Sun, X.W. Plasmonic perovskite light-emitting diodes based on the Ag−CsPbBr3 system. ACS Appl. Mater. Interfaces 2017, 9, 4926–4931. [Google Scholar] [CrossRef]

	



Meng, Y.; Wu, X.; Xiong, Z.; Lin, C.; Xiong, Z.; Blount, E.; Chen, P. Electrode quenching control for highly efficient CsPbBr3 perovskite light-emitting diodes via surface plasmon resonance and enhanced hole injection by Au nanoparticles. Nanotech. 2018, 29, 175203. [Google Scholar] [CrossRef]

	



Chuang, M.K.; Chen, F.C. Synergistic plasmonic effects of metal nanoparticle–decorated PEGylated graphene oxides in polymer solar Cells. ACS Appl. Mater. Interfaces 2015, 7, 7397–7405. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.F.; Keshtov, M.L.; Chen, F.C. Cross-linkable hole-transport materials improve the device performance of perovskite light-emitting diodes. ACS Appl. Mater. Interfaces 2016, 8, 27006–27011. [Google Scholar] [CrossRef]

	



Hsiao, M.C.; Chien, P.C.; Jhuang, L.S.; Chen, F.C. Bidentate chelating ligands as effective passivating materials for perovskite light-emitting diodes. Phys. Chem. Chem. Phys. 2019, 21, 7867–7873. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.L.; Kumar, G.; Sharma, G.D.; Chen, F.C. Plasmonic effects of copper nanoparticles in polymer photovoltaic devices for outdoor and indoor applications. Appl. Phys. Lett. 2020, 116, 253302. [Google Scholar] [CrossRef]

	



Bohren, F.; Huffman, D.R. Absorption and Scattering of Light by Small Particles; Wiley: New York, NY, USA, 1983. [Google Scholar]

	



Chuang, M.K.; Lin, C.H.; Chen, F.C. Accumulated plasmonic effects of gold nanoparticle decorated PEGylated graphene oxides in organic light-emitting diodes. Dyes Pigm. 2020, 180, 108412. [Google Scholar] [CrossRef]

	



Burrows, P.E.; Shen, Z.; Bulovic, V.; McCarty, D.M.; Forrest, S.R.; Cronin, J.A.; Thompson, M.E. Relationship between electroluminescence and current transport in organic heterojunction light-emitting devices. J. Appl. Phys. 1996, 79, 7991–8006. [Google Scholar] [CrossRef]

	



Vollbrecht, J.; Wiebeler, C.; Bock, H.; Schumacher, S.; Kitzerow, H.S. Curved polar dibenzocoronene esters and imides versus their planar centrosymmetric homologs: Photophysical and optoelectronic analysis. J. Phys. Chem. C 2019, 123, 4483–4492. [Google Scholar] [CrossRef]

	



Tan, K.S.; Chuang, M.K.; Chen, F.C.; Hsu, C.S. Solution-processed nanocomposites containing molybdenum oxide and gold nanoparticles as anode buffer layers in plasmonic-enhanced organic photovoltaic devices. ACS Appl. Mater. Interfaces 2013, 5, 12419–12424. [Google Scholar] [CrossRef]

	



Glaeske, M.; Juergensen, S.; Gabrielli, L.; Menna, E.; Mancin, F.; Gatti, T.; Setaro, A. Plasmon-assisted energy transfer in hybrid nanosystems. Phys. Status Solidi RRL 2018, 12, 1800508. [Google Scholar] [CrossRef]

	



Zhumekenov, A.A.; Saidaminov, M.I.; Haque, M.A.; Alarousu, E.; Sarmah, S.P.; Murali, B.; Dursun, I.; Miao, X.H.; Abdelhady, A.L.; Wu, T.; et al. Formamidinium lead halide perovskite crystals with unprecedented long carrier dynamics and diffusion length. ACS Energy Lett. 2016, 1, 32–37. [Google Scholar] [CrossRef]

	



Wu, M.J.; Kuo, C.C.; Jhuang, L.S.; Chen, P.H.; Lai, Y.F.; Chen, F.C. Bandgap engineering enhances the performance of mixed-cation perovskite materials for indoor photovoltaic applications. Adv. Energy Mater. 2019, 9, 1901863. [Google Scholar] [CrossRef]

	



Wu, J.L.; Chen, F.C.; Hsiao, Y.S.; Chien, F.C.; Chen, P.; Kuo, C.H.; Huang, M.H.; Hsu, C.S. Surface plasmonic effects of metallic nanoparticles on the performance of polymer bulk heterojunction solar cells. ACS Nano 2011, 5, 959–967. [Google Scholar] [CrossRef]

	



Saliba, M.; Zhang, W.; Burlakov, V.M.; Stranks, S.D.; Sun, Y.; Ball, J.M.; Johnston, M.B.; Goriely, A.; Wiesner, U.; Snaith, H.J. Plasmonic-induced photon recycling in metal halide perovskite solar cells. Adv. Funct. Mater. 2015, 25, 5038. [Google Scholar] [CrossRef]

	



Richter, J.M.; Abdi-Jalebi, M.; Sadhanala, A.; Tabachnyk, M.; Rivett, J.P.H.; Pazos-Outón, L.M.; Gödel, K.C.; Price, M.; Deschler, F.; Friend, R.H. Enhancing photoluminescence yields in lead halide perovskites by photon recycling and light out-coupling. Nat. Comm. 2016, 7, 13941. [Google Scholar] [CrossRef]

	



Zhang, D.D.; Xu, J.L.; Sun, H.B. Toward high efficiency organic light-emitting diodes: Role of nanoparticles. Adv. Opt. Mater. 2021, 18, 2001710. [Google Scholar] [CrossRef]

	



Ciobotaru, C.C.; Ciobotaru, I.C.; Schinteie, G.; Negrea, R.; Polosan, S. Enhancement of the electroluminescence of organic light emitting devices based on Ir(ppy)3 by doping with metallic and magnetic nanoparticles. Mater. Sci. Semicond. Process. 2017, 72, 78. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 00993 g001 550] 





Figure 1. Characterizations of the perovskite light-emitting diodes (PeLEDs) in this study: (a) the device structure; (b) energy levels of the materials and work functions of electrodes in this work; (c) the electrical properties of the PeLEDs prepared with single and double hole-transport layers (HTLs); (d) the device efficiencies of the PeLEDs as a function of the current density. 
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Figure 2. Characterizations of the Au nanoparticles (NPs): (a) transmission electron microscopy (TEM) image of the NPs; (b) the absorption spectrum of the Au NPs dispersed in water. The simulated cross-section of the Au NPs using Mie theory is also displayed for comparison. 
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Figure 3. (a) Electroluminescent (EL) and PL spectra of the PeLEDs in this study. (b) Luminance efficiency-current density (LE-J) characteristics of the PeLEDs prepared with different amounts of Au NPs in the 9,9-Bis[4-[(4-ethenylphenyl)methoxy]phenyl]-N2,N7-di-1-naphthalenyl-N2,N7-diphenyl-9H-fluorene-2,7-diamine (VB-FNPD) layers. (c) LE-J curves of the PeLEDs for the devices containing Au NPs at different device locations. (d) Box plots of the device efficiency for the PeLEDs prepared under various conditions. 
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Figure 4. (a) Current density-voltage and (b) brightness-voltage characteristics of the PeLEDs containing Au NPs at different device locations. The concentration of the NPs was 5.0 × 10−3 mg mL−1. 
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Figure 5. (a) The PL of the PeLEDs prepared with Au NPs at various locations in the devices. (b) time-reserved PL (TRPL) decay curves of the PeLEDs prepared under different conditions. The samples were prepared according to the device structure shown in Figure 1a, but no metal electrodes were deposited. 
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Table 1. Device and film properties of the PeLEDs as prepared in this work.
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	Device
	Efficiency

(cd A−1)
	τ1

(nsec)
	τ2

(nsec)





	Standard (No Au NPs)
	3.0 ± 0.4
	0.34 ± 0.02
	1.26 ± 0.15



	in PTAA
	3.0 ± 0.5
	0.37 ± 0.03
	2.01 ± 0.29



	in VB-FNPD
	4.2 ± 0.6
	0.97 ± 0.07
	5.49 ± 0.20



	in perovskite layer
	3.2 ± 0.9
	1.12 ± 0.01
	7.75 ± 0.10
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