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Abstract

:

In this work, we fabricated quantum dot light-emitting diodes using solution-processed NiO as the hole injection layer to replace the commonly used poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT:PSS) layer. We successfully prepared NiO films by spin coating the NiO precursor, then annealing them, and then treating them with UV-ozone under optimized conditions. The best device with the NiO film shows higher current efficiency (25.1 cd/A) than that with the PEDOT:PSS layer (22.3 cd/A). Moreover, the long-term stability of the devices with NiO which is annealed at 500 °C is improved substantially. These results suggest that the NiO layer can be a good alternative for developing stable devices.
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1. Introduction


Colloidal quantum dots (QDs) are unique semiconductor nanomaterials with emission colors that can be tuned by controlling their size [1,2,3]. Furthermore, their organic ligands render them solution-processable, leading to cost-effective processing. Since Colvin et al. demonstrated the first quantum dot light-emitting diodes (QLEDs) using QDs as the emitting layer (EML) [4], the performance of QLEDs has improved rapidly by taking advantage of the narrow emission lines and excellent luminescence characteristics of the QDs. In 2019, Shen et al. demonstrated high-performance QLEDs that emit three primary colors; they reported maximum external quantum efficiencies of 21.6, 22.9, and 8.05% for red, green, and blue-emitting QLEDs, respectively [5]. However, due to the restriction of hazardous substances compliance in Europe, the substitution of Cd-based QDs with eco-friendly materials has become an important task for electroluminescence (EL) devices Therefore, several options such as indium phosphide and Cu-In-S based QDs have been studied recently [6,7]. Additionally, in the sequential formation of various thin films of EL devices, solution processes lead to less stable films than in the high-vacuum processes owing to the inevitable influence of the organic solvents used in the solution process on the underlying layers.



QLEDs with a standard structure have a large hole injection barrier between the indium tin oxide (ITO) electrode and hole transport layer (HTL). Therefore, poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT:PSS) is widely used as a hole injection layer (HIL) for efficient hole transport to the EML. However, PEDOT:PSS, which is hygroscopic as well as acidic, can erode the ITO layer, thus severely decreasing the device’s stability and limiting its practical application. [8] Therefore, it is necessary to develop inorganic materials with better chemical stability as alternatives for PEDOT:PSS to improve the efficiency and stability of QLEDs. As such, various metal oxides such as CuO, MoOx and V2O5 have been investigated as HILs in QLEDs [9,10,11]. However, the performance of the reported QLEDs based on various p-type inorganic layers is still not comparable to those of the QLEDs with PEDOT:PSS because of the poor hole injection in the former case. In this study, nickel oxide (NiO) was chosen as an alternative inorganic material for the HIL. Since NiO is a wide band gap (3.6~4.0 eV) p-type semiconductor with a conductivity of 10−13 S/cm, it has shown significant promise as a hole-injecting and electron-blocking material. [12,13] In this study, we successfully synthesized an NiO precursor (Ni(CH3COO)2·4H2O) using a sol–gel method under ambient conditions. For the formation of the NiO film, we used the spin-coating method followed by the annealing of the deposited film and UV-ozone treatment. Further, we studied various optical and structural properties of the NiO films to confirm the formation of a stable HIL. The resulting QLEDs showed the maximum current efficiency and luminance of 25.1 cd/A and 34,125 cd/m2, respectively, indicating that NiO can be a promising alternative to inorganic material for the HIL of QLEDs.




2. Experiment


2.1. Synthesis of NiO Precursor


The NiO precursor was synthesized according to a previously reported method [14]. As shown in Figure 1, a solution of the NiO precursor was prepared by dissolving nickel acetate tetrahydrate (Ni(CH3COO)2·4H2O) and ethanolamine (NH2CH2CH2OH) in ethanol at a molar ratio of 1:1. The precursor solution was first stirred at 60 °C for 2 h and then at room temperature for 24 h. Finally, the solution was filtered through a 0.45 μm polytetrafluoroethylene (PTFE) filter to remove impurities before use.




2.2. Synthesis of Green QDs


In the synthesis of green QDs, CdZnSeS core QDs with the composition-gradient composition were first prepared as follows: 0.14 mmol of CdO, 3.41 mmol of ZnO, and 7 mL of oleic acid (OA) in a three-neck flask were degassed and heated to 150 °C with N2 flowing, followed by the addition of 15 mL of 1-octadecene (ODE) and subsequent heating to 310 °C. Next, an anionic stock solution, which was prepared by dissolving 1.76 mmol of Se and 2.64 mmol of S in 2.2 mL of trioctylphosphine (TOP), was rapidly injected to the above mixture and the core reaction was maintained at that temperature for 10 min. Subsequently, 1.6 mmol of S dissolved in 2.4 mL of ODE was introduced into the CdZnSeS QD growth solution and the reaction was observed for 12 min. After that, a Zn stock solution containing 2.86 mmol of Zn acetate dihydrate which was dissolved in 1 mL of ODE and 4 mL of OA, was quickly injected and subsequently an S stock solution, containing 9.63 mmol of S dissolved in 5 mL of TOP, was introduced dropwise. After that, this ZnS shelling was performed at 270 °C for 20 min. As-synthesized green CdZnSeS/ZnS QDs were subjected to repeated rounds of purification by centrifugation. The resulting purified QDs were filtered through a 0.20 μm PTFE filter and dispersed in hexane for spin-coating EML.




2.3. Fabrication of QLEDs


For device fabrication, the ITO-coated glass substrates were first cleaned by ultrasonication with isopropyl alcohol and deionized water. Before the deposition of the HIL, the substrates were cleaned with a UV-ozone treatment for 15 min to generate a hydrophilic surface. Subsequently, the NiO precursor was spin-coated as the HIL on the substrate at 2500 rpm for 60 s and then annealed in air at different temperatures (300–500 °C). After the annealing step, the NiO films (15 nm) were treated with UV-ozone for 10 min. For comparison, reference devices with PEDOT:PSS HILs were also prepared. Next, the coated substrates were transferred to an N2-filled glove box for spin-coating the poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-sec-butylphenyl)diphenylamine)] (TFB) and QD layers. The TFB layer was spin-coated at 2000 rpm for 35 s using an 8 mg/mL solution in chlorobenzene, and then baked at 150 °C for 30 min. Thereafter, a suspension of CdZnSeS/ZnS QDs in hexane (10 mg/mL) was spin-coated at 2000 rpm for 20 s. To deposit the electron transport layer (ETL) and the cathode, the substrates were transferred into a thermal evaporator and TPBi (40 nm), LiF (1 nm), and Al (100 nm) layers were thermally deposited sequentially under a base pressure of 5 × 10−6 Pa. Finally, the devices were encapsulated in glass using an ultraviolet sealant.




2.4. Characterization


X-ray diffraction (XRD) of the synthesized NiO was conducted using a MiniFlex II X-ray diffractometer (Rigaku, Tokyo, Japan). The transmittance of the NiO films was evaluated using an OPTIZEN POP UV-visible spectrophotometer (KLAB, Daejeon, Korea). Both the EL spectra and the current density–voltage–luminance (J–V–L) characteristics of the QLEDs were evaluated using a CS2000 spectroradiometer (Minolta, Tokyo, Japan) under ambient conditions. The thickness and surface profiles of the NiO layers were obtained using an F20-UV thickness measurement system (Filmetrics, San Diego, CA, USA) and an atomic force microscopy (AFM, PSIA XE-100, Suwon, Korea), respectively. The electronic structures of NiO were investigated using an ESCALAB 250 ultraviolet photoelectron spectroscopy (Thermo Scientific, Waltham, MA, USA).





3. Results and Discussion


Figure 2a presents the XRD pattern of the annealed NiO films that crystallized in the face-centered cubic phase without the formation of any new phase. In detail, the XRD pattern presents peaks at 2θ = 37.20°, 43.20°, 62.87°, 75.20° and 79.38° corresponding to the (111), (200), (220), (311), and (222) crystal planes of the NiO, respectively. The optical transmittance data for the NiO layer, which annealed at 500 °C (Figure 2b), show a high transmittance of more than 90% in the entire visible region and no difference from those of the PEDOT:PSS layer. This transmittance value is either similar to or higher than the alternative inorganic materials for HIL [11,15]. As shown in Figure 2a, the transmittance of films annealed at elevated temperatures increases because of the improved crystalline microstructure [16]. Because the materials under the EML inevitably absorb light emitted from the QDs in the bottom emission structure, the transmittance must be ensured before the fabrication of the devices.



Figure 3a illustrates a schematic of the device structure of a standard QLED with NiO as the HIL. It consists of ITO (anode)/NiO (HIL)/TFB (HTL)/green QDs (EML)/TPBi (ETL)/LiF/Al (cathode). According to the energy level diagram in Figure 3b [17,18,19], PEDOT:PSS and NiO have similar work functions (Table S1 in the Supplementary Materials). However, NiO not only has a great hole injection ability, but also an electron-blocking function because of its deep valence band and wide bandgap. Owing to the high energy level of its conduction band minimum, the NiO can block further transport of electrons to the anode, while its well-matched valence band maximum allows holes to move efficiently to the EML.



Figure 4 shows the AFM images of solution-processed NiO thin films annealed at different temperatures. The charge transport layers formed by the solution process often show a rough surface or pinholes, which leads to poor performance or severe electrical leakage of devices. The AFM images confirm the formation of ultra-smooth surfaces of the NiO thin films with a root mean square (RMS) roughness of less than 0.3 nm, indicating that all the NiO films are smoother than the ITO film on glass [20]. These results indicate that the NiO layer effectively covers the ITO surface, and the annealing temperature hardly affects the morphology of the NiO film.



Figure 5 presents the optoelectronic properties of the QLEDs with the NiO films annealed at different temperatures. Improvements in both the electrical properties and the luminance were achieved with an increase in the annealing temperature. It is well known that three different conduction regimes (ohmic, trap-limited, and space charge limited conduction) are apparent in the QLEDs, and different power-law relationships in each region are shown in Figure 5a [21]. The leakage current in the Ohmic region decreased significantly, and the current density above the turn-on voltage improved after the annealing process. The device with the NiO annealed at 500 °C clearly showed trap-limited behavior above the turn-on voltage, and then changed to space-charge limited conduction as the operating voltage was increased. Interestingly, the electrical properties of the devices annealed at 500 °C were found to be almost identical to those of the devices with PEDOT:PSS. To further investigate the hole injection into the EML, hole-only devices (HODs) were fabricated using NiO layers annealed at 500 °C, and their current densities were compared with those of HODs with PEDOT:PSS (Figure S1 in the Supplementary Materials). The HODs consisted of ITO/NiO or PEDOT:PSS/TFB/QDs/MoO3/Al layers. The current density of the HODs with an NiO layer annealed at 500 °C is comparable to that of the HODs with PEDOT:PSS. For the device with an NiO annealed at 500 °C, the peak luminance of 34,125 cd/m2 was achieved at 15.5 V (corresponding to a current density of 164.5 mA/cm2), and a current efficiency of 25.1 cd/A was obtained at a current density of 60.4 mA/cm2. The higher the annealing temperature applied to the NiO layer, the higher the conductivity obtained (Figure S2 in the Supplementary Materials), which solves the charge imbalance in the EML due to the slow hole transport. As shown in Figure 5d, there is no big difference in the shape and peak position of the EL peak and the PL peak.



Further, QLEDs based on NiO layers annealed at 500 °C were fabricated either with UV-ozone treatment or without it, and their optoelectronic properties were investigated (Figure 6). In the absence of a UV-ozone treatment, the electrical properties were unstable, and a high leakage current was observed in the Ohmic region. By contrast, after 10 min UV-ozone treatment of the NiO layer, the current density, luminance, and current efficiency increased significantly. Sun et al. reported that the UV-ozone treatment was an effective technique to improve the performance of QLEDs [22]. The enhanced hole injection with the NiO layer after the UV-ozone treatment led to improved optoelectronic properties, as shown in Figure 6.



The application of inorganic HILs can thus provide many advantages, especially improved device stability. Figure 7 shows that the half-life of QLEDs with NiO layers was 2.3 times longer than that of QLEDs with PEDOT:PSS. As shown in Figure S1, the electrical characteristics of two HODs (NiO or PEDOT:PSS) were very similar to each other. Therefore, the device stability mainly depends on the used material itself. Additionally, UV-ozone treated QLEDs with NiO layers annealed at 500 °C exhibited long shelf lives; moreover, they showed stable EL emission even after 2 weeks. This result suggests that our QLEDs with inorganic HILs have better resistance to oxygen and humidity than traditional QLEDs do.




4. Conclusions


In summary, NiO was successfully synthesized using a sol–gel method, and its applications were investigated as an alternative HIL for QLEDs at different annealing temperatures. The NiO layer annealed at 500 °C showed high crystallinity, good transparency, and ultra-smooth morphology. With additional UV-ozone treatment, the QLEDs with the optimized NiO layer exhibited a peak luminance of 34,125 cd/m2 and current efficiency of 25.1 cd/A, which are higher than those of devices with PEDOT:PSS HILs. These promising results can lead to the development of highly stable all-inorganic QLEDs in the future.
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Figure 1. Schematic of the synthesis of NiO precursor with the sol–gel method. 
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Figure 2. (a) XRD patterns of annealed NiO films and (b) optical transmittance spectra of PEDOT:PSS, as-deposited NiO, and annealed NiO films. 






Figure 2. (a) XRD patterns of annealed NiO films and (b) optical transmittance spectra of PEDOT:PSS, as-deposited NiO, and annealed NiO films.



[image: Applsci 11 04422 g002]







[image: Applsci 11 04422 g003 550] 





Figure 3. (a) Device structure and (b) energy band diagram of a standard-structured QLED with NiO as the HIL. 
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Figure 4. AFM images of the (a) as-deposited NiO film and NiO films annealed at (b) 300 °C and (c) 500 °C. (d) RMS roughness vs. the annealing temperatures. 
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Figure 5. (a) Current density–voltage, (b) luminance–voltage, and (c) current efficiency–current density characteristics of QLEDs with the NiO at different annealing temperatures; (d) spectral comparison of PL of a dilute QD dispersion with EL of the device at 10 V. 
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Figure 6. (a) Current density–voltage, (b) luminance–voltage, and (c) current efficiency–current density characteristics of QLEDs using NiO with and without UV-ozone treatment. 
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Figure 7. The operational lifetime characteristics of QLEDs with NiO or PEDOT:PSS as the HIL. The luminance of QLEDs was measured at a constant current density (0.07 mA/cm2) corresponding to an initial luminance of 500 cd/m2. 
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