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中  文  摘  要

	白光聚合物电致发光二极管（PLED）由于其在照明领域巨大的潜在应用价值，及溶液加工成膜和化学结构与发光颜色易于调节的优势，吸引了学术界和工业界广泛的研究兴趣，已经成为聚合物光电领域的一个热点课题。目前，白光PLED的发光性能不但与有机小分子OLED（有机发光二极管）和无机LED相比仍然有很大差距，也比单色PLED的低，如要获得实际应用，发光效率、光谱稳定性等发光性能有待进一步改善和提高。白光PLED的实现及发光性能的提高涉及到新材料的开发、材料体系的匹配选择、器件结构的优化设计、发光光谱的稳定性及电荷的注入等。本论文的主要内容就是对这些问题进行系统深入的研究，以期获得高性能的白光聚合物发光器件。

聚芴（PFO）是一类性能稳定、研究较多的蓝光共轭聚合物，本文对以聚芴为基质的材料体系进行了广泛的研究，通过聚合物共混、磷光染料掺杂及共聚等途径，制备了一系列高效的白光器件。首先我们用三种基本颜色的发光聚合物，采用双层结构通过简单的溶液旋涂方法实现了高效的白光PLED。第一发光层为空穴传输材料和红光芴共聚物的共混层，作为红光发射层和空穴传输层；第二发光层由蓝光笼型多面体硅氧烷封端的聚烷基芴和绿光苯基取代的聚对苯乙烯撑混合得到，发射绿光和红光。通过调节两层聚合物共混比例，获得了包含三基色的高纯度白光发射，最大发光效率和亮度分别为4.4 cd/A和6300 cd/m2，处于同类器件的前沿水平。

共轭聚合物白光器件中，绝大部分发光共轭聚合物都是荧光发光材料，注入的空穴-电子同时形成概率分别为1/4和3/4的单线态和三线态激子，然而只有单线态激子发生辐射衰减发射荧光，占总数3/4的三线态激子发生非辐射衰减而浪费掉，限制了聚合物器件发光效率的进一步提高。相反磷光材料利用重金属原子的外层电子强烈的自旋轨道偶合，使得其配合物的单线态轨道和三线态轨道相互混杂，增强了三线态到单线态之间的系间窜跃，大大提高了三线态激子的辐射衰减几率，最终使发光效率获得大幅度提高。本文以聚芴作主体材料同时也是蓝色发光材料，通过掺杂不同颜色铱配合物，实现了一系列高效的聚合物白光发光器件。以PFO掺杂黄光磷光材料，获得效率为5.6 cd/A的二元白光磷光器件；用绿光和红光磷光材料Ir(Bu-ppy)3和 (piq)2Ir(acaF) 代替黄光染料，获得了高色纯度的三元白光，效率为5.5 lm/W (9.0 cd/A)；本文也尝试了三线态能级高于聚芴三线态能级的蓝绿光磷光铱配合物Ir(PPF)2(PZ) 和红光材料 (piq)2Ir(acaF) 作为发光体掺杂在聚芴中，获得了最大效率分别为6.0 cd/A和6.4 cd/A的蓝光和白光器件。

聚合物共混或染料掺杂是聚合物白光发光器件最常用的结构，对于多元的发光体系易于出现相分离以及由于各发光单元能级的不同造成的能量转移和电荷陷阱，随电压变化可能导致各相区域的发光强度发生相对变化或能量转移效率和电荷陷阱的填充发生变化等，使不同波长的发光强度发生相对变化，从而影响白光色度。另外由于不同材料的寿命稳定性不同，也可能产生由于材料老化的速度不同造成色度的变化。这些都给器件造成了不稳定因素。为此，本文提出了一个新的白光聚合物的实现方案，将发绿光的苯并噻二唑结构单元和发红光的铱配合物与发蓝光的芴单元共聚获得一种多元共聚物，通过控制共聚单体的投料比调节各单元的相对发光强度，获得了一系列高效白光聚合物。结果表明此类聚合物具有极其稳定的发光光谱，不受工作电压的影响，显示出巨大的应用潜力。这也是国际上首次报道同时含有单线态和三线态发光单元的白光发光共聚物。

聚合物发光二极管发光效率的高低取决于电子-空穴注入/传输的平衡与否，这是PLED研究最广泛的领域之一。而大多数共轭聚合物较差的电子注入能力是限制器件性能提高的最大因素，因此提高电子的注入效率对PLED性能的改善显得尤为重要。为降低电子注入势垒，最为有效的方法是使用与聚合物能级匹配的低功函数金属作阴极，而这类金属都具有活泼的化学特性，易于与水、氧等发生反应，对器件的制作及储存环境有苛刻的要求，极大提高了制作加工成本而不利于产业化生产。因此，现在PLED研究领域的一个热点课题是保证电子注入能力的前提下，用较稳定的高功函数金属代替不稳定的低功函数金属作阴极。我们用具有良好电子注入性能、带氨基的聚芴共聚物，聚[9，9-二辛基芴-9, 9-双(N,N-二甲基氨丙基)芴] (PFN) 作主体材料，用红光铱配合物Ir(DMFPQ)2pt作客体材料，以Al为阴极，获得了发光效率超过5%的PLED，发光效率与低功函数金属Ba阴极器件的相当，远高于文献报道的Al电极器件的发光效率。这里PFN具有双重功能作用，既是主体材料也能促进电子的注入。

这些带有极性基团的聚合物，可以有效提高电子注入效率。这类材料的最大特点是可以溶于极性溶剂中，如甲醇、水等，而普通发光聚合物不溶于这类溶剂，这种溶剂的选择性给制备聚合物多层结构提供了可能。需要注意的是聚合物发光器件的性能对聚合物/电极界面的属性极其敏感，即使很小的变化也可以导致器件性能的极大差异，这就对所使用的聚合物材料特别是界面材料提出极高的要求，如聚合物的纯度、溶解度、电子特性等。然而聚合物的合成纯化过程造成聚合物某些特性的不确定性，如分子量、纯度等，聚合物分子量只能使用分散系数来描述，不能给出一个确定的值，且与合成方法有关，甚至不同批次也会发生变化，所有这些都给器件性能带来不确定因素，这也是阻碍聚合物光电器件产业化应用的一个重要原因。我们报道了一种新型、具有确定化学分子结构的电子注入材料，共轭齐聚物电解质，由三个侧链带有含硼阴离子的芴单元组成。这种共轭齐聚物电解质在甲醇溶剂中具有很好的溶解性，给制作PLED的电子注入层提供了条件。我们用溶液加工的方法制备了EML（发光层）和EIL（电子注入层），以Al作阴极，获得了与已经报道的电子注入聚合物同样优异的电子注入性能，器件发光效率高于低功函数金属Ba电极器件。更重要的是它具有确定的化学分子结构、分子量，且能得到纯度很高的产物，为材料的重复生产甚至产业化提供了保障。我们进一步将这种共轭齐聚物用于白光磷光电致发光器件，获得了较高的发光效率。研究发现，EIL的溶剂对器件的发光性能有重要影响。从甲醇溶液旋涂沉积EIL时，共混发光层中的电子传输材料由于甲醇的溶蚀作用被洗去，严重破坏EML的发光性能，造成其发光淬灭，导致较低的发光效率。然而，当在甲醇溶液中加入一定体积比例的水后，溶剂溶蚀作用被阻止，器件发光性能得到恢复，而EIL的电子注入特性没有受到影响，获得了高效率的白光发光器件。因此，尽管可以通过溶剂选择制备多层结构PLED，进一步发挥了聚合物溶液加工成膜工艺的优势，但必须考虑溶剂的溶蚀作用，特别对共混体系，即使这种作用很小也会严重影响发光层的发光性能，导致较差的器件性能。

我们进一步报道了一种含有硼原子的有机小分子内盐，分子结构和合成过程更加简单易行。这种分子内存在电荷的极化分布，如能在外界作用力下发生有序排列，可以形成偶极层，从而降低界面势垒。研究发现这种有机分子中碳链的长度及沉积所用溶液的浓度对器件性能有很大影响，碳链长度为16个碳原子和溶液浓度为0.1%时，器件性能最佳。由此猜测碳链越长及溶液浓度为0.1%时，形成的偶极的有序度高，电子注入势垒越小，器件的性能越好。
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Efficient White Polymer Light-Emitting Diodes

Xu Yunhua
ABSTRACT
	White polymer light-emitting diodes (PLEDs) have attracted increasing attention due to its great potential applications as backlights for full color displays and lighting sources as well as advantages of easy fabrication by wet process and fine-tunable colors by changing polymer chemical structures.  White PLEDs have received intense scientific and technological interest and are expected to be a new generation of lighting source and challenge the domination by incandescent and fluorescent source in commercial lighting market.  Electroluminescence property of white PLEDs, however, is still too poor to realize the commercial applications.  There is a big room for improvement in efficiency and color stability.  In this work, the polymer-based systems, device structures, emission spectra and charge injection were extensively investigated and a series of efficient white PLEDs have been demonstrated. 
Polyfluorene (PFO) is a polymer with high stability and excellent luminescent property and is the most extensively investigated blue-emitting conjugated polymer.  Here, we obtained several efficient white PLEDs based on PFO by polymer blending, phosphorescent dye doping as well as co-polymerization.  For instance, white PLEDs were demonstrated by blending three primary color light-emitting polymers.  White emission with the Commission Internationale de l’Eclairage (CIE) coordinates of (0.33, 0.32) and the higher efficiency and luminance of 4.4 cd/A and 6300 cd/m2 , respectively, were achieved, which are higher than those previously reported in white PLEDs.  

Most conjugated polymers used in white PLEDs are fluorescent materials.  When electrons and holes were injected into the active layer and form two types of states: singlets and triplets with ratio of 1:3. The singlets can relax radiatively, whereas for the triplet states this process is forbidden due to the selection rules of the Pauli exclusion principle, and therefore relaxation occurs via nonradiative processes. Fortunately, the phosphorescent signal can be enhanced by incorporating heavy mass element organo–metallic phosphors. This increases the spin-orbit coupling, thus enhancing the spin-flip process needed for radiative decay of the triplet state.  We realized efficient white PLEDs by doping PFO with iridium complexes.  Very high efficiency of 5.5 lm/W (9 cd/A) was achieved for white-emitting devices from PFO co-doped with green and red iridium complexes.  Besides, efficient blue and white PLEDs were demonstrated using PFO host and a new blue light-emitting iridium compound. The highest efficiencies were 6.0 cd/A and 6.4 cd/A for blue and white devices, respectively.

The most common technique to fabricate WPLEDs is based on blend or dye-doped polymer systems. In these cases, phase separation is easily producible, which generally leads to color instability at different operating voltages.  Furthermore, blending or doping systems often result in the Commission Internationale de l’Eclairage (CIE) coordinates change with driving voltage due to the energy transfer saturation at a high voltage and charge distribution on the trap sites varying with the different voltage.  More important, if the emission species in the blend or doping systems possess different aging rates, the emission color will change and be out of white emission during the operation, resulting in the diode performance degeneration.  Here, we developed a new strategy to realize efficient white light emission from a single co-polymer, which simultaneously consists of fluorescence- and phosphorescence-emitting species. By introducing a small number of benzothiadiazole (BT) units into the polyfluorene backbone and by attaching a small number of iridium complexes onto the side chain, white light emission was obtained from three individual emission species, blue, green and red from PF backbone, BT and iridium units, respectively.  Very efficient white-emitting binary and ternary copolymers have been accomplished.  The highest efficiency and luminance of 6.1 cd/A and 10110 cd/m2 with the CIE coordinates of (0.32, 0.44) were achieved for ternary copolymer active layers.
Recently, fabricating efficient PLEDs using air-stable high work function metals as cathode has attracted extensive interest.  Our lab has reported numerous aminoalkyl-substituted polyfluorene copolymers (PFN) baring excellent electron injection property even for high work function metals, such as Al, Ag and Au.  In this work, efficient phosphorescent PLEDs with Al cathode were successfully demonstrated by doping PFN with red-emitting iridium complex.  The highest efficiency and luminance of 5.6% and 1400 cd/m2 were observed, respectively, which is comparable with those devices with low work function metal cathode.  
Conjugated polymers with a -delocalized backbone and pendant groups capable of ionizing under electric field have been used to improve electron injection in PLEDs.  Their high solubility in polar solvents allows alternating deposition with organic soluble conjugated polymers thereby giving multilayer structures with little disturbance of underlying layers.  One practical challenge concerns high purity and reproducibility for polymers, which will play an important role in the future commercial application.  In this case, conjugated oligo-electrolytes (COEs) were successfully synthesized and used as efficient electron injection layers (EILs).  Relative to polymers, COEs provide better-defined molecular structures, in which they are not described by molecular weight distributions, and can be obtained in higher degrees of purity, which should lead to better reproducibility of device fabrication protocols.  COEs were found to behave as excellent electron injection materials, as demonstrated in PLEDs interfaced between Al cathodes and polymer (MEH-PPV) active layers, exhibiting the device performance comparable to or even better than those with Ba cathode. By applying the COEs as EIL into phosphorescent white-emitting PLEDs with blend EML, excellent device performances (15 cd/A and 11890 cd/m2) were obtained using Al as cathode. In addition, it is worthy to note that the choice of solvent bears a strong influence on the internal composition of the device.  Pure methanol proved capable of extracting a critical component of the EML blend.  Addition of water to methanol decreases the interaction with the hydrophobic EML surface thereby avoiding the extraction.  
The higher levels of emission efficiencies observed for these COEs prompted us into thinking whether it would be possible to further streamline the molecular structure of the EIL materials.  We reported a new class of zwitterionic molecules that can be incorporated via solution methods into PLEDs that display high efficiencies as a result of improved electron injection.  The investigation indicates that zwitterion insertion leads to the formation of a spontaneously organized dipole layer at the metal/organic interface.  The net effect is a shift in the vacuum level and concomitant improvement of electron injection. 
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