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Introduction

Organic light-emitting diodes(OLEDs) have drawn considerable interest since its discovery due to their potential as a means for full-color display[1]. Much progress has been made and the device performance has increased dramatically since then[2-5].

In general, OLED consists of one or more organic layers sandwiched between a transparent anode such as indium-tin-oxide(ITO) and a metal cathode. The device efficiency as well as the driving voltage depends largely on the charge injection properties at the interfaces between the emitting layer and the electrodes. Furthermore, recent work has shown that these interfaces also play an important role in device lifetime[6].

A number of techniques have been developed to enhance these interface properties. One effective technique is to use a transparent polymer anode such as polyaniline(PANI) or polyethylenedioxythiophene(PEDT)[7-12]. Several groups reported significant improvements in the performance and the lifetime of polymer light-emitting diodes(PLEDs) with the use of PANI and PEDT as anode. Further improvements were reported with the use of PANI/ITO bilayer electrodes over the single layer electrode of either PANI or ITO alone. Gustafsson et al. are perhaps the first who demonstrated that PANI coated on glass or plastic substrates proves to be an effective anode for PLEDs[7]. Yang et al. showed that PLEDs fabricated with bilayers of PANI-CSA(camphorsulfonic acid) on ITO or a blend of PANI-CSA with common polymers on ITO significantly reduced the operating voltage[8,9]. Recently, Cao et al. demonstrated that PEDT-PSS(polystyrene sulfonate) on ITO is as effective as PANI/ITO in enhancing the device performance[12].

While PANI has extensively been used for PLEDs, it has very rarely been used for OLEDs, the exception being the work by Antoniadis et al.[13]. Ordinarily, the emitting layer is vapor-deposited onto the substrate in the case of OLEDs whereas it is spin-coated in the form of a polymer solution for PLEDs. Since PANI-CSA is dispersed in a host polymer such as poly(methylmethacrylate) (PMMA) or polyester(PES), this host polymer must be selectively etched out by a suitable way to make a network electrode because the host is electrical insulator. When an organic emitter is vapor-deposited onto this rough surface, the protrusions can cause short circuit whereas a spin-coated polymer gives a rather flat surface. An additional problem arises when PANI is used for blue OLEDs. It is known that PANI absorbs light strongly in the deep-blue spectral region, making it unsuitable for blue OLEDs[7]. 

In this letter, we report successful introduction of a PANI anode that is a blend with PVK. This type of anode needs no etching that is required for the network electrode because PVK itself is one of conducting polymers. This property is precisely the reason why it is used as a hole transporting layer(HTL)[14]. With this blend, a surface with relatively little roughness results. Furthermore, the absorption problem can practically be solved due to the fact that PVK does not absorb, if any, light in the blue spectrum. In the blend, PANI is dispersed in the host material of PVK, making it practically immune to the absorption problem.
Experiments
To demonstrate the effectiveness of the PANI:PVK anode, blue LEDs have been fabricated in this work with parahexaphenyl(PHP) as the blue-emitting material[15,16]. Figure 1 shows the typical structure of the diode fabricated for this study. For the fabrication, ITO-coated glass substrates with a nominal surface resistance of 20 ((sq were cleaned in ultrasonic baths of trichloroethylene (TCE), acetone, and isopropyl alcohol and then dried in a stream of nitrogen. Some of the substrates were plasma-treated to remove any residual organic contaminants and to enhance ITO surface properties. The substrates were then placed into an argon glove box in which water and oxygen levels were typically less than several ppm. All the processing after the cleaning was carried out in the glove box. The PANI:PVK blends were spin-coated onto ITO-coated glass substrates and subsequently dried in vacuum at 60℃ for more than 12 hours. N,N(-diphenyl-N,N(-bis(3-methylphenyl)-(1,1(-biphenyl)-4,4(-diamine (TPD) was used as the HTL. The emitting material, PHP, was synthesized and purified in our laboratory according to the method reported earlier[17]. These organic layers were vapor-deposited in a vacuum chamber. Subsequently, LiF was deposited, followed by deposition of Ca cathode. The pressure during the deposition was on the order of 10-6 Torr. Diode areas were 11mm2 and device characteristics were measured with a calibrated Si photodiode. All measurements were performed inside the glove box. 

Each of PANI and PVK solutions were prepared first and these solutions were then mixed to obtain the PANI:PVK blend solution for the spin-coating. M-cresol was used as the solvent for PANI-CSA solution(2% by weight); chloroform was the solvent for PVK solution(10 mg/ml). Different concentrations of PANI:PVK solutions were prepared using different ratios of the two solutions. To investigate the concentration effects on the device performance, the blend solutions were prepared at 5%, 10%, 15%, 20% and 33% of the PANI-CSA solution by volume. 

Results and Discussion

The device characteristics of ITO/PANI:PVK/TPD/PHP/LiF/Ca(750Å/1200Å/1000Å/600Å/15Å/1000Å) LEDs as affected by the blend concentration are shown in Figs. 2(a), 2(b) and 2(c) for the current-voltage(I-V), the luminance-voltage(L-V), and the power efficiency-voltage, respectively. For comparison, LEDs with PANI/ITO or bare ITO as the anode were also fabricated. Figure 2(a) shows a dramatic increase in the charge carrier injection when the blend is used as the anode, compared to either PANI/ITO or bare ITO. It is apparent from the figure that an optimal concentration of PANI is 10%, any further reduction resulting in a less efficient injection. A dramatic increase in the brightness and the power efficiency can also be seen from Figs. 2(b) and 2(c). Here again, an optimum exists at around 10% concentration of PANI.

It is noted in this regard that Wang et al. used two physically separate layers of PVK and PANI-CSA electrode but not a blend[18]. The role of PVK was for exciplex formation with the overlayer of copolymer and for hole-transport. When PVK plays the role of an HTL, the operating voltage of the device increases significantly. With the bilayer of PVK and PANI-CSA, the operating voltage of the device is reduced due to the presence of PANI but only to that of the device without the bilayer. In contrast, Fig. 2(a) shows that the operating voltage of our device is significantly lower for PANI:PVK blend than for PANI/ITO and even much lower for the case with ITO alone, confirming the role of the blend as an anode. 
The device performance has also been optimized with respect to the thickness of the TPD layer and that of LiF layer in the structure. In general, TPD plays the role of an HTL and in our device structure, the emission zone should be confined away from the electrode[19]. The device characteristics as affected by the TPD thickness were compared in terms of I-V and L-V in a series of experiments with the other parameters fixed and the PANI concentration at 10%. In the absence of TPD, the luminance was negligibly low. The performance got better with increasing thickness but not above 600Å, the electric field increasing and the performance deteriorating. An optimum was at around 400Å. Similar experiments in which the LiF thickness were varied revealed that an optimum was 15Å.

With these optimal thicknesses for the two layers, we fabricated an efficient blue LED. The L-V and I-V characteristics of the device are shown in Fig. 3. A luminance of 1900 cd/m2 at 8.1 V and a maximum power efficiency of 0.46 lm/W have been achieved.
A dramatic decrease in the absorption of light in the blue spectral region is realized, as shown in Fig. 4, when the PANI:PVK blend is used. The figure shows that the absorbance in the blue range of 420 to 480 nm decreases substantially as the PANI concentration in the blend decreases and it is close to that of PVK at 10% concentration, which is the optimal concentration for the device performance.

In summary, an anode in the form of PANI:PVK blend is introduced for PLEDs and OLEDs. The advantages of using the anode are such that it is particularly effective for enhancing the performance of OLEDs for which the light-emitting layer is vapor-deposited. The blend electrode practically solves the light absorption problem in the blue spectral range that is associated with the use of PANI for blue LEDs.
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Fig. 1. Typical structure of the blue LEDs used in 

      experiments. 
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Fig. 2. I-V(a), L-V(b) and power efficiency-voltage(c) 
      characteristics of the blue LEDs with different 
      concentrations of PANI in the PANI:PVK blend.
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Fig. 3. L-V and I-V characteristics of the optimal 
       ITO/PANI:PVK/TPD/PHP/LiF/Ca blue LED.
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Fig. 4. UV-Vis absorption spectra of PANI:PVK blends 
      and PVK.
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