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Introduction

  Light-emitting diodes(LEDs) based on conjugated polymers have attracted much attention because of their potential applicability to flat, large area displays which can be operated at a relatively low driving voltage.1,2 Electroluminescence in the conducting polymer is achieved by injection of electrons into conduction band and holes into the valence band, which would capture each other with emission of visible radiation. In polymer light-emitting diodes, majority carriers of the emissive polymers are holes. Therefore, one of the major reasons for the low quantum yield of single-layer LEDs is that the electron injection current is too low. 
  Heat treatments were performed to enhance the efficiency of the EL devices. In general, semicrystalline polymers have their thermal transition temperature such as glass transition temperature(Tg) and melting temperature(Tm). We used Poly[2-methoxy-5-(2'-ethly-hexyloxy)-1,4-phenylene vinylene](MEH-PPV) as an emissive polymer which has only glass transition temperature, 83oC, because it is an amorphous polymer. Basically, baking has been done at 65oC under Tg of the polymer. It is expected if we anneal the polymer film above Tg, the polymer chains can move more freely to enhance the packing of the polymer which have some free volume or pores left while evaporating the solvent during baking. The polymer packing after annealing was confirmed by the reduction of thickness of polymer thin film by order of 10%. It is also expected that adhesion of the interface between the emissive polymer and the metal cathode would be enhanced by such heat treatment. Therefore we have tried thermal annealing of the polymer film above Tg after baking was completely done under Tg of such polymer. The thermal annealing was performed before and after Al deposition, to investigate the effect of the change of the polymer morphology and the interface, separately.

Experimental

  The polymer light-emitting devices of MEH-PPV single layer were fabricated as follows: MEH-PPV dissolved in 1,2-dichloro-ethane was spin-coated as 70nm thickness on indium-tin oxide(ITO) coated glass substrates. To confirm whether the polymer thin film was completely baked, the EL behavior was checked after baking during from 1 hour to 10 hours. Little difference, however, has been noticed among them. Judged from this, 1 hour at 65oC is enough to bake the thin film properly. And after baking the polymer at 65oC for 1hr, additional heat treatments or thermal annealing above Tg in vacuum oven was applied to the device following Al deposition under high vacuum(~10-6 torr). Considering the Tg of thin films is lower than that of bulk materials, the chosen temperatures from 80oC to 170oC are thought to be above Tg of the polymer film. Thermal annealings above Tg after Al deposition were also done to the device from 110oC to 170o C. Lastly, the post-deposition annealing at 170oC after pre-deposition annealing from 110oC to 170oC was performed.
Results and Discussion

The thermal annealing before Al deposition, or pre-deposition annealing is expected to change the polymer morphology dominantly. Fig.1(a) shows the current-voltage characteristics after pre-deposition annealing. Enhanced packing of the emissive polymer by the thermal annealing can increase thermal stability to outlive the Joule heat generated during operation. The increased stability of the emissive polymer makes EL device give off more bright light without failure at high electric field as shown in Fig 1(b). The EL polymer without any annealing treatments shows an anomalous current-voltage(I-V) behaviors as found in Fig 1(a). Looking closely at the unannealed case, it is easy to notice that the current-voltage characteristic consists of the combination of two rectifying behaviors. The anomalous plateau region disappears by the thermal annealing. The anomalous characteristics could be originated from impurity factor or pores to screen the intrinsic semiconducting phase. The pores within the emissive polymer would dominantly influence the current-luminance-voltage characteristics.
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 Fig. 1. Current-luminance-voltage characteristics after pre-deposition annealing

Thermal annealing after Al deposition or post-deposition annealing is expected to make a crucial effect to the interface adhesion as well as the morphological change within the polymer. This is because annealing treatments can make the polymer chains mobile to enhance the adhesion of the interface by promoting Al-C covalent bond formation between the emissive polymer and the Al cathode. The enhanced interface adhesion makes the effective area for electron injection larger. As shown in Fig 2(a), the annealed device has more current than the unannealed one, which is truly resulted from the increased effective area to inject more electrons. The electron injection was improved highly by thermal annealing after Al deposition in comparison with the case of annealing before Al deposition. Fig 2(b) also shows the variation of luminance with voltage. The operating voltage of the annealed devices is reduced by ~40% compared with the unannealed. Maximum intensity when annealed at 170oC is increased by more than 10 times in comparison with that when baking at 65oC without any annealing treatment. The turn-on voltage was reduced from 3V to 1.8V. 
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 Fig. 2. Current-luminance-voltage characteristics after post-deposition annealing

 It is also confirmed that the relative quantum efficiency is improved by two orders after post-deposition annealing through the semi-logarithmic plot of luminance versus current as shown in Fig. 3. Like these, post-deposition annealing improves the efficiency of the EL device greatly by changing the interface characteristics.
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 Fig. 3. Relative quantum efficiency of EL device annealed after Al deposition

    At the interface of the emissive polymer and Al cathode, 2~3nm order diffusion of Al cathode into polymer is reported elsewhere.3 The deposited Al atoms lead to the formation of covalent bonds near the interface between Al and the emissive polymer.3-4 The C-Al bond formation of the vinylene group with Al is known as the most probable configuration as calculated elsewhere.4 Post-deposition annealing will help the C-Al bond formation since the C=C double bond in vinylene group can be broken by annealing at high temperature, where Al atoms also can migrate into polymer better5 to react with the carbon. Therefore, the shortened conjugation length can make new polymer layer with more wide band gap formed near the interface as the high temperature annealing makes the diffusion depth longer. The existence of the layer was confirmed by the EL spectrum after post-deposition annealing since the spectrum got more blue-shifted. In most polymer EL devices, the emission occurs near the interface of polymer and Al because minority carriers or electrons can not move rapidly into polymer in comparison with the majority carriers or holes. In this situation, the polymer layer with wide band gap near the interface can makes EL device emit more blue-shifted light.

  Fig. 4 shows the results annealed twice before and after Al deposition. The device with post-deposition annealing only shows most efficient characteristics. It was noticed that the tendency for EL output to get weaker as pre-deposition annealing temperature increases. The reasonable explanation about this can be seen through AFM image. In the AFM, smoother image is observed as annealing temperature increase because the chain movement above Tg makes the surface smooth. In the image of thin films baked at 65℃ without additional annealing, the surface is more rough than others. This rough surface provides more area for the interface contact, or can increase the effective area for EL devices. And the probability of Al diffusion into the emissive polymer increases. 
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Fig. 4. EL efficiency of the device annealed before and after Al deposition

Conclusion

  The heat treatment condition and procedure must be considered carefully in order to fabricate a efficient EL device since the annealing treatment above Tg will change the current-voltage-luminescence characteristics greatly. The post-deposition annealing only without pre-deposition annealing can make the EL device highly efficient, which is induced by the enhanced interface adhesion and the formation of new polymer layer with wide band gap near the interface of MEH-PPV/Al
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