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Introduction

Optimization of OLEDs involves more efficient and balanced injection of carriers from the electrodes, higher mobility of both electron and hole into the recombination regions, and they must perform a radiative decay of exciton. The brightness and efficiency of OLEDs depend on the number density of electrons and holes in the emission layer, so that effective charge injection into the organic materials is critical for optimum device performance. Efficient electron-injecting contact is usually a low-work function material such as magnesium, calcium, or lithium. But the use of these low work function metals results in unreliable OLEDs, mainly due to the reactive nature of these materials, especially in air atmosphere. More stable materials are preferable as cathodes. However, OLEDs based on a cathode made from these materials are inefficient, and their light output is very low compared to OLEDs with a reactive metal cathode. To achieve better performance, a thin film of an insulator, such as lithium fluoride (LiF), deposited between the organic layer and the Al cathode have been used. Recently, Jabbour et al. found that for OLEDs, the use of a buffer layer of LiF is not the only route to enhance OLED’s performance and proposed a novel cathode structure for the fabrication of more efficient and bright OLEDs. This cathode is achieved by codeposition of an inorganic insulator and a metal (referred to as composite cathode). Because tunneling through an insulator is very sensitive to thickness variations, devices using a buffer layer of LiF might be difficult to fabricate with a large active area. In contrast, the use of a composite cathode eliminates the need for a thin insulating layer in OLED fabrication, thus leading to better field distribution over the device area. We will investigate the influence on efficiency of inserting the LiF layer and doping LiF into the Ca cathode.

Experiment

The basic device has a bilayer structure of  ITO/TPD/BCzVBi/Ca, where N,N-diphenyl-N,N-bis(3-methylphenyl)-1,1-diphenyl-4,4-diamine (TPD) is the hole-transport layer and 4,4-bis[2-(3-N-ethylcarbazoryl)vinyl]biphenyl (BCzVBi) is the light emitting layer. TPD and BCzVBi layers, 50 nm and 60 nm thick, were deposited by thermal evaporation from resistively heated tantalum boat. Ca cathode layer, 100 nm thick, was deposited by thermal evaporation from resistively heated molybdenum boat. The typical deposition rates for the organic materials and Ca were 2-3 Å/s and 4-5 Å/s, respectively. The thicknesses and the deposition rates of organic and cathode layers referred to in this paper are the nominal values monitored in situ on the quartz-crystal deposition monitor (Sycon instruments, STM-100/MF). A shadow mask was used to define the cathode and to make four 0.12 ㎠ devices per substrate.

When interposing LiF layer between BCzVBi and Ca cathode, LiF layer was deposited by thermal evaporation from resistively heated tantalum boat in the organic chamber. When inserting LiF layer between the organic material and the cathode, the deposition rate of LiF was 0.1-0.2 Å/s.
The Ca:LiF composite cathode was deposited by coevaporation of Ca and LiF from different boats in the metal chamber. The composition ratio, LiF/Ca, was controlled by means of the deposition rate. For example, the ratio 2 % is determined when the deposition rates for Ca and LiF are 5 Å/s and 0.1 Å/s.
Current-voltage (I-V) and electroluminescence-voltage characteristics were measured with Hewlett Packard 6634A and 34401A instruments in constant voltage mode with steps of 0.5 V and delay time of 1 sec before each measurement point. At the same time, the light output was monitored using calibrated Si photodiode. Brightness was measured by a luminance meter (Minolta LS-100).

Results and Discussions

A. Insertion effect of LiF layer

Current-voltage, luminance-current and power efficiency-voltage characteristics of the devices having LiF/Ca cathodes with different thicknesses of the LiF layer were shown in Fig. 1, respectively. For comparison, the properties of a device having a pure Ca cathode were also presented. As shown in Fig. 1, more currents flowed in the device with LiF/Ca cathode than that with a pure Ca cathode and light output was also enhanced at the same voltage. With increasing the thickness of the LiF layer, up to 0.7 nm, operating voltage was gradually lowered, and the light output was enhanced. But beyond 0.7 nm, I-V curve shifted to the right and light output decreased compared to that of the device of which the thickness of the LiF layer is 0.7 nm.
The electron injection process has been mostly in terms of tunneling and Schottky emission mechanisms. One possible mechanism for the above enhancements in our devices can be obtained from tunneling theory. LiF is a superior insulating material because it has the highest band gap energy of about 12 eV among oxides and fluorides. The presence of the LiF layer allows for a large voltage drop, across it and thus moves the Fermi level of metal cathode to the point where it is aligned with the lowest unoccupied molecular orbital (LUMO) of adjacent organic material. The effect of the potential barrier that is present in the devices without the LiF layer is thus eliminated via tunneling. This results in more electrons being injected through the insulating layer directly into the LUMO of the organic layer leading to an increase in electroluminescence. The increase in efficiency indicates a more balanced injection of both types of carriers. From Campbell’s observation, we can suppose that the electron Schottky barrier between BCzVBi and Ca would be larger than that expected by the ideal Schottky model. Therefore, we can expect similar effects as in the device with LiF/Al cathode to be shown in the device with LiF/Ca cathode.

From Fig. 2, I-V characteristics, L-I characteristics and power efficiency vs. applied voltage for the device with the Ca/LiF/Ca cathode were shown respectively. The multilayer Ca/LiF/Ca cathode was fabricated by depositing a layer of Ca (the blocking layer)  followed by depositing a 0.5 nm thick LiF layer, and then capping the device with about a 100 nm Ca layer without breaking the vacuum. The thicknesses of the Ca blocking layer were 0.5, 1.0, 2.0, 5.0 and 10.0 nm. The reference device is that with a pure Ca cathode. When compared with reference, the device with Ca/LiF/Ca cathode showed lowering of the operating voltage and the enhancement of luminance, which results in the enhancement of power efficiency and emission efficiency. The efficiency of the device with a 0.5 nm thick Ca blocking layer was the highest of all. As the thickness of a Ca blocking layer increases, efficiency of the device decreased gradually close to that of the reference. From this result, it could be concluded that only the presence of LiF in the BCzVBi/Ca interface does not necessarily enhance efficiencies of the device.

B. Doping effect of LiF

To investigate doping effects of LiF we fabricated devices with Ca:LiF composite cathode. The device structure is as follows: ITO/TPD(50nm)/BCzVBi(60nm)/Ca:LiF/Ca. In this experiment, the LiF/Ca ratio and the thickness of Ca:LiF composite cathode layer were used as manipulating variables.

We investigated the effects of Ca:LiF composite cathode thickness variation on efficiencies of the device. From above result, we obtained the optimum Ca:LiF composite cathode thickness, 30 nm. It is thought that the LiF/Ca ratio of Ca:LiF composite cathode affects the efficiency more than the thickness. Therefore, we concentrated on finding the optimum of the LiF/Ca ratio. We investigated the effect on efficiencies of LiF/Ca ratio for the ratios of 0.5 %, 1.0 %, 2.0 %, 4.0 %, 8.0 %, 10 %, 14%, and 20 %. As shown in the Fig. 3, the optimum LiF/Ca ratio was ca. 2 %.

It can be inferred that the barrier height is reduced and the electron injection is increased from I-V and L-I characteristics. But, in contrast to previous devices inserting a thin LiF layer between the cathode and the organic layer, the increased electron injection in devices with Ca:LiF composite cathode cannot be explained using the tunneling through an insulator argument. To understand the mechanism resulting in improved performance, it is important to know the nature of the interfaces, as well as the composite cathode chemical contents by using time-of-flight secondary ion mass spectroscopy, angle-resolved high-resolution x-ray photoelectron spectroscopy, and so forth.
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Fig. 1  (a) I-V characteristics (b) E-V characteristics of ITO/TPD/BCzVBi/LiF/Ca.
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Fig. 2  (a) I-V characteristics (b) E-V characteristics of ITO/TPD/BCzVBi/Ca/LiF/Ca.
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Fig. 3  (a) Power Efficiency vs. voltage (b) Emission efficiency vs. current of ITO/TPD/BczVBi /Ca:LiF/Ca.
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