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Abstract:



The influences of gold nanoparticles (GNPs) and the buffer layer on the performance of organic light-emitting diodes are investigated in this study. The GNPs are doped into poly (3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and the buffer layer is introduced between the hole-transport layer and emitting layer. The GNPs are found to have the surface plasmon resonance at a wavelength of 530 nm when the mean particle size of the GNPs is 10 nm. The current efficiency of the device, at a current density of 145 mA/cm2, with GNPs and a buffer layer of 6 nm is about 1.93 times higher than that of the device with prime PEDOT:PSS because the GNPs will generate the surface plasmon resonance effect in the device and the buffer layer can considerably decrease the quenching of the fluorescence.
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1. Introduction


Organic light-emitting diodes (OLEDs) possess distinctive advantages. Therefore, OLEDs presented remarkable potential in application in displays and lighting sources. Thus far, the characteristics for the device still have room to improve. Therefore, in order to optimize the efficiency of the devices, a variety of methods have been presented. The following are some examples: doping phosphorescence material into the emitting layer to enhance the performance of the device [1,2,3], improving the balance between holes and electrons within the recombination zone of the excitons [4,5,6,7], or increasing the efficiency of light extraction by decreasing the waveguide effect on the edge of the glass [8,9]. These methods can enhance the performances of OLEDs, but these methods also increased the production complexity of OLEDs.



Recently, the application of metal nanoparticles to OLEDs and inorganic light-emitting diodes has attracted considerable interest because of their unusual surface plasmon resonance effect (SPRE). It is well known that the SPRE was induced by the interaction between the surface charge of the metal and the electromagnetic field of the incident light [10,11,12,13,14,15,16]. In addition, when the metal nanoparticles are close to the fluorescent molecule, the luminous efficiency of the fluorescent molecules can be greatly increased by a decrease in the decay time of the excitons for the devices [17]. Nevertheless, when the distance is much smaller between the metal nanoparticles and fluorescent molecules, the nonradiative quenching of the excitons is generated. Furthermore, the nonradiative quenching of the excitons will result in the reduction of the efficiency for devices. Therefore, two competitive courses will take place in devices of SPRE: (I) a decrease in the efficiency of the device by nonradiative quenching of the excitons; and (II) an increase in the efficiency of the device by a reduction of the decay time of the excitons. In short, the distances between the metal nanoparticles and the fluorescent molecules are extremely important parameters in devices of SPRE.



The GNPs were doped into hole-transport layer (HTL), resulting in an increase in the efficiency of the device [18], but the causes of enhancement and quenching for fluorescence at different distances between the GNPs and the emitting layer were not described in detail. In this paper, the distance between the GNPs and the emitting layer has been optimized for enhancement of the maximum luminescence. In addition, how the distances between the GNPs and the emitting layer influenced the efficiency of the devices was also observed. Furthermore, mechanisms of increase in the radiative intensity and nonradiative quenching have been described in detail.




2. Experimental Section


Figure 1 presents the schematic structure of the device with GNPs and the buffer layer. Indium tin oxide (ITO) coated on glass (Uni-onward Corp., New Taipei, Taiwan) with a sheet resistance of 10 Ω/sq was used as the starting substrate. Acetone, methanol and deionized water (Uni-onward Corp., New Taipei, Taiwan) were used to clean the substrate. Afterwards, nitrogen gas (Kaohsiung, Taiwan) was used to dry it. As reported earlier [19,20], the GNPs were prepared via the electrochemical method. GNPs were dispersed into the aqueous solution of PEDOT:PSS in an optimized ration as a HTL. The resulting solution was spin-coated on ITO glass substrate, and the film thickness of PEDOT:PSS was estimated to be about 100 nm.


Figure 1. Schematic structure of devices with GNPs and the buffer layer.
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Afterwards, the substrates were loaded into a thermal evaporator (Junsun Tech Co. LTD., New Taipei, Taiwan). Subsequently, N,N′-Bis-(naphthalene-1-yl)-N,N′-bis(phenyl)-benzidine (NPB; x nm, 99.5%, Aldrich, Kaohsiung, Taiwan), tris-(8-hydroxyquinoline) aluminum (Alq3; 40 nm, 99.5%, Aldrich, Kaohsiung, Taiwan), 4,7-dipheny1-1, 10-phenanthroline (BPhen; 10 nm, 99.5%, Aldrich, Kaohsiung, Taiwan), lithium fluoride (LiF; 0.5 nm, 99.99%, Aldrich, Kaohsiung, Taiwan), and aluminum (Al; 100 nm, Gredmann, Taipei, Taiwan) were deposited. NPB were used as the buffer layer, while BPhen were used as the electron transport layers. Alq3 was used as an emitting layer. LiF, Al and ITO were used as electron-injection layer, cathode and anode, respectively. During the deposition, the base pressure of the chamber was maintained as low as 2.4 × 10−6 Torr. The active area of the device was 6 × 6 mm2. The deposition rates of all organic materials were maintained at 0.01 nm/s, except for the Al with deposition rate of 0.5 nm/s. Via a quartz-crystal monitor, the thickness of the layer is controlled. With a Keithley 2400 (Keithley instruments Inc., Cleveland, AL, USA), the current density-voltage (J-V) characteristics of the devices were measured, while with a PR-655 (Photo Research Inc., Syracuse, NY, USA), luminance-voltage (L-V) characteristics of the devices were measured. The absorption spectra were measured by using a U-3900 spectrophotometer (Hitachi, Tokyo, Japan). The photoluminescence (PL) spectrum and transmission electron microscope (TEM) images were measured by using an IK series (Kimmon Koha, Tokyo, Japan) and a TEM-3010 (JEOL, Tokyo, Japan), respectively. All of these measurements were conducted at room temperatures under air ambient.




3. Results and Discussion


The absorption spectrum of GNPs and the PL spectrum of Alq3 are shown in Figure 2a. It is observed that the PL peak of Alq3 and the absorption peak of GNPs are about 523 nm and 530 nm, respectively. The GNPs can enhance the characteristics of the device when the absorption peak of GNPs is very close to the PL peak of Alq3 because of its SPRE [21]. In addition, Figure 2b,c show the TEM and high-resolution TEM images of GNPs, respectively. According to the normal and high-resolution TEM image in Figure 2b,c, the GNPs are mostly spherical and irregular in shape. Furthermore, it is also observed that the mean particle size of the GNPs in Figure 2b,c is calculated and found to be 10 nm when the absorption peak of the GNPs is 530 nm. It is well known that the absorption peak depends on the GNPs’ size, shape, and the spacing between the GNPs [22].


Figure 2. (a) Absorption spectrum of the GNPs and PL spectrum of the Alq3; (b) TEM image of the GNPs; (c) High-resolution TEM images of the GNPs.
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Because the distance between the GNPs and excitons is an extremely important parameter, the distance was tuned by changing the thickness of the buffer layer to further confirm the relationship for coupling between the surface plasmon and excitons. The resulting J-V curves of the devices without GNPs and with different spacing distances between the emissions layer (EML) and GNPs are plotted in Figure 3a. It can be clearly seen that the J-V curves of devices with GNPs and without GNPs are almost identical. The almost identical phenomenon of the current density suggests that the GNPs doped into PEDOT:PSS do not affect the hole-injection characteristics. Figure 3b shows the L-V characteristics of the device without GNPs and with different spacing distances between EML and GNPs. It is observed that the luminance of the devices with GNPs is higher than that of the device without GNPs because of the SPRE of GNPs. Furthermore, the SPRE of GNPs will result in the surface plasmon–enhanced spontaneous emission rate. The luminance of the device with GNPs at a spacing distance of 6 nm is higher than that of devices without GNPs and with the other spacing distances because the GNPs at a spacing distance of 6 nm can considerably decrease the quenching of the fluorescence. The current efficiency-voltage characteristics of devices with a buffer layer of 6 nm and without GNPs are plotted in the inset of Figure 3b. Obviously, the current efficiency of the device with a buffer layer of 6 nm is significantly higher than that of the device without GNPs because the device with a buffer layer of 6 nm not only enhanced the spontaneous recombination of the excitons but also decreased the nonradiative decay process of the excitons. However, the power efficiency of the device with a buffer layer of 6 nm is 2.43 lm/watt at 3 V.


Figure 3. (a) Current density-voltage curves; (b) luminance-voltage curves in log scale; and (c) current efficiencies curves of devices without GNPs and with different spacing distances. Inset of (b) shows the power efficiency-voltage characteristics of device.
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Figure 4 shows the plot of the enhancement factor and the Förster energy transfer efficiency as a function of the spacing distance. The enhancement factor is expressed as L2/L1, where L2 is the maximum luminance of the device with GNPs and L1 is the maximum luminance of the device without GNPs. It is observed that the enhancement factors are decreased with an increase in the thickness of the spacing layer in the condition of a thickness of spacing ≥6 nm because the GNPs are close to the excitons of the EML. Furthermore, the surface plasmon–enhanced spontaneous emission rate of the device is increased when the GNPs are close to the excitons of the EML. The enhancement factors are increased with an increase in the thickness of the spacing layer in the condition of a thickness of spacing ≤6 nm because the Förster energy transfer efficiency is decreased with an increase in thickness of the spacing layer. Moreover, the nonradiative decay of excitons is decreased when the thickness of the spacing between the EML and the GNPs is increased. In addition, the maximum enhancement factor is obtained when the Förster energy transfer efficiency is 50%. The relationship between the Förster energy transfer efficiency and the spacing distance can be expressed as follows [23]:


[image: there is no content]



(1)






Figure 4. Enhancement factor and Förster energy transfer efficiency for different spacing between emission layer and GNPs.
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Where the E is the Förster energy transfer efficiency, R is the spacing distance between the EML and GNPs, and R0 is the Förster radius. The Förster energy transfer efficiency of can be obtained when the spacing distance between the EML and GNPs is equal to the Förster radius. The Förster radius can be expressed as follows [24,25,26]:
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(2)




where R0 is the Förster radius, [image: there is no content] is the quantum yield of the donor, n is the refractive index of the medium, J is the normalized overlap integral of the donor and the acceptor spectra, and k is the orientation of the dipoles. We have investigated the values for the variables in Equation (2). Both the [image: there is no content] and the J are 0.22 and 1.16 × 1016, respectively, with an n of 1.35 and k2 of 0.667 to calculate the optimized value of R0. Therefore, the Förster radius is calculated as 6 nm by using Equation (2). Furthermore, the enhancement factor of the device with a thickness of spacing ≤4 nm is quite low because the Förster energy transfer efficiency of devices with a thickness of spacing ≤4 nm is nearly 100%.



According to the relative studies [27], which are clearly researched for the important role of the buffer layer, the nonradiative decay process of the excitons in the device can be avoided by the addition of the NPB between the hole-transport layer and the emitting layer. We also find that the power efficiency of the device with the NPB buffer layer is higher than that of the device without the NPB buffer layer. At the same time, the devices with and without GNPs have a significant difference in luminance characteristics under different applied voltages [27]. In order to further research how strong the influence of the GNPs is, we conducted a proper comparison with pure PEDOT:PSS and NPB at the optimized thickness of 6 nm in Figure 5. Both Figure 5 and its inserted image show the difference with GNPs in the PEDOT:PSS layer and without by the luminance-voltage and power efficiencies–voltage curves, respectively. It is clear that the device with GNPs has higher luminance and power efficiencies than that of device without GNPs. When the applied voltage is below 5 V, the results for the luminance of the device under two conditions are not different. Additionally, there is a slight increase of the luminance of the device when we enhance the applied voltage from 5 to 6 V. Finally, we have found a surprising consequence that the luminance of the device is largely increased when the voltage reaches more than 6 V. In the insert in Figure 5, the results show that the device with GNPs is excellent for power efficiency. According to the investigation of polymer effects by time-resolved PL [28,29], at the same time, the decay rate from the nonradiative process of excitons is about 4 ns, which is same as the result of doped Alq3 organic semiconductors. We also find that there is a decrease of the power efficiency for both of them when the applied voltage is increased from 3 to 4 V. The power efficiency is slightly increased when the applied voltage reaches 5 V, although there is a downward trend from 5 to 8 V. The decreasing trend would be linear if we ensured that the charge transport problem is normally main factor. Thus, the improved performance is attributed to the strong influence of the SPRE.


Figure 5. Luminance-voltage curves of devices with and without GNPs when the thickness of the NPB is 6 nm and the inset figure shows the power efficiency-voltage characteristics of the device under the same conditions.
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Figure 6 shows the schematic diagram of the nonradiative decay process of excitons. The excitation of the surface plasmon polariton modes results in the nonradiative decay process of excitons, which propagate along the surface of the GNPs. Furthermore, the extra nonradiative decay channel at the interface between the fluorescent molecule and the GNPs results from the excitation of the surface plasmon polariton modes [30]. Therefore, the enhancement factor of the device with GNPs will be decreased when the GNPs are close to the excitons of the EML. Moreover, the extra nonradiative decay channel at the interface between the fluorescent molecule and the GNPs will be generated when the GNPs are close to the excitons of the EML.


Figure 6. Schematic diagram of nonradiative decay process.
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4. Conclusions


In summary, the GNPs are doped into PEDOT:PSS and the buffer layer is introduced between the hole-transport layer and emitting layer. The maximum luminance of the device with GNPs is higher than that of device without GNPs because of the SPRE of GNPs. Furthermore, the SPRE of GNPs results in the surface plasmon–enhanced spontaneous emission rate. In addition, the best performance is obtained when the spacing distance between the GNPs and the EML is equal to the Förster radius. Furthermore, the current efficiency of the device, at a current density of 145 mA/cm2, with GNPs and a buffer layer of 6 nm is about 1.93 times higher than that of the device with prime PEDOT:PSS because the GNPs at a spacing distance of 6 nm not only enhanced the spontaneous recombination of the excitons but also decreased the nonradiative decay process of the excitons.
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