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Abstract: Organic light-emitting devices (OLEDs) were fabricated utilizing 
a poly(4-butylphenyl-diphenyl-amine) (poly-TPD):dodecanethiol 
functionalized Au (DDT-Au) nanocomposite (NC) layer to enhance their 
current efficiency. The photoluminescence intensity of the poly-TPD:DDT-
Au NC film at 514 nm was significantly increased, being about 1.3 times 
that of the poly-TPD film due to the coupling between the excitons in the 
emitting layer and the localized surface plasmonic resonance of the DDT-
Au nanoparticles. The current efficiency of the green OLEDs with a poly-
TPD:DDT-Au NC layer at 1000 cd/m2 was 3.1 cd/A larger than that with a 
poly-TPD layer, resulting in an enhanced out-coupling efficiency due to the 
coupling effect. 
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1. Introduction 

Organic light-emitting devices (OLEDs) have been receiving considerable attention for 
potential applications in flexible displays and solid-state lighting [1–4]. The prospect of 
promising applications of OLEDs has led to substantial research and development efforts to 
enhance their efficiency [5,6] The external quantum efficiency of the OLEDs is significantly 
affected by various factors of the internal quantum efficiency, such as the charge balance 
factor, the spin static factor, the photoluminescence efficiency, and the out-coupling 
efficiency [7]. While the internal quantum efficiency of OLEDs fabricated utilizing 
phosphorescent materials is approximately 100% [8–11], the external quantum efficiency of 
OLEDs is still relatively low due to the poor out-coupling efficiency of approximately 30% 
[12–15]. Various techniques have been suggested to increase the out-coupling efficiency in 
OLEDs [16]. Many studies concerning OLEDs utilizing metal nanoparticles (NPs) have been 
performed to increase the out-coupling efficiency [17–24]. The effect of the electromagnetic 
field on the metal NPs produces an intense absorption, resulting in the formation of a 
localized surface plasmonic resonance (LSPR), which acts as a collective oscillation of the 
electrons on the surfaces of the NPs. The efficiency enhancement of OLEDs utilizing metal 
NPs originates from the effective coupling between the emission of the emitting layer (EML) 
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and the LSPR of the Au NPs [25]. Some works on enhancing the light emission in OLEDs 
fabricated utilizing Au NPs have been conducted. An increase of 25% in the 
electroluminescence (EL) intensity and efficiency by incorporating synthesized Au NPs into 
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) has been reported [18]. Even 
though some studies on the enhanced efficiency of the EL intensity for OLEDs utilizing Au 
NPs based on tris(8-hydroxylquinolianato)aluminum (III) have been suggested [19], the 
morphology of the hole-injection layer (HIL) with embedded Au NPs is poor due to an 
agglomeration of the Au NPs, thus limiting the performance limitation of the OLEDs. 
Therefore, investigations of the enhanced efficiency of OLEDs made with nanocomposites 
are necessary to enhance device efficiency. 

This paper reports data on the performance enhancement of OLEDs fabricated utilizing a 
poly(4-butylphenyl-diphenyl-amine) (poly-TPD):dodecanethiol functionalized Au (DDT-Au) 
nanocomposite (NC) layer. Transmission electron microscopy (TEM) and atomic force 
microscopy (AFM) measurements were performed to investigate the structural properties and 
the surface morphologies of the poly-TPD and the poly-TPD:DDT-Au NC films. Ultraviolet 
photoelectron spectroscopy (UPS) measurements were performed to investigate the variations 
in the energy bands for the poly-TPD and the poly-TPD:DDT-Au NC films. Absorption, 
photoluminescence (PL), and time-resolved photoluminescence (TRPL) measurements were 
carried out to investigate the mechanisms for the coupling between the exciton in the EML 
and the LSPR of the poly-TPD:DDT-Au NC layer. Current density - voltage - luminance 
measurements were carried out to investigate the electrical and the optical properties of the 
OLEDs fabricated utilizing a poly-TPD:DDT-Au NC layer. The effects of the DDT-Au NPs 
embedded in the poly-TPD layer on the current efficiency of OLEDs were investigated to 
clarify their impact on the performances of the devices. 

2. Experimental Details 

The sheet resistivity and the thickness of the indium-tin-oxide (ITO) thin films coated on 
glass substrates were 15 ohm/square and 150 nm, respectively. The ITO-coated glass 
substrates were cleaned in acetone and methanol at 25°C for 20 min by using an ultrasonic 
cleaner and were thoroughly rinsed in de-ionized water. After the chemically-cleaned ITO-
coated glass substrates had been dried by using N2 gas with a purity of 99.999%, the surfaces 
of the ITO-coated glass substrates were treated with an ultraviolet-ozone gas for 20 min at 
room temperature. After a blend of the poly-TPD (12 mg/mL) and the DDT-Au NPs (0.48 
mg/mL) had been dissolved in chlorobenzene, the solution was stirred for 24 h at 60°C. The 
blend solution was deposited onto the ITO-coated glass substrates by using a spin-coating 
method at 5000 rpm for 60 s and was annealed at 145°C for 30 min in a glove box. After the 
samples with a poly-TPD:DDT-Au NC layer on an ITO-coated glass substrate had been 
transferred into an evaporation chamber, the organic layers and the electrodes were deposited 
at a substrate temperature of 25°C and a system pressure of 1.7 × 10−4 Pa. The deposition 
rates of the organic layers and the metal layer were approximately 1.0 and 2.0 Å/s, 
respectively. The TEM samples were prepared by the spin coating method. The blend 
solution was deposited onto the copper grid attached glass at 5000 rpm for 60 s and was 
annealed at 145°C for 30 min in a glove box. The AFM samples were spin-coated onto the 
ITO-glass at 5000 rpm for 60 s and were annealed at 145°C for 30 min in a glove box. The 
poly-TPD:DDT-Au NC film for the PL measurements was spin-coated onto the glass at 5000 
rpm for 60 s, and the 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP):tris[2-phenylpyridinato-
C2,N]iridium (Ir(ppy)3) was deposited into an evaporation chamber. The PL pulse laser was 
irradiated onto CBP: Ir(ppy)3/poly-TPD:DDT-Au NC film. The PL spectroscopy 
measurements were performed by using a time-correlated single photon counting method. 
The TEM and the AFM images were measured by using a JEM 2100F transmission electron 
microscope operating at 200 kV and an XE-100 atomic force microscope, respectively. The 
UPS spectra were measured by using a theta probe base system purchased from the Thermo 
Fisher Scientific Co. The UPS spectra were obtained with a He I 21.2-eV source. The 
absorption spectra were measured by using a VARIAN Cary 100 Conc UV/vis 
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spectrophotometer. PL and TRPL spectroscopy measurements were performed by using an X-
ray fluorescence spectrometer (TCSPC-FL920) equipped with a pulse laser operating at 370 
nm. 

The current-voltage characteristics were measured on a programmable electrometer with 
built-in current and voltage measurement units (M6100, McScience). The brightness was 
measured by using a brightness meter, and the EL spectra were measured by using a 
luminescence spectrometer (CS-1000, Minolta). 

3. Results and Discussion 

Figures 1(a) and 1(b) show the chemical structures of the poly-TPD and the DDT-Au NPs, 
respectively. 

 

Fig. 1. Schematic diagrams of the chemical structures for the (a) poly-TPD and the (b) DDT-
Au nanoparticles. (c) Low-magnification transmission electron microscopy image and (d) 
high-magnification transmission electron microscopy image of the poly-TPD:DDT-Au 
nanocomposite film. 

Because the DDT ligands of the DDT-Au NPs are reversible from the hydrophilic Au NPs 
to the hydrophobic DDT-Au NPs, the DDT-Au NPs are uniformly dispersed in the poly-TPD. 
The DDT-Au NPs are attached to the surface of the poly-TPD film due to the interactions 
between the DDT ligands of the DDT-Au NPs and the chains of the poly-TPD. Figures 1(c) 
and 1(d) show TEM images of the poly-TPD film and the poly-TPD:DDT-Au nanocomposite 
film, respectively. The low-magnification TEM image of the Fig. 1(c) shows that the DDT-
Au NPs are uniformly dispersed in the poly-TPD film due to the DDT ligands on the surfaces 
of the DDT-Au NPs. The agglomeration of the Au NPs is decreased due to the combination 
between the chains of the poly-TPD and the DDT ligands on the surfaces of the DDT-Au 
NPs. The high-magnification TEM image of the Fig. 1(d) shows that the average size of the 
DDT-Au NPs is approximately 5 nm. The lattice fringe of the Au NPs, as determined from 
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Fig. 1(d), is about 0.235 nm, and the planes with an interplanar distance of 0.235 nm 
correspond to the (111) planes of the cubic Au phase. 

Figure 2 shows AFM images of (a) the poly-TPD film and (b) the poly-TPD:DDT-Au NC 
film, and (c)-(d) show the profile images corresponding to (a) and (b), respectively. The root-
mean-square roughness values of the poly-TPD and the poly-TPD:DDT-Au NC films are 
0.24 and 0.25 nm, respectively, as shown in Figs. 2(a) and 2(d). The peak-to-valley 
roughnesses of the poly-TPD and the poly-TPD:DDT-Au NC films are 1.17 and 1.52 nm, 
respectively, as shown in Figs. 2(c) and 2(d). The morphology of the poly-TPD:DDT-Au NC 
film is as smooth as that of the poly-TPD film due to the uniform dispersion of the DDT-Au 
NPs embedded in the poly-TPD. 

 

Fig. 2. Atomic force microscopy (AFM) images of the (a) poly-TPD film and the (b) poly-
TPD:DDT-Au nanocomposite film. (c)-(d) Corresponding profile images of the AFM images 
in (a) and (b). 

Figure 3 shows the UPS spectra of the poly-TPD and the poly-TPD:DDT-Au NC films. 
The highest occupied molecular orbital (HOMO) edges of the poly-TPD and the poly-
TPD:DDT-Au NC films are located at 5.1 and 5.2 eV below the Fermi energy, respectively. 
This result indicates that the DDT-Au NPs embedded in the poly-TPD layer do not affect the 
energy level of the poly-TPD. 
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Fig. 3. Ultraviolet photoelectron spectroscopy spectra of the poly-TPD film and the poly-
TPD:DDT-Au nanocomposite film. 

Figure 4 shows the current density - voltage characteristics of hole-only devices without a 
HIL, with a poly-TPD layer and with a poly-TPD:DDT-Au NC layer. 

 

Fig. 4. Current density - voltage characteristics of the hole-only devices without a hole-
injection layer, with a poly-TPD layer, and a poly-TPD:DDT-Au nanocomposite. 

The structures of the hole-only devices consist of an ITO-coated glass substrate/no HIL, a 
poly-TPD layer and a poly-TPD:DDT-Au NC layer (40 nm)/an N,N′-di(1-naphthyl)-N,N′-
diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) layer (100 nm)/an Al electrode. Hole-only 
devices without a HIL, with a poly-TPD layer and with poly-TPD:DDT-Au NC layer were 
fabricated to investigate the number of holes injected from the ITO electrode into the EML. 
The operating voltages of the hole-only devices without a HIL, with a poly-TPD layer and 
with a poly-TPD:DDT-Au NC layer at 10 mA/cm2 were 18.6, 13.9, and 13.5 V, respectively. 
The operating voltage of the hole-only device with a poly-TPD layer was 4.7 V smaller than 
that of the hole-only device without a HIL. The HOMO levels of the NPB and the poly-TPD 
are 5.5 and 5.1 eV, respectively [26]. The HOMO level of the poly-TPD is located between 
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the work function of the ITO and the HOMO level of the NPB, resulting in the enhancement 
of the hole injection efficiency. Furthermore, the smooth surface of the poly-TPD/ITO films 
might provide a uniform conducting path for holes to cross the ITO/HIL interface, leading to 
decreasing an operating voltage [27]. The operating voltage of the hole-only device with a 
poly-TPD:DDT-Au NC layer was almost the same as that of the hole-only device with a poly-
TPD layer. 

Figure 5 shows the (a) schematic diagram of the structure of the poly-TPD:DDT-Au NC 
film, the (b) absorption spectra of the poly-TPD and the poly-TPD:DDT-Au NC films, the (c) 
PL spectra of the CBP:Ir(ppy)3 EML on the poly-TPD film and on the poly-TPD:DDT-Au 
NC film, and the (d) TRPL spectra of CPB:Ir(ppy)3 EML on the poly-TPD film and on the 
poly-TPD:DDT-Au NC film. 

 

Fig. 5. (a) Schematic diagram of the poly-TPD:DDT-Au nanocomposite film, (b) absorption 
spectra of the poly-TPD film and the poly-TPD:DDT-Au nanocomposite film, and (c) 
photoluminescence and (d) time-resolved photoluminescence spectra of the CBP:Ir(ppy)3 
emitting layer on the poly-TPD layer and on the poly-TPD:DDT-Au nanocomposite layer. 

The sample structures of the CBP:Ir(ppy)3 EML on the poly-TPD film and on the poly-
TPD:DDT-Au NC film ITO-coated glass substrates describe the coupling mechanisms 
between the excitons of the EML and the LSPR of the DDT-Au NPs, as shown in Fig. 5(a). 
When the local electromagnetic field of the excitons in the EML overlaps that of the LSPR of 
the DDT-Au NPs in the poly-TPD film, a coupling between the excitons and the LSPR occurs 
due to the effective energy transfer that takes place between the excitons and the LSPR, 
resulting in the creation of the alternate channel for emission. Because the scattering speed of 
the LSPR with a high momentum is much faster than the decay of the excitons, the coupling 
between the excitons and the LSPR enhances the radiation’s intensity [25]. Figure 5(b) shows 
the absorption spectra of the poly-TPD and the poly-TPD:DDT-Au NC films. The peak of the 
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absorption intensity of the poly-TPD:DDT-Au NC film, which occurs at a wavelength 
between 500 and 600 nm, is larger than that of the poly-TPD film due to the enhanced 
absorption of the DDT-Au NPs. The dominant absorption region corresponds to the LSPR 
wavelength of the DDT-Au NPs. Coupling behaviors between the excitons in the EML and 
the LSPR of the DDT-Au NPs significantly affect the spontaneous emission rate. When the 
wavelength of the absorption spectrum of the LSPR at the DDT-Au NPs matches that of the 
emission spectrum, the dominant PL peak at 514 nm corresponds to the emitting frequency of 
the CBP:Ir(ppy)3 EML and results an enhanced efficiency, as shown in Fig. 5(c). The PL peak 
at 514 nm for the CBP:Ir(ppy)3 EML is close to the increased absorption region for the poly-
TPD:DDT-Au NCs corresponding to the LSPR of the DDT-Au-NPs, thereby causing a 
coupling between the excitons and the LSPR. The PL decay time of the poly-TPD:DDT-Au 
NC film is much faster than that of the poly-TPD film due to the coupling process, as shown 
in Fig. 5(d), resulting in an enhanced radiative intensity. The PL intensity of the poly-
TPD:DDT-Au NC film at 514 nm is 1.3 times that of the poly-TPD film, as shown in Fig. 
5(c). The increase in the PL intensity for the poly-TPD:DDT-Au NC film is attributed to an 
effective energy transfer between the radiated light generated in the CBP:Ir(ppy)3 EML and 
the LSPR excited by the DDT-Au NPs in the poly-TPD film. 

Figure 6 shows the (a) current density - voltage, the (b) luminance - voltage, the (c) 
current efficiency - luminance, and the (d) normalized EL spectra of the green and blue 
OLEDs with a poly-TPD layer and a poly-TPD:DDT-Au NC layer. 

 

Fig. 6. (a) Current density - voltage, (b) luminance - voltage, (c) current efficiency - luminance 
characteristics, and (d) normalized electroluminescence spectra of the green and blue OLEDs 
with a poly-TPD layer and a poly-TPD:DDT-Au nanocomposite layer. 

The OLEDs consist of ITO-coated glass substrate/poly-TPD layer or poly-TPD:DDT-Au 
NC layer (40 nm)/4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine (TAPC) 
hole transport layer (HTL) (20 nm)/CBP:Ir(ppy)3 or 1,3-Bis(N-carbazolyl)benzene:bis[2-(4,6-
difluorophenyl)pyridinato-C2,N](picolinato)iridium(III) EML (30 nm)/1,3,5-tris(1-phenyl-1h-
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benzimidazol-2-yl)benzene electron transport layer (30 nm)/LiF electron injection layer (1 
nm)/Al electrode (100 nm). The efficiency of radiation enhancement may decrease sensitively 
as the distance between the EML and the poly-TPD:DDT-Au NC layer increases. The 
thickness of TAPC layer was chosen to be thin enough to have a meaningful LSPR coupling 
yet thick enough to maintain the chance of nonradiative exciton quenching low near metallic 
particles [25]. The operating voltages of the green OLEDs with a poly-TPD layer and a poly-
TPD:DDT-Au NC layer at 10 mA/cm2 are 9.6 and 9.6 V, respectively, and those of the blue 
OLEDs with a poly-TPD layer and a poly-TPD:DDT-Au NC layer at 10 mA/cm2 are 15.8 and 
15.5 V, respectively, as shown in Fig. 6(a). The operating voltages of the green and blue 
OLEDs with a poly-TPD layer and those with a poly-TPD:DDT-Au NC layer have almost the 
same value, indicating that the DDT-Au NPs do not affect the number of holes injected from 
the ITO electrode to the EML. The operating voltages of the green OLEDs with a poly-TPD 
layer and a poly-TPD:DDT-Au NC layer at 100 cd/cm2 are 9.5 and 9.1 V, respectively, and 
those of the blue OLEDs with a poly-TPD layer and a poly-TPD:DDT-Au NC layer at 100 
cd/cm2 are 14.4 and 13.7 V, respectively, as shown in Fig. 6(b). The operating voltage of the 
green OLEDs with a poly-TPD:DDT-Au NC layer at 1000 cd/cm2 is 0.4 V smaller than that 
of the OLEDs with a poly-TPD layer due to the coupling between the excitons of the EML 
and the LSPR of the poly-TPD:DDT-Au NCs. The operating voltage of the blue OLEDs with 
a poly-TPD:DDT-Au NC layer at 1000 cd/cm2 is 0.7 V smaller than that of the OLEDs with a 
poly-TPD layer. The current efficiencies of the green OLEDs with a poly-TPD layer and a 
poly-TPD:DDT-Au NC layer at 1000 cd/m2 are 31.2 and 34.3 cd/A, respectively, and those of 
the blue OLEDs with a poly-TPD layer and a poly-TPD:DDT-Au NC layer at 1000 cd/m2 are 
17.8 and 19.1 cd/A, respectively. The current efficiency of the green OLEDs with a poly-
TPD:DDT-Au NC layer at 1000 cd/m2 is 3.1 cd/A larger than that of the green OLEDs with a 
poly-TPD layer, as shown in Fig. 6(c), due to the enhanced luminance resulting from the 
occurrence of the energy transfer via the coupling between the excitons in the EML and the 
LSPR of the poly-TPD:DDT-Au NC layer. Figure 6(d) shows the normalized EL spectra for 
the green and blue OLEDs with a poly-TPD layer and a poly-TPD:DDT-Au NC layer. While 
the intensity of the dominant emission peak at 514 nm for the green OLEDs with a poly-
TPD:DDT-Au NC layer is larger than that of the green OLEDs with a poly-TPD layer, the 
intensities of the shoulder emission peak at 500 and 528 nm for the blue OLEDs with a poly-
TPD:DDT-Au NC layer is larger than those for the blue OLEDs with a poly-TPD layer due to 
the coupling effect of the DDT-Au NPs embedded in the poly-TPD layer. 

4. Summary and Conclusions 

The electrical and the optical properties of the green and blue OLEDs fabricated with a poly-
TPD layer and a poly-TPD:DDT-Au NC layer were determined to clarify the origin of the 
efficiency enhancements. TEM and AFM images showed that the DDT-Au NPs were 
uniformly dispersed in the poly-TPD film due to the DDT ligands on the surfaces of the Au 
NPs, resulting in a smooth of morphology. The current characteristics of hole-only devices 
showed that the relative hole flow rate of the poly-TPD:DDT-Au NC film was similar to that 
of the poly-TPD film. The overlap between the absorption spectrum of the DDT-Au NPs in 
the poly-TPD film and the PL spectrum of the EML contributed to the coupling between the 
emission in the EML and the LSPR excited by the DDT-Au NPs in the poly-TPD film, 
resulting in an enhanced out-coupling efficiency. While the current efficiency of the green 
OLEDs with a poly-TPD:DDT-Au NC layer at 1000 cd/m2 was 3.1 cd/A larger than that of 
the green OLEDs with a poly-TPD layer, the current efficiency of the blue OLEDs with a 
poly-TPD:DDT-Au NC layer at 1000 cd/m2 was 1.3 cd/A larger than that of the green OLEDs 
with a poly-TPD layer. An increase in the EL intensity for the OLEDs with a poly-TPD:DDT-
Au NC layer was strongly related to an effective energy transfer between the radiated light 
generated in the EML and the LSPR excited by the DDT-Au NPs in the poly-TPD layer. 
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