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Organic light-emitting diodes (OLEDs) have drawn a great deal of attention due to their
broad applications in lighting and displaying. With the development of nanotechnology,
surface plasmas have been widely used in photonics, microscopes, solar cells and
biosensors. In this paper, by inserting graphene oxide (GO), Au nanoparticles (Au NPs)
and GO/Au NP composite structures between the hole transport layer (NPB) and indium
tin oxide (ITO) anode, respectively, the electroluminescent performance of Algz-based
OLEDs was significantly enhanced. Compared to the reference devices, the devices
with the composite inserting layer containing 10% GO/Au NP doping have the best
electroluminescent performance, which improved 47.9% in maximum luminance, 49.2%
in maximum current efficiency and 45.3% in maximum external quantum efficiency (EQE).
Such substantial enhancement of photoelectric performance can be attributed to the
combined effects of LSPR coupling and the better hole transport property by introducing
Au NPs and a graphene oxide-doped layer.

Keywords: organic light-emitting diodes (OLED), surface plasmon resonance (SPR), graphene oxide (GO), Au
nanoparticles (Au NPs), hole transport layer (HTL)

INTRODUCTION

Organic light-emitting diodes (OLEDs) have drawn a great deal of attention due to their broad
applications in lighting and displaying because they are simple to produce, lightweight, and flexible
(Park et al., 2017). The improved efficiency and enhanced device stability are important for their
commercialization (Coehoorn et al., 2015; Zhang et al., 2015b) Tremendous effort has been made by
many researchers to enhance electroluminescent performance of OLEDs in different ways (Jesuraj
etal., 2017). These efforts include heightening the internal quantum efficiency of organic materials
(Adachi et al., 2001; Xiao et al., 2009), improving the out-coupling efficiency of the device with an
array of lenses (Sun and Forrest, 2008; Han et al., 2018), metal nanoparticles (NPs) (Chen et al.,
2017; Zhang et al., 2017), and reasonable nanostructures (Riedel et al., 2010; Chen et al., 2015).
Carbon-based 2-dimensional (2-D) materials such as graphene and graphene oxide (GO) have
been widely used in optoelectronic devices due to their unique physical and electronic properties
(Wu et al.,, 2013, 2014b; Basu et al.,, 2014; Kim et al.,, 2014; Yeo et al., 2015). Graphene and
graphene oxide have great potential for large-area electronics because of their large surface area,
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high intrinsic mobility, high optical transmittance, etc (Gémez-
Navarro et al., 2007; Zhu et al., 2010; Chen et al., 2011; Chabot
et al, 2014; Naumov et al., 2016; Jesuraj et al,, 2017). The
existence of oxygen functional groups on the GO structure makes
it dispersible in many solvents and enables its utilization in
solution-processable devices (Yun et al., 2011; Shi et al., 2013;
Liang et al., 2014; Lee et al., 2015, 2016).

Another effective method, namely the use of plasmonic
metallic nanoparticles, has also been used to improve the
electroluminescent properties of OLEDs (Choi et al., 2013;
Wu et al, 2014a, 2018; Zhang et al, 2015a, 2017; Cho
et al., 2016; Balakrishnan and Kamat, 2017). One of the
most important properties of plasmonic metallic nanoparticles
is surface plasmon resonance (SPR), which is the strong
interaction between plasmonic metallic nanoparticles and
resonant photons. SPR could promote light emission effectively
through an enhanced spontaneous emission rate and thus
improve the performance of OLEDs (Xiao et al, 2012; Xu
et al, 2017). Furthermore, the light scattering caused by the
plasmonic metallic nanoparticles can help extract photons
trapped within the substrate or waveguide modes, which
increases light extraction efficiency (Chen et al,, 2017). The
prerequisite to strengthening the coupling effect between metallic
nanoparticles and resonant photons is the overlapping between
the photoluminescence (PL) spectrum emission layer and the
absorption spectrum of metallic nanoparticles, which can be
modified by the morphology of the metallic nanoparticles we
selected.

As presented in the literature, the electroluminescent
performance of OLEDs has been improved by introducing a 2D
material between the anode and the hole transport layer (HTL)
or utilizing the surface plasmon resonance (SPR) of metallic
nanoparticles (MNPs) individually. However, the combination
of these two effects has rarely been reported in the research
field of OLEDs. In this work, a composite structure comprising
Au NPs embedded in GO was introduced as a hole injection
layer to take advantage of 2D materials and the plasma effect,
which enhance the electroluminescence performance of OLEDs.
The volume ratio of Au NPs and the concentration of GO were
changed to investigate the optical and electrical properties of the
OLED devices. The optimal values of the volume ratio of Au NPs
and the GO concentration were found to be 10% and 0.25 mg/ml,
respectively. Correspondingly, the OLEDs with GO/Au NPs
prepared under these conditions also have the best performance.
Compared with the reference devices without Au NPs and GO,
the optimal plasmonic OLEDs exhibit better performance in
terms of luminance, current efficiency, and EQE. These results
suggest that the plasmonic OLEDs have great potential for
enhanced performance by introducing Au NPs and GO.

THE EXPERIMENT

Materials Used

All solvents and reagents were used as received unless otherwise
stated. Tetrachloroauratetrihydrate (HAuCly-3H,0, 99.99%),
Trisodium citrate dihydrate (NazCeHs07-2H,0, 99.0%)
and n-butylamine (C4H;N, 99.0%) were purchased from
Shanghai Chemical Reagent Co, Ltd (China). N, N’-Bis

(naphthalen-1-yl)-N, N’-bis (diphenyl) benzidine (NPB, 99.5%)
and Tris-(8-Hydroxyquinolinato) aluminum (Alqs, 99.5%) were
purchased from Jilin Optical and Electronic Materials Co, LTD
(China). Lithium Fluoride (LiF, 99.995%) and Aluminum slug
(Al, 99.999%) were purchased from Sigma Aldrich and Alfa
Aesar, respectively.

Synthesis of Graphene Oxide and Gold

Nanoparticles

First, the GO solution was prepared from natural graphite
powder by a modified Hummers method. Then, the obtained
GO solution was purified through centrifugation (12,000 rpm
for 60 min) and washed with deionized water several times
until the GO solution was neutral, with a pH value of 7.
Through these steps, we finally got the GO aqueous solution
with a concentration of 1 mg/ml. Before being used in the
fabrication of OLEDs, the GO solution would be stirred through
ultrasonication for more than 1 h.

Au NPs with 20 nm diameter were synthesized according to
Frens method. The synthesis procedure of Au NPs is based on the
HAuCly solution and trisodium citrate dihydrate as a reducing
agent. Briefly, Au NPs 20nm in diameter were prepared by
adding aqueous HAuCly (0.5ml, 0.05M) into deionized water
(19.5ml) in a glass tube, and then the obtained solution was
brought to a boil while being vigorously stirred. Then, 1.8 ml
0.05 g/ml aqueous trisodium citrate dihydrate was added to the
solution. The reaction solution was kept at a boil for 10 min until
the solution’s color was wine red, indicating that the Au NPs with
desired size had been synthesized.

The synthesis process of GO/Au NPs composites was followed
by an earlier reported procedure (Fu et al, 2016). 0.25ml n-
butylamine was added to the obtained GO (5ml 1.0 mg/ml)
and then the mixed solution was stirred for 45min, forming
a uniform GO colloid. Then, 5ml of synthesized solution
containing Au NPs was added to the GO colloid. Subsequently,
the mixture was heated to 80°C with magnetic stirring and aged
at the same temperature overnight. The GO/Au NPs were washed
several times and re-dispersed in 5 ml of deionized water before
use.

OLED Fabrication

The OLEDs were fabricated on the precleaned patterned ITO
glass substrates, whose sheet resistance was ~15 £2/m?. The ITO
substrates were ultrasonically cleaned with acetone, ethanol and
deionized water in sequence for 10 min respectively, and then
treated with oxygen plasma for 10 min to increase the work
function. After these steps, different hole injection layers (HILs),
such as GO, Au NPs, and GO/Au NPs, were spin-coated on ITO
substrates at 6,000 rmp for 45s and then annealed at 80°C for
10 min. The typical OLED structure consists of a HIL (GO, Au
NPs, or GO/Au NPs composite), a 30 nm NPB as HTL, a 30 nm
Algs as an emitting layer (EML), a 30nm Alq3 as an electron
transport layer (ETL), a 0.5nm LiF as an electron inject layer
(EIL) and 100 nm Al as a cathode deposited through a special
mask, which defines the active area of all these devices to be 0.1
cm?. Four identical devices on each substrate were encapsulated
with a glass lid in a N,-filled glove box and then characterized at
room temperature.
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FIGURE 1 | (A) The device structure of the OLEDs by inserting GO/Au NPs between the ITO anode and NPB hole transport layer. (B) The absorption spectrum of Au
NP solution and the PL spectrum of Algg film on ITO glass. The inset shows the TEM image of the Au NPs. (C) The energy level diagram of the OLEDs. (D) FDTD
stimulation of the electromagnetic field distribution around Au NPs with the diameter of 20 nm.
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Characterization

The current density-voltage (J-V) characteristics of the devices
were tested using a Keithley 2400 source measure unit, and
the EL spectra of the OLEDs were recorded using an Ocean
Optics fiber-optic spectrometer. The luminance of the devices
was measured by a Keithley 2000 multimeter coupled with a
calibrated silicon photodetector (1 cm in diameter), which was
put directly onto the surface of an individual device, ensuring
that all photons emitted from the glass side were captured. In
this procedure, the operating current density is set to be 50
mA/cm?.

The photoluminescence (PL) absorption spectra were
measured by a HITACHI F-4600 luminescence spectrometer
with an excitation wavelength of 430 nm, and the UV-vis spectra
were monitored with a HITACHI U-3900 ultraviolet/visible
spectrophotometer. The surface morphology was conducted
via scanning electron microscopy (SEM, FEI Sirion FEG).
Transmission electron microscopy (TEM, FEI TECNAI G2
20) was used to characterize the topography of Au NPs. The
finite-difference timed-domain (FDTD) simulations have been
performed to reveal the Au NP-induced plasmon modes.

RESULTS AND DISCUSSION

The typical device configuration consists of spin-coated layers
of the GO/Au NPs on the surface of the ITO anode and

evaporated layers of NPB, Alqs and LiF/Al, as shown in the
schematic diagram in Figure 1A. GO/Au NPs were capped by
NPB via spin-coating its aqueous solution on the ITO anode.
Figure 1B shows the optical properties of the Au NPs and the
evaporated Alq; film. The TEM image indicates that the Au
NPs are spherical in shape and the average diameter is nearly
20nm. The Au NPs display a typical absorption peak of 524 nm,
which is seen in the UV-vis absorption spectrum, while the PL
spectrum of the Alqs film has a peak position around 520 nm.
It is evident that the absorption peak of the Au NPs matches
the PL peak of the Alqs films. The overlap of these two spectra
provides the possibility for resonance between radiated light
generated in the Alqs emitter and localized SPR excited by the
Au NPs, which is expected to result further in effective energy
transfer and, correspondingly, enhanced emission intensity
(Zhang et al., 2017).

The energy level values in Figure 1C were taken from Ref
(Liu et al, 2017) and (Li et al., 2017). It can be seen that
the injection of holes from ITO into the Alqs layer was partly
prohibited due to the large energy barrier of ~0.9-1.0 eV, while
electrons can be easily injected into Alqs from LiF/Al The
ITO glass was modified with GO—a material with a high work
function (WF)—in order to enhance the hole injection efficiency,
finally achieving more balanced hole and electron transport.
Figure 1D shows the FDTD stimulation of the electromagnetic
field distribution around Au NPs with a diameter of 20 nm, which
indicates that the effective range of LSPR is ~10 nm. According
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volume ratio of GO/Au NPs is 10%.

FIGURE 2 | (A) The SEM image of NPB film with Au NPs, in which the volume ratio of Au NPs is 10%. (B) The SEM image of NPB film with GO/Au NPs, in which the
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FIGURE 3 | Characteristics of OLEDs with only Au NPs. (A) The J-V characteristics, (B) L-J characteristics, (C) current efficiency, (D) EQE vs. current density
characteristics of OLEDs with different volume ratios of Au NPs, (E) PL spectra of Algg film and (F) EL spectra of OLEDs with different volume ratios of Au NPs
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to our device structure, the exciton recombination zone would
be very close to the NPB/Alqs interface, which can fall into the
electromagnetic fields of Au NPs.

In order to define the effect of Au NPs and GO/Au NP
composites on the surface morphology of the NPB film, we
studied the SEM images of the NPB films, which are located
on the Au NPs and GO/Au NPs composite, respectively.
The SEM images showed that the NPB films' morphology
changes with Au NPs and GO/Au NPs in Figures 2A,B,
respectively. Several Au NPs seen as white spots are distributed
randomly in the dense and uniform background, which
is the typical image the NPB film fabricated by thermal
evaporation. It was expected that introducing GO and Au
NPs would not cause notable morphology changes to the NPB
films.

The J-L-V characteristics of the OLEDs with different volume
ratios of Au NPs are illustrated in Figure 3. According to the J-V
curves in Figure 3A, on increasing the volume ratio of Au NPs,
the current density of the OLED devices decreases at the same
bias voltage. In contrast to the trend of J-V characteristics, two
distinct evolutions of the maximum luminance were observed
in the L-J curves. As the Au NPs” volume ratio increase from
0 to 10%, the maximum luminance increases from 2,380 cd/m?
to 3,050 cd/m?, which is 28.2% higher than that of the control
OLEDs. However, when the Au NPs volume ratio is higher
than 10%, the maximum luminance decreases continuously
with the Au NPs’ volume ratio. The current efficiency and
EQE characteristics of the OLEDs are shown in Figures 3C,D,
respectively. Compared to the maximum current efficiency and
EQE of OLEDs without Au NPs, significant enhancements of 28.2
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and 26.4% were obtained in the device with 10% Au NPs, which is
very similar to the trend of L-J characteristics. A further increase
of the volume ratio of Au NPs leads to a decrease of the current
efficiency and EQE.

As shown in Figure 3E, the PL intensity continues to increase
when the Au NPs doping rate increased from 0 to 15%,
suggesting that the SPR effects were also enhanced with larger
concentrations of Au NPs. However, the EL performance of
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the OLEDs, presented in Figure 3F, started to decrease while
the Au NPs' volume ratios >10%, similar to the trend for
maximum luminance. This can be caused by the competition
between two effects, explained as follows: On the one hand,
emission strength can be enhanced by the SPR effect caused by
the Au NPs. On the other hand, the introduction of Au NPs
with higher concentrations may destroy the flat film morphology,
resulting in a slow decrease of the current density and poor
electroluminescent performance of OLEDs (Chen et al., 2017).
All the devices with Au NPs exhibit EL peaks around 520 nm,
which is consistent with the PL spectra of the Alqs films.

The characteristics of the devices with GO interlayers
are shown in Figure4. In this work, GO with three low
concentrations (0.25, 0.5, and 0.75 mg/ml) was investigated as
a hole injection layer in OLEDs. Meanwhile, the transmittances
of ITO and ITO/GO substrates are near-identical, which cannot
impede the light emission of OLEDs. The devices with GO
interlayers show better performance than the control device
without GO in terms of turn-on voltage, luminance, current
efficiency, and EQE. For example, the use of 0.5 mg/ml GO
leads to a decline of the turn-on voltage from 3.2 to 3.0V,
an improvement of EQE from 0.53 to 0.62% and a significant
enhancement of more than 16% in the maximum luminance.

The improvements in device performance can be attributed
to the functionality of the GO interlayer. Because all the devices
have the same structure on the cathode side, we deduce that
the hole injection is improved by the GO interlayer. According
to the proposed energy level diagram shown in Figure 1C, the
large band gap of GO hinders the transport of electrons from the
Al cathode to the ITO, acting as an effective electron blocking
layer, which will improve electron-hole recombination in the
active layer. Furthermore, the insertion of GO with an improved
effective work function (WF) can induce an interface energy step
between ITO and Algqs, leading to a reduced energy barrier and
an improvement of hole injection efficiency with a concomitant
increase in luminance.

In order to obtain the OLEDs with better performance, we
also prepared a series of GO/Au NP composites, which were
utilized as the hole injection layers for OLEDs. The properties
of these devices were presented through the J-L-V characteristics
in Figure 5. A substantial enhancement of electroluminescent
performance was observed in the OLEDs with GO/Au NP
composite structures and the optimal volume ratio was found
to be 10%. For the optimal OLEDs, the maximum luminance is
~3,520 cd/m?, which was 47.9% higher than that of the reference
device without GO/Au NP composites. Very similar to the trend
of J-L characteristics, the maximum current efficiency and EQE
first increase with the volume ratio of GO/Au NPs, increasing
from 0 to 10% and then decreasing with a further increase
of the volume ratio. Additionally, both the maximum current
efficiency of ~3.55 cd/A and the maximum EQE of ~0.77%
were achieved for the devices with 10% GO/Au NPs, which show
substantial enhancements of 49.2 and 45.3%, respectively. On
increasing the volume ratio of GO/Au NPs to 15% or decreasing
to 0, both current efficiency and EQE decrease. The PL and EL
spectra shown in Figures 5E,F are similar to those in Figure 3.
Furthermore, it is noted that the increase of both PL and EL

intensity is more evident after the insertion of GO. As explained
above in Figure 3, despite the enhanced SPR effect, the excessive
Au NPs may also cause serious morphological destruction of NPB
film, which may take place in the devices with GO/Au NPs, also
leading to the slight decrease of the current density.

It is reasonable to conclude that some effects, especially the
LSPR coupling at the NPB/Alq; interface by introducing Au NPs
and the improved hole injection by the GO interlayer, have taken
place at the ITO/GO/Au NP/NPB interfaces, and help to improve
the efficiency of Alqs OLEDs. First, the resonance between
radiated light generated in the Alqs emitter and localized SPR
excited by the Au NPs can lead to an effective energy transfer and,
correspondingly, to enhanced emission intensity. Furthermore,
GO can optimize the energy level structure of the device and
balance electron and hole injection by blocking the flow of
electrons from the emissive layer to the ITO and increasing the
efficiency of the hole injection, thus further enhancing device
performance of OLEDs (Silva et al., 2013).

CONCLUSIONS

In summary, we have demonstrated the enhanced luminescence
of Alqs OLEDs with Au NPs, GO and GO/Au NPs interlayer.
Compared to the reference devices without GO or Au NPs,
the OLEDs with GO/Au NPs exhibit the best performance,
with a 47.9% enhancement in maximum luminance, a 49.2%
enhancement in maximum current efficiency, and a 45.3%
enhancement in EQE. These results can be explained by the
SPR coupling between Au NPs and Alq; excitons as well as the
optimized band arrangement by inserting the GO interlayer. As
discussed, SPR can facilitate effective energy transfer while the
insertion of GO can create more balanced hole and electron
transport, with both improving LED performance through
enhanced radiative recombination rate. Our results illustrate that
the combination between plasmonic Au NPs and GO is effective
and has great potential in developing high-efficiency OLEDs,
which provides a new way for improving OLED performance.
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