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Enhanced efficiency and reduced efficiency roll-off in phosphorescent organic light-emitting diodes
(PhOLEDs) are realized by interposing a solution-processed gold nanoparticle (GNP)-based interlayer
between the anode and the hole-injection layer. Transient photoluminescence measurements elucidate
that a reduced lifetime of the triplet excitons was observed for samples having a GNP-interlayer as com-
pared to a control sample without the GNP-interlayer. The decrease in the triplet exciton lifetime, caused
by the coupling between the triplet excitons and the localized surface plasmons (LSPs) excited by the
GNPs, enables reducing the triplet-triplet and triplet-polaron annihilation processes, thereby a reduced
efficiency roll-off in PhOLEDs. The presence of a GNP-interlayer also acts as an optical out-coupling layer
contributing to the efficiency enhancement and was demonstrated by the theoretical simulation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorescent organic light-emitting diodes (PhOLEDs) have
attracted a significant attention for application in flat panel displays
and solid-state lighting [1,2]. Many progresses have been made in
improving the performance of PhOLEDs, including high power effi-
ciency tandem structure incorporating bulk heterojunction organic
bipolar charge generation layer [3]. The accomplishment in bi-di-
rectional and symmetrical illumination semitransparent white
PhOLEDs also offer additional features and design freedoms for
application in planar diffused lighting [4]. Phosphorescent iridium
complex based emitters, e.g., fac-tris(2-phenylpyridinato-
N,C2")iridium(IIl) [Ir(ppy)s] doped in 4,4’-bis(9-carbazolyl)-1,1’-
biphenyl (CBP) host, have been widely used. The phosphorescent
emitters allow harvesting both singlet and triplet excitons achiev-
ing 100% internal quantum efficiency [5], opening up a plethora
of opportunities for making highly efficient PhOLEDs. However,
there is still a room for further improvement in the efficiency via
device optimization. Efficiency roll-off in PhOLEDs, a decrease in
the electroluminescence (EL) efficiency at a high current density
or luminance, still remains an open challenge. Efficiency roll-off
in PhOLEDs is predominantly caused by the triplet-triplet
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annihilation (TTA) and the triplet-polaron annihilation (TPA) due
to the long radiative lifetime of the triplet excitons [6,7]. Different
methods have been proposed to reduce the efficiency roll-off in
PhOLEDs [8-13]. It is well known that the exciton quenching pro-
cess due to TTA is proportional to the square of the density of triplet
excitons, while the exciton quenching arising from TPA increases
linearly with the density of the triplet excitons [9]. Under operation
condition, the exciton density is in proportion to the exciton life-
time [7]. Consequently, the TTA is proportional to the square of life-
time of triplet exciton and the TPA scales linearly with the lifetime
of triplet exciton. Zhang et al. reported using a short-lived orga-
noeuropium emitter to reduce efficiency roll-off [14], revealing
the impact of decrease in the lifetime of triplet excitons on reduced
efficiency roll-off in PhOLEDs.

Noble metal nanoparticles have generated considerable interest
in recent years due to their unique optical properties that are
clearly different from those of the bulk [15-19]. One of these prop-
erties is localized surface plasmon (LSP) resonance, which strongly
affects the kinetic characteristics of nearby molecules [20]. The
incorporation of gold nanoparticles (GNPs) in organic light-emit-
ting diodes (OLEDs) has shown to enhance device performance,
due to the LSP effect [21-24]. The effect of GNPs on light out-cou-
pling efficiency in OLEDs is less reported. A systematic study is a
prerequisite for better understanding the effect of GNPs on the
overall performance of PhOLEDs.
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In this work, the performance of GNP-incorporated PhOLEDs,
with a distribution of GNPs over the diameter range from 9 to
15 nm on ITO/glass substrates, was investigated. Time-resolved
photoluminescence (PL) measurements were used to study the
change in the decay rate of triplet excitons in Ir(ppy)s doped in
CBP host, an archetypical electrophosphorescent material system,
due to the interaction between triplet excitons and GNPs. Out-cou-
pling effect of GNP-interlayer in PhOLEDs was measured and ana-
lyzed using theoretical simulation.

2. Experiments

A set of PhOLEDs, with a structure of glass/ITO/GNPs/MoO;
(2.0nm)/CBP (13 nm)/CBP:Ir(ppy); (12 wt%, 30nm)/1,3,5-tri
(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl (TPBi, 45 nm)/LiF
(1.0 nm)/Al (100 nm), was fabricated. In this device configuration,
MoOs, CBP, CBP:Ir(ppy)s, TPBi, and LiF/Al were used as the hole
injection layer (HIL), hole transporting layer (HTL), green emis-
sion layer, electron transporting layer (ETL), and cathode, respec-
tively. Following a previous work [24], a stack of a 2.0 nm thick
MoO3 HIL and a 13 nm thick CBP HTL was adopted, serving as a
spacer to optimize the emission output of PhOLEDs. The layer
thickness and deposition rate of the materials were monitored
in situ using an oscillating quartz thickness monitor and the
deposition rate of the functional organic materials, LiF and metal
cathode was controlled at 0.2, 0.01, and ~0.5 nm/s, respectively.
GNP-covered ITO/glass substrates with different GNP concentra-
tions were formed by spin-coating GNP-solutions on the sub-
strates following an annealing at 350 °C in air. Optical density
(or absorbance) measurements were carried for solutions with
different GNP concentrations. Optical density (OD) is a logarith-
mic ratio of light falling upon GNP solution to light transmitted
through the solution. In this work, PhOLEDs made with GNP-cov-
ered ITO/glass substrates, using GNP solutions with different OD
values estimated at light wavelength of 540 nm, e.g., devices A
(OD=26), B (OD=20), and C (OD=13), were fabricated. The
GNPs were chemically synthesized according to the previous
literature [25] and the values of the OD were estimated from
the diluted GNP solution. A control device having an identical
structure made with a bare ITO anode, device D, was also fabri-
cated for comparison studies. The current density-voltage-lumi-
nance characteristics and EL spectra of the PhOLEDs were
measured by a programmable Keithley model 2400 power supply
and a Photo-research PR650 spectrometer at room temperature in
air. The devices were not encapsulated. A set of samples having a
stack of MoOs (2.0 nm)/CBP (13 nm)/CBP:Ir(ppy)s (30 nm) func-
tional layers on GNP-coated ITO substrates, formed using GNP
solutions having different OD values of 26 (S1), 20 (S2), 13 (S3),
and a control stack without the GNP-based interlayer (S4) for
comparison studies, were prepared. The absorption spectra were
measured by an ultraviolet/visible spectrometer (UV 1700,
Shimadzu). Transient PL measurements were carried out using
Edinburgh Instruments FL920 Spectrometer, using a pulsed laser
(average power of ~5 mW) with the wavelength of 405 nm and
pulse duration of ~79 ps. All the GNP interlayers on substrates,
formed with GNPs in toluene with different OD values, were
spin-coated at 1600 rpm and annealed at 350 °C in a glove box
(MBRAUN) for 30 min. The morphology of the GNP-covered ITO
surfaces with different GNP densities was analyzed using
Scanning Electron Microscope (SEM) (Hitachi S4800).

3. Results and discussion

SEM images measured for GNP-covered ITO/glass surfaces hav-
ing different GNP concentrations, deposited using GNP solutions

with different OD values of (a) 26, (b) 20 and (c) 13, are shown
in Fig. 1. GNPs on ITO surface have a GNP distribution over the
diameter range from 9 to 15 nm. It is clear that GNP-covered ITO
with high GNP density generally form relatively larger-sized
GNPs, induced by the aggregation of GNPs and the post-annealing
process. The coverage of GNPs on ITO surface decreases with the
reduction in the concentration of GNPs in the solution. Fig. 2a
shows the normalized absorption spectra measured for samples

.

-
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Fig. 1. SEM images measured for GNP-covered ITO/glass surfaces having different
GNP concentrations, made by GNP solutions with different OD values of (a) 26, (b)
20 and (c) 13.
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Fig. 2. (a) Absorption spectra measured for four samples having a stack of MoO3
(2.0 nm)/CBP (13 nm)/CBP:Ir(ppy)s (30 nm) functional layers on GNP-coated quartz
substrates, formed using GNP solutions having different OD values of 26 (S1), 20
(S2), 13 (S3), and a control stack without the GNP-based interlayer (S4) for
comparison studies. (b) The corresponding characteristics of transient PL decay
from samples S1, S2, S3 and S4. Inset in (b): the cross sectional view of samples
having different GNP-interlayers sandwiched between the quartz and the stack of
functional layers for time-resolved PL measurements.

S1, S2, S3, S4, and the control specimen with a thin layer of GNPs
on ITO glass, formed using the same fabrication condition as that
for sample S1. The absorption spectrum measured for the pure
GNPs shows a LSP peak at 540 nm. A red-shift in the LSP resonant
peak measured for other samples (S1, S2, and S3) is clearly
observed as compared to that of the control specimen (S4) as
shown in Fig. 2a. The energy of plasmon excitations of GNPs is clo-
sely related to the surrounding medium. The GNPs in samples S1,
S2 and S3 are covered with a stack of MoOs; (2.0 nm)/CBP
(13 nm)/CBP:Ir(ppy)s (30 nm) functional layers, different from
those in the control specimen that are surrounded by air. Change
in the surrounding environment around GNPs could affect the plas-
mon oscillation frequency, due to the varying ability accommodat-
ing the change in the density and the distribution of electrons on
the surface of the GNPs [26]. It shows that the LSP resonant peak
observed for samples S1, S2 and S3 red shifts with increase in
the density of GNPs in the interlayer, shown in Fig. 2a. The red shift
of the LSP resonant peak is due to (1) the change in the topography
of GNPs during the post annealing process, e.g., agglomeration of
GNPs takes place at high GNP density, and (2) a stronger interac-
tion which occurs as the distance between the adjacent GNPs gets
closer. The EL spectrum measured for a control PhOLED without
the GNP-based interlayer, e.g., glass/ITO/MoOs; (2.0 nm)/CBP

(13 nm)/CBP:Ir(ppy)s (12 wt%, 30 nm)/TPBi (45 nm)/LiF (1.0 nm)/
Al (100 nm), is also shown in Fig. 2a. It can be seen that the absorp-
tion spectrum of the GNPs overlaps well with the EL spectrum of
the control PhOLED, which is a prerequisite for realizing resonant
coupling between the LSP modes and excitons in the PhOLEDs.

In order to examine the effect of GNP-covered ITO anode on the
PL decay of the emissive layer, samples with a structurally identical
organic stack but without the Al contact was employed for the PL
decay measurements. This enables avoiding the influence of Al
cathode on PL decay, so as to ascertain the effect of GNPs on the
exciton decay processes. Fig. 2b shows the change in the PL decay
rate in samples S1, S2, S3 and S4. The cross sectional view of the
samples is shown in the inset of Fig. 2b. A bilayer MoOs3;
(2.0 nm)/CBP (13 nm) spacer is sandwiched between the phospho-
rescent layers and GNP-based interlayer. The time-resolved PL
measurements were conducted using a pulsed excitation laser
with the wavelength of 405 nm, which is below the absorption
edge of CBP film [24], while the signals were collected at a wave-
length of 512 nm in the PL decay measurements. The difference
in the PL decay rate observed for the samples having different
GNP concentrations implies that the density of GNP impacts the
lifetime of the triplet excitons. For GNP-interlayer having a low
GNP density, the LSPs excited by the GNPs can only influence a
small amount of the excitons in the emission layer. Hence the
reduction in the lifetime of the triplet excitons is less tangible.
However, a substantial increase in the PL decay rate was seen
when the concentration of GNPs in the interlayer increases, caused
by the stronger interaction between the excitons and LSPs, leading
toward an obvious decrease in the lifetime of the triplet excitons.
As can be seen from Fig. 2b, a faster PL decay rate is observed in
samples with higher density of GNPs, reflecting an impact of
GNPs on reducing the lifetime of the triplet excitons in
CBP:Ir(ppy)s. In order to eliminate the influence of MoO3; and ITO
on the lifetime of excitons, a reference sample (S5), e.g., a stack
of CBP (13 nm)/CBP:Ir(ppy); (30 nm) on a quartz substrate was
also fabricated for time-resolved PL measurement. The results of
the PL decay rate measurements show that S4 and S5 possess the
same exciton lifetime. The PL decay indicates that the lifetime of
the triplet excitons of ~1.0 ns measured for sample S4 is equal to
the known lifetime of the triplet excitons in Ir(ppy)s. In contrary,
when the interlayers with different GNP densities are incorporated
in the samples, e.g., formed using GNP solutions having different
OD values of 26 (S1), 20 (S2), 13 (S3), the lifetime of the triplet
excitons decreases to 0.72 ps (S1), 0.80 ps (S2), and 0.86 ps (S3),
respectively.

The reduction in the lifetime of the triplet excitons in samples
S1, S2, and S3 is attributed to the interaction between the excitons
in the CPB:Ir(ppy)s layer and LSPs induced by GNPs. The possible
coupling mechanism is illustrated schematically in Fig. 3. The opti-
mum density of GNPs in the samples can be determined according
to the assumptions reported by Jung et al. [27] that effective sur-
face plasmons occur within a vicinity of the surface of GNPs from
10 to 70 nm, and the luminescence intensity increases due to cou-
pling between the excitons and LSPs of GNPs. As a consequence,
the excitons in the emissive layer can recombine via either radia-
tive or non-radiative decay through the interaction between the
excitons and the LSPs. An overlap in the electromagnetic field origi-
nated from agglomerated GNPs induces a non-radiative decay of
the excitons, due to the destructive interference with the LSPs.
More specifically, when a GNP-based interlayer exists at a distance
from 10 to 70 nm away from the emissive layer, and the emission
wavelength of emitter is close to the resonant wavelength of LSPs,
the energy transfer between excitons and LSPs occurs. LSPs have a
very large density of states and high local electromagnetic field
near the surface of GNPs. A high PL decay rate is then expected
due to the strong coupling between the exticons and LSPs. It shows
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that not only the distance between the emitter and GNPs, but also
the distance between the adjacent GNPs in the interlayer plays an
important role in determining the coupling between LSPs and exci-
tons in PhOLEDs. A high density of GNPs in the interlayer will
result in an exciton quenching, induced by a strong overlap cou-
pling between the excitons and plasmon excitations of the GNPs.

Fig. 4 shows the luminous efficiency-current efficiency charac-
teristics of PhOLEDs made with a GNP-based interlayer, formed
using GNP solutions having different OD values of 26 (device A),
20 (device B), 13 (device C), and a structurally identical control
PhOLED without the GNP-based interlayer (device D). A summary
of luminous efficiency and efficiency roll-off measured for different
PhOLEDs is given in Table 1. All devices present an efficiency roll-
off behavior with increase in the operation current density.
However, it is obvious that devices B and C, having a GNP-inter-
layer between the emitter and the anode, possess enhanced effi-
ciency and a reduced efficiency roll-off behavior as compared to
the control device D (without containing GNP-interlayer).
Considering the two performance indices of efficiency and effi-
ciency roll-off, PhOLEDs with a GNP-based interlayer, formed using
GNP solution having an OD = 13 (device C) is preferred. When the
current density increases from 10 to 100 mA/cm?, a reduction of
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Fig. 4. Luminous efficiency—current density characteristics measured for PhOLEDs
with a GNP-based interlayer, formed using GNP solutions having different OD
values of 26 (device A), 20 (device B), 13 (device C), and a structurally identical
control PhOLED without the GNP-based interlayer (device D). Luminous efficiency-
luminance characteristics of devices A, B, C, and D are shown in the inset.

Table 1

A summary of luminous efficiency and efficiency roll-off measured for PhOLEDs with
a GNP-based interlayer, formed using GNP solutions having different OD values of 26
(device A), 20 (device B), 13 (device C), and a control device without the GNP-based
interlayer (device D). The efficiency roll-off is calculated by taking the ratio of the
peak luminous efficiency (max) to the efficiency (1) at the luminance of 50,000 cd/m?.

Devices Nmax n Roll-off (%)
A 54.0 50.5 6.4
B 57.3 51.1 109
C 69.3 60.0 134
D 57.3 44.6 22.2

~10% in the efficiency roll-off is obtained for device C, notably a
70% improvement as compared to the control device D, with an
efficiency roll-off of 17%. Inset in Fig. 4 shows the luminance-cur-
rent efficiency characteristics measured for devices A, B, C and D.
The maximum luminous efficiency of 69.3 cd/A at a luminance of
10,507 cd/m? is achieved for device C, compared to that of
57.3 cd/A at 5503 cd/m? for device D. For PhOLEDs operated at a
very high luminance of 50,000 cd/m?, devices C and D possess an
efficiency roll-off of 13.4% and 22.2%, corresponding to a 40%
reduction.

Fig. 5 shows the current density-voltage characteristics mea-
sured for devices A, B, C, and D. As can be seen, device A has the
highest current density under the same operating voltage. These
results are in good agreement with the above discussion. It reveals
that a larger leakage current is formed in PhOLEDs having an inter-
layer with higher density of GNPs, caused by the larger-sized GNPs
developed during the annealing process as shown in Fig. 1a. It can
also be seen in Fig. 4 that the luminous efficiency of the PhOLEDs
increases with increase in the density of GNPs on GNP-covered
ITO surface, a maximum efficiency is achieved under larger current
density for device C. This is due to increased leakage current
caused by large sized GNPs in the interlayer. To analyze the effect
of GNP surface plasmons on the performance of different PhOLEDs,
the EL spectra of devices A, B, C, and D were measured, and the
corresponding normalized EL spectra are shown in Fig. 6. It can
be seen that devices B and C possess higher emission intensity over
the wavelength region from 510 to 550 nm, which overlaps with
LSPs excited by GNPs. Compared to devices B and C, a relatively
weaker EL emission for device A is observed in the same region.
The results reveal the coupling between excitons and GNP LSPs
as shown in Fig. 3, implying the GNP density impacts the radiative
or non-radiative decay processes of the excitons in the emission
layer.
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Fig. 5. Current density-voltage characteristics measured for PhOLEDs with a GNP-
based interlayer, formed using GNP solutions having different OD values of 26
(device A), 20 (device B), 13 (device C), and a structurally identical control PhOLED
without the GNP-based interlayer (device D).
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PhOLEDs with a configuration of ITO/MoO3/CBP/CBP:Ir(ppy)s/
TPBi/Li/Al do not satisfy a perfect hole-electron current balance,
with holes being the majority carriers, resulting in imperfection
in the emission efficiency and large efficiency roll-off. This suggests
that the use of GNP-modified ITO anode in PhOLEDs, with a config-
uration of ITO/GNPs/MoOs/CBP/CBP:Ir(ppy)s/TPBi/Li/Al, is not
likely to contribute to the improvement in hole-electron balance.
As such, the efficiency difference observed in PhOLEDs made with
bare ITO and GNP-modified ITO cannot be simply explained by the
difference in electrical characteristics. Therefore, the results thus
obtained can be explained due to the coupling between excitons
and gold nanoparticle surface plasmons on emission behavior of
PhOLEDs, supported by the transient photoluminescence measure-
ments. The experimental results show that PhOLEDs made with
GNP-modified ITO allow improving luminous efficiency and reduc-
ing efficiency roll-off. Therefore it is anticipated that the perfor-
mance enhancement in GNP-incorporated PhOLEDs is mainly due
to the coupling between excitons and gold nanoparticle surface
plasmons.

A low refractive index out-coupling interlayer is often used to
improve light out-put in OLEDs [28]. In this work, an enhanced
out-coupling efficiency of PhOLEDs having a GNP-interlayer is
observed. In order to evaluate the out-coupling effect on improve-
ment in the luminous efficiency, an effective out-coupling layer
consisting of a GNP-interlayer, a MoO3 HIL, and a CBP HTL, sand-
wiched between the ITO and organic emitter was considered in
the simulation. The refractive index of the effective out-coupling
layer can be determined by taking into account the volume fraction
of each component layer using the dielectric mixing theory [29].
The effect of incorporating GNPs on light out-put of PhOLEDs can
then be calculated and compared with the measurements. The
intensity of device emission as functions of the refractive index
and the thickness of the effective out-coupling layer were calcu-
lated using the transfer matrix theory [4,30-32]. An optimization
of the structure of the devices was investigated.

The coverage of GNPs (solution-processed) and a 2.0 nm think
MoOs3 (thermally evaporated) on ITO surface is of sub-monolayer
level. Therefore, the GNP-based interlayer can be regarded as a ran-
domly mixed composite layer consisting of GNPs, MoOs; and CBP.
Using the dielectric mixing theory [29], the average refractive
index of the GNP-based interlayer can be estimated based on the
different volume ratios of respective components of GNPs, MoO3
and CBP in the mixture layer. The refractive indices taken for
GNP, CBP, ITO, and MoOs at wavelength of 532 nm (corresponding
the peak emission of Ir(ppy)s) are 0.5, 1.8, 1.9, and 2.0. The effect of
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Fig. 7. Contour map of the calculated integrated intensity of EL emission as a
function of the effective refractive index and the thickness of the GNP-based
interlayer.

the thickness and refractive index of the GNP-based interlayer,
varying from 0.5 (the refractive index of GNPs) to 2.0 (the refrac-
tive index of MoOs), on the emission intensity of the devices was
analyzed using the transfer matrix theory.

A contour map of the calculated integrated intensity of EL emis-
sion as a function of the effective refractive index and the thickness
of the mixed out-coupling layer is shown in Fig. 7. It can be seen
that maximum emission intensity is obtained when the thickness
of the effective out-coupling layer is near 20 nm. For a given thick-
ness of the out-coupling layer, the simulation results reveal that
higher emission intensity can be achieved with a low refractive
index in the out-coupling layer. The results in Fig. 7 show that over
15% improvement in the emission intensity can be obtained by
incorporating a 20 nm thick GNP-based interlayer that holds an
effective refractive index of 1.3. The calculation results suggest that
the presence of such a GNP-based interlayer also contribute to the
efficiency enhancement due to the optical out-coupling effect,
thereby the device efficiency as shown in Fig. 4.

4. Conclusion

In summary, enhanced efficiency and reduced efficiency roll-off
in Ir(ppy)s-based PhOLEDs were demonstrated by interposing a
solution-processed GNP-based interlayer between the anode and
the hole-injection layer. The presence of the GNPs in the devices
reduces the lifetime of triplet excitons via coupling between exci-
tons and LSPs, suppressing the TTA or/and TPA quenching pro-
cesses. A coupling mechanism is proposed to illustrate the effect
of GNP density on device efficiency roll-off. The GNP-interlayer
also acts as an out-coupling layer to enhance light emission,
thereby device efficiency. The emission intensity of GNP-in-
corporated PhOLEDs is dependent on the GNP density in the inter-
layer and is supported by the theoretical simulation.
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