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Performance Boost of Organic Light-Emitting Diodes
with Plasmonic Nanostars
Battulga Munkhbat, Hannes Pöhl, Patrick Denk, Thomas Arno Klar,
Markus Clark Scharber, and Calin Hrelescu*
interaction on the nanoscale. Accordingly, plasmonic nanoparticles have been
used to enhance absorption,[3] to enhance
or quench luminescence,[4,5] to spectrally
reshape light emission,[6] to improve
Raman scattering,[7–9] or to renormalize
all Coulomb-mediated interactions, such
as Förster resonance energy transfer.[10,11]
Such light manipulation mechanisms are
of particular interest for optoelectronic
devices,[12] especially for organic light emitting diodes (OLEDs). Despite the enormous
progress in improving the performance of
OLEDs with new materials for the emitting
as well as for the buffer layers,[13–16] conventional devices still suffer from a poor light
outcoupling efficiency.[17–19] Although thin
film morphologies were optimized[20,21]
and new device architectures with additional light outcoupling structures were
designed,[22–25] optimal light management in OLEDs still remains
an open problem.[22] Recently, the incorporation of plasmonic
nanoparticles in OLEDs was suggested as a promising strategy
to enhance electroluminescence (EL).[26–36] The responsible
mechanisms for the observed performance enhancement range
from improved carrier injection[31,35] over improved light outcoupling[33] to triplet state quenching[26,34] and the acceleration of the
radiative recombination of excitons.[29,32] For the latter, the most
effective approach turns out to be the direct incorporation of
nanoparticles with an appropriate dielectric coating in the active
layer.[29,32] The dielectric coating allows to adjust the nominal
distance between the excitons in the emitting layer and the plasmonic nanoparticles ensuring an optimal plasmon–exciton coupling.[29,32] A dielectric layer of around 10 nm efficiently reduces
the exciton quenching by the metallic surface[29,37] and prevents
charge transfer from the emissive layer to the nanoparticle.[29,38]
Up to now, in most of the studies only spherical[27,29,30,32,35] or rod
shaped nanoparticles[28,29] were incorporated in OLEDs, because
even for these conventionally shaped nanoparticles, the incorporation into the active layer is a major challenge. Complex-shaped
nanoparticles, such as nanostars, have been shown to outperform conventionally shaped nanoparticles in case of performance improvement of organic solar cells[39] or random lasers.[40]
Nanostars are also a versatile tool for many applications where
an optimal interaction between light and nanoscale objects is
desirable, such as in biosensing[41–43] and for enhancing Raman
signals.[44–46] However, there are no reports so far on their utilization in OLEDs.

The performance of organic light-emitting diodes (OLEDs) is boosted by
adding star-shaped plasmonic particles, so called nanostars. For this purpose, silver-enhanced gold nanostars coated with a thin silica shell, which
tightly follow the nanostar morphology, are synthesized. An optimal spectral
overlap between the multiple plasmon resonances of the nanostars and the
luminescence of the emitting polymers is one key for the substantial increase
of the electroluminescence. The second key ingredient is the star-shaped
morphology. Experiments quantifying the photoluminescence, electroluminescence, and the current–voltage characteristics reveal that the physical
origins of the improved performance are twofold; first, a plasmon mediated
increase of the radiative recombination of excitons, and second, an improved
outcoupling of light otherwise trapped inside the OLEDs. The thin silica shell
apparently minimizes exciton quenching via energy transfer and prevents the
nanostars from short-cutting the active layer.

1. Introduction
Particle plasmons, resonant collective oscillations of the conduction electrons confined in nanoscale volumes, brought noble
metal nanoparticles into the focus of extensive research in the last
decades.[1,2] Localized plasmon resonances give rise to the unique
optical properties of such nanoparticles, e.g., large scattering
and absorption cross sections as well as strong field enhancements close to the particle surface. The strong electromagnetic
fields in the vicinity of plasmonic nanostructures, so called hotspots, correlate with a large local density of optical states. Thus,
the presence of plasmonic nanoparticles modifies light–matter
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2. Results
Our studies are focused on the direct comparison of a polymer
OLED architecture with nanoparticles incorporated in the active
layer with a reference without nanoparticles. Among various
light emitting materials, we chose two widely used polymers,
namely
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]-end capped with Polysilsesquioxane (ADS200RE,
often referred to as MEH-PPV) and Poly(9,9-dioctylfluorenealt-benzothiadiazole), also known as F8BT. Both polymers,
ADS200RE with luminescence emission in the orange spectral
region (hereafter called orange emitter) and F8BT with luminescence emission in the green spectral region (hereafter called
green emitter) exhibit high luminescence emission efficiencies
and easy processability.[48,49]
The nanostars have to fulfill several crucial requirements
in order to take advantage of their plasmonic properties and
simultaneously avoid detrimental effects upon incorporation
in the emissive layer. First, the nanostars have to spatially fit
into the emissive layer, so that the incorporation will not cause
major modifications of the device architecture or will not substantially increase the thickness of the emissive layer. Second,
non-radiative exciton decay channels such as quenching due
to the energy transfer or due to the charge carrier transfer to
the metal should be minimized. Besides an optimal spectral
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Herein, we report the successful incorporation of silverenhanced, star shaped gold nanoparticles, coated with a thin
silica shell (AuAgNSts), in fully working OLEDs. An optimal
overlap of the multiple plasmon resonances of the nanostars
with the luminescence emission of two different polymers was
achieved by controlling the size and sharpness of the nanostar
tips and by silver-enhancement of the gold nanostars. Although
gold nanostars provide strong and easily accessible hot-spots at
their tips, additional silver coating improves their plasmonic
properties by increasing the scattering cross-section.[47] The
thickness of the silica shell is another essential parameter.
The silica coating is thick enough to act as a spacer between
the nanostars and the active layer to reduce luminescence
quenching and as an insulator to prevent nanostar-induced
shortcuts. However, it is thin enough to follow the nanostars’
shape. This way, the nanostar tips, and the associated hotspots, can protrude into the active layer, in contrast to previous reports on AuAgNSts, where the silica coating provided
a thicker spherical shell.[47] For the two different polymers used
as active layers, the OLEDs with incorporated non-aggregated
AuAgNSts showed improved current–voltage characteristics as
well as enhanced photo- and electroluminescence compared to
the reference OLEDs without nanoparticles, whereas no significant changes in luminescence emission were observed for plasmonic OLEDs with silica-coated spherical gold nanoparticles or
silica-coated gold nanostars without silver enhancement. Moreover, our experiments revealed that the angular distribution
of the electroluminescence follows the angular distribution of
the scattering of the nanostars. We find that the AuAgNSts can
considerably enhance the electroluminescence of conventional
OLEDs by acting as nanoantennas, thus accelerating the radiative recombination as well as improving the light outcoupling.

overlap between the plasmon resonances of the nanostars and
the luminescence emission of the active layer, the nanostars
should not remarkably increase the light absorption, but in
addition should improve the light outcoupling and the radiative
exciton recombination. Furthermore, the nanostars should be
chemically compatible with the solvents used for the device fabrication to avoid aggregation and ensure structural stability.
Considering the above-mentioned requirements, we
designed two kinds of nanostars, gold nanostars (AuNSts) and
silver-enhanced gold nanostars (AuAgNSts), both coated with a
thin silica shell. Gold nanostars were synthesized in aqueous
solution with an adapted seed-mediated method.[47] The detailed
protocol of the synthesis can be found in the Experimental Section. The freshly synthesized gold nanostars were either coated
only with a thin silica shell (AuNSts) or silver-enhanced and
then coated with a thin silica shell (AuAgNSts). The silica shell
allows mixing of the nanostars with organic solvents such as
chlorobenzene without causing aggregation. In order to achieve
a silica shell thickness of about 10 nm, the original recipe,[47]
which provides substantially thicker shells, was modified by
adjusting the concentrations of tetraethyl orthosilicate (TEOS)
and ammonium hydroxide (NH4OH) (see the Experimental
Section for details).
Figure 1a,b shows transmission electron microscope (TEM)
images of the synthesized AuNSts and AuAgNSts, respectively.
The scale bar is 100 nm. Both types of nanostars have diameters
in the range of 100 to 130 nm in order to fit into the emitting
layer of 150 nm thickness. It is worth mentioning that the displayed nanostars stem from the same original batch of gold
nanostars, half of which was branched off for silver-enhancement. The average silica shell thickness was of about 10 nm
based on TEM image analysis of several nanoparticles. In both
cases, the shell was uniformly and completely formed around
the nanostars, maintaining their morphology. Due to the silica
shell of about 10 nm, the excitonic sites of the emitting polymers are effectively outside the Förster radius.[50] However,
the silica shell is thin enough to allow for photoluminescence
enhancement.[5] In particular, since the thin silica shell follows
the nanostars’ shape, some excitonic sites can still be located in
the hot-spots occurring at the tips of the nanostars.[51,52]
Due to their several sharp tips pointing in arbitrary directions, the AuNSts exhibit multiple plasmon resonances as well
as high scattering cross-sections.[51,52] The spectral position of
the plasmon resonances can be adjusted for an optimal spectral overlap with the emission of the light emitting polymers. In
the green and orange spectral region this is achieved by silverenhancement of the AuNSts. Figure 1c shows the ensemble
averaged extinction spectra of the AuNSts and AuAgNSts dispersed in ethanol. Upon silver-enhancement, the plasmon
resonances of the AuNSts progressively blueshift from around
900 nm down toward 530 nm. Besides the induced blueshifts
of the plasmon resonances, the silver coating leads to a twofold increase of the scattering efficiency without major changes
in the nanostars’ dimensions.[47] As can be seen from the TEM
image in Figure 1b, the AuAgNSts still have several sharp tips
protruding from the silver shell around their core. The observed
blueshift can be attributed to the silver coating, leading to a
mixed gold-silver dielectric function[53] as well as to a reduced
aspect ratio of the nanostars’ tips.[47] In particular, the plasmon
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Figure 1. TEM images of a) AuNSts and b) AuAgNSts, the scale bar is 100 nm. c) Extinction spectra of AuNSts (black curve) and AuAgNSts (red curve)
dispersed in ethanol. Normalized absorption (Abs) and photoluminescence spectra (PL) of d) green and e) orange polymers dissolved in chlorobenzene compared to the normalized AuAgNSts extinction spectrum (red curve). f) Comparison of the PL spectrum of a pure orange emitter dissolved
in chlorobenzene (orange curve) with the PL spectra of solutions with same concentration of orange polymers containing either AuNSts (black curve)
or AuAgNSts (red curve).

resonances of the synthesized AuAgNSts spectrally overlap with
the absorption and photoluminescence (PL) emission of the
orange emitting polymer (Figure 1d) and of the green emitting
polymer (Figure 1e). Thus, the AuAgNSts fulfill all previously
mentioned requirements for an optimized photon management in OLEDs.
Before incorporating the AuAgNSts and AuNSts in OLEDs,
we investigated the influence of the two types of nanostars
on the emission properties of the orange emitting polymer in
solution. Three different solutions with the same concentration of the orange emitting polymer dissolved in chlorobenzene were prepared, hereafter called polymer solutions. Then,
200 µL of washed and concentrated AuNSts or AuAgNSts in
chlorobenzene were added to 1 mL of the polymer solutions.
Since the AuAgNSts were directly synthesized out of a part of
the AuNSts, the concentrations are considered to be similar.
The concentration of the AuAgNSts could even be slightly
lower due to the additional washing steps required by the additional silver coating. Further, 200 µL of chlorobenzene without
nanostars were added to 1 mL of the polymer solution to form
the reference sample. Figure 1f shows the PL spectra of the
three orange emitting polymer solutions with and without
AuNSts and AuAgNSts. The polymer solutions were excited
with a laser intensity of 138 mW cm–2 at 510 nm. The excitation wavelength lies within the maximal absorption of the
polymer as well as the maximal extinction of the AuAgNSts
solution. For the solution containing AuNSts (black spectrum
in Figure 1f), a minor decrease in the photoluminescence
compared to the reference (orange spectrum in Figure 1f) was
observed. Compared to the reference solution and the solution
containing AuNSts, the solution with AuAgNSts (red spectrum) shows a significant photoluminescence enhancement.
Hence, we deduce that our silica shell thickness is sufficient
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to render quenching via energy or charge carrier transfer inefficient. Exhibiting the desired properties, the AuAgNSts were
incorporated in an OLED architecture.
Figure 2a shows a schematic diagram of the fabrication procedure for the OLEDs (see the Experimental Section
for details). In brief, the devices were fabricated on ITOcoated glass substrates as anode, covered with a spin-coated
poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid
(PEDOT:PSS) thin film (40 nm) as a hole injection layer (Step
1). After thermal annealing, nanostars in ethanol were spincoated on top of the PEDOT:PSS, which allows to adjust their
density and their subsequent incorporation in the active layer
without major influences on the film morphology and thus
the device architecture. An equivalent amount of pure ethanol as a reference was spin-coated on top of the PEDOT:PSS
layer (Step 2) to ensure a fair comparison between the devices
with and without nanoparticles, since the conductivity of
PEDOT:PSS might be slightly changed upon addition of cosolvents such as ethanol.[54,55] The remaining fabrication steps
are identical for all devices; a 150 nm thick emitting layer of
the orange or green polymers was spin-coated on top of the
PEDOT:PSS layer (Step 3) and the top electrode fingers were
evaporated under high vacuum conditions (Step 4). The
top electrodes consist of a 20 nm calcium (Ca) layer and a
100 nm silver (Ag) layer. Figure 2b,c shows the energy diagrams for the orange emitter and for the green emitter based
OLED devices, respectively. Figure 2d,e shows photographs of
typical samples of the orange and green OLEDs used in the
experiments, respectively. Since the reference device and the
device including nanoparticles were prepared at the same time
and with identical fabrication steps, there are no noticeable differences in the film and device quality. The top electrodes were
evaporated only on one half of the ITO substrates, forming
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OLEDs are almost uniform and free of prominent scattering centers. The pale orange/
green dots visible in their micrographs are
polymer aggregates[56] already formed in the
stock solution.[57] More examples are shown
in Figure S1 in the Supporting Information.
In the orange/AuAgNSt OLEDs (Figure 3a,
right) and green/AuAgNSt OLEDs (Figure 3b,
right), the nanostars are visible as bright
orange and green dots, respectively. Except
for a few aggregates, the nanostars are distributed homogeneously with an average interparticle distance of ≈2 µm. Additional examples
of AuAgNSts distributions in several areas
and from different orange/AuAgNSt OLEDs
and green/AuAgNSt OLEDs are displayed in
Figure S2 in the Supporting Information. In
both plasmonic OLEDs, the number density
was adjusted to be ≈6 × 106 nanostars in the
active area (15 mm2), which allows a direct
comparison between different samples.
Figure 3c shows the current–voltage (I–V)
and the luminance–voltage characteristics
of the orange and of the orange/AuAgNSt
OLEDs. Incorporating the AuAgNSts in the
OLEDs leads to an increase in the voltagedependent current-density for orange/
AuAgNSt OLEDs (red curve in Figure 3c)
compared to the reference OLEDs (orange).
Furthermore, the orange/AuAgNSt OLEDs
exhibit a substantially increased luminance
(red dotted curve in Figure 3c) compared to
the plain orange OLEDs (orange dotted), while
the operating threshold voltages are almost
identical. Figure 3d shows the current–voltage
(I–V) and the luminance–voltage characterisFigure 2. a) Schematic diagram illustrating the fabrication process of OLEDs with plasmonic
nanoparticles. b,c) Energy diagrams and d,e) photographs of the orange emitting (left: without tics of the green and of the green/AuAgNSt
nanoparticles, right: with nanoparticles) and green emitting (left: without nanoparticles, right: OLEDs. At a given voltage, the green/AuAgNSt
OLEDs show a bigger increase in the currentwith nanoparticles) OLED samples, respectively.
density and more enhanced luminance with
respect to their reference compared to the orange/AuAgNSt
four similar OLEDs, while the other half of the sample enables
OLEDs. Although the total number of nanostars in the orange/
the optical characterization.
AuAgNSt OLEDs and green/AuAgNSt OLEDs is comparable,
Based on the respective emitting polymers, we shall conthe incorporation of the AuAgNSts in the green OLEDs leads to
veniently denote the reference OLEDs as orange or green,
a bigger improvement of the device performance.
while the devices with nanoparticles will hereafter be referred
The increase in the current-density can be attributed to a
to as orange/AuAgNSt and green/AuAgNSt, respectively. The
more efficient charge injection at the rougher interfaces between
distribution and number density of AuAgNSts incorporated in
the different layers induced by the presence of AuAgNSts, in
the emissive layer were analyzed using true color micrographs
agreement with other reports.[58,59] To underline this, additional
of dark field white light scattering from the OLEDs. The true
color micrographs were recorded with a charge-coupled device
OLEDs with incorporated reference nanoparticles were prepared
(CCD) camera mounted on a dark field microscope, while no
following the same processing steps as for the AuAgNSt OLEDs,
voltage was applied to the OLEDs (see the Experimental Section
but containing either silica coated AuNSts, plain silica spheres
for further details).
(125 nm in diameter), or silica-coated Au nanospheres (125 nm
Figure 3a,b shows typical dark field optical micrographs of
in diameter). The plasmon resonances of the silica-coated Au
a reference and a plasmonic OLED, i.e., of orange and orange/
nanospheres also overlap spectrally with the luminescence emisAuAgNSt OLEDs (Figure 3a) and of a green and green/
sion of both polymers. The corresponding extinction spectrum
AuAgNSt OLEDs (Figure 3b). The images are true color images
is shown in Figure S3 of the Supporting Information. All additaken with a Nikon Digital Sight DS-5M red-green-blue (RGB)
tional OLEDs had a similar total number of the corresponding
CCD camera. The emissive layers of the orange and green
nanoparticles within the active area. The incorporation of plain
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Figure 3. a,b) True color dark field micrographs of white light scattering from a reference and a plasmonic device featuring the orange emitter and the
green emitter, respectively. For the dark field micrographs, no voltage was applied to the devices. c,d) Current–voltage characteristics (dotted lines)
and luminance–voltage characteristics (solid lines) of orange and green OLEDs with and without AuAgNSts.

silica spheres and silica-coated Au nanospheres did not have any
significant impact on the I–V characteristics of the OLEDs (Supporting Information, Figure S4a). In the case of the OLEDs with
silica-coated AuNSts an akin increment in the current-density
was observed as for the OLEDs with AuAgNSts (Supporting
Information, Figure S4b). Since an improved charge carrier
injection and a possible improved light outcoupling due to corrugation of the emissive layer might also lead to an increased

luminance, it is premature, at this stage, to assign the observed
enhanced luminance of the OLEDs containing AuAgNSts to a
pure plasmonic origin.
In order to separate the contribution of a more efficient
charge injection to the EL enhancement from plasmonic
contributions to the EL enhancement, the EL spectra were
taken for all OLEDs at the same driving current density.
In Figure 4, the PL spectra of the OLEDs with and without

Figure 4. a,b) PL spectra of orange and green OLEDs with and without AuAgNSts. c,d) EL spectra of orange and green OLEDs with and without
AuAgNSts, respectively, at a constant driving current density of 100 mA cm−2.

776

wileyonlinelibrary.com

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Optical Mater. 2016, 4, 772–781

www.advopticalmat.de
www.MaterialsViews.com

FULL PAPER
Figure 5. Injection current density dependent EL spectra and luminance of (a–c) orange and (d–f) green OLEDs with and without AuAgNSt, respectively.

AuAgNSts are compared to the corresponding EL spectra.
Figure 4a shows PL spectra of the orange and the orange/
AuAgNSt OLEDs upon laser excitation with 75 mW cm–2 at a
wavelength of 500 nm. The green and green/AuAgNSt OLEDs
were excited with 70 mW cm–² at 470 nm. The corresponding
PL spectra are displayed in Figure 4b. The excitation power in
the PL experiments was chosen to be far below the nonlinear
saturation regime. Both samples containing nanostars exhibit
an enhanced PL compared to their references. For the orange/
AuAgNSt OLEDs, a relative PL enhancement of 19% was
measured in the wavelength range of 550 to 650 nm. Due to
the better spectral overlap between the absorption/emission of
the green polymer with the AuAgNSts plasmon resonances, the
green/AuAgNSt OLEDs show 26% more PL intensity in the
wavelength range of 520 to 620 nm than the reference green
OLEDs (Figure 4b). We attribute the increase in PL primarily
to the nanoantenna-induced excitation and emission enhancement by the AuAgNSt, see Section 3 below.
The EL intensities of the AuAgNSt OLEDs relative to the respective references are displayed in Figure 4c,d, respectively. Remarkably, one notices that for the OLEDs containing AuAgNSts, the EL
is twice as much increased with respect to their references than
the PL. The orange/AuAgNSt OLEDs exhibit a 36% EL improvement within the wavelength range of 550 to 650 nm, while for
the green/AuAgNSt OLEDs, the EL is intensified by 44% with
regard to the EL of the green reference OLEDs within the wavelength range of 520 to 620 nm. The observed EL intensification is
reproducible for all 12 investigated AuAgNSt OLEDs, as shown
in Figure S5 in the Supporting Information. Moreover, enhanced
EL of the AuAgNSt OLEDs compared to the corresponding reference OLEDs is always significantly higher than the rather small
EL intensity fluctuations due to device to device variation.

Adv. Optical Mater. 2016, 4, 772–781

Using silica-coated Au nanospheres instead of AuAgNSts,
no significant EL enhancement is observed for these plasmonic
OLEDs (see the Supporting Information, Figure S6a), although
the plasmon resonances spectrally overlap with the EL emission
(Supporting Information, Figure S3). Also, the incorporation of
plain silica spheres did not have significant influence on EL
intensity with respect to the reference OLEDs. Further, in the
case of AuNSts OLEDs, even a small decrease in the EL intensity compared to the reference was measured (see the Supporting Information, Figure S6b), consistent with the photoluminescence measurements in solution (Figure 1f). Since, for
all OLEDs, the EL spectra were taken at the same driving current density of 100 mA cm−2, the EL enhancement observed for
AuAgNSt OLEDs with respect to the reference OLEDs (and all
other OLEDs containing nanoparticles, including AuNSts) does
not originate from a more efficient charge injection. In fact, the
results strongly suggest that indeed the enhanced performance
of AuAgNSt OLEDs has mainly a plasmonic origin.
In order to further quantify the EL enhancement, the dependence of the EL spectra and of the luminance on the injection
current-density was measured. Figure 5 shows the EL spectra
and luminance of orange and green OLEDs with and without
AuAgNSts for various injection current densities ranging
from 66 to 133 mA cm−2. Compared to the reference orange
OLEDs in Figure 5a, the EL of the orange/AuAgNSt OLEDs in
Figure 5b is enhanced for all injection current densities, but
with increasing injection current densities, the EL intensity
starts to reach saturation.
It turns out that for lower injection current densities, the
relative luminance enhancement is about 50% compared to
the reference OLEDs. Also, for the green/AuAgNSt OLEDs, a
maximum luminance enhancement of about 50% with respect
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Figure 6. Angle-resolved EL spectra of a,b) the orange and d,e) the green OLEDs with and without AuAgNSts, respectively. c,f) EL intensities of orange
and green OLEDs with and without AuAgNSts and the scattering of AuAgNSts on PEDOT:PSS as a function of the viewing angle, evaluated at the fixed
wavelength of the maximal EL emission intensity, marked with dashed lines in the 2D false color plots of angle-resolved EL spectra.

to the reference is achieved for low injection current densities.
In contrast to the orange/AuAgNSt OLEDs, the green/AuAgNSt
OLEDs don’t exhibit a saturation behavior of the EL intensity
with increasing injection current densities and hence not for
the luminance, too.
In order to further investigate the influence of the AuAgNSts
on the EL emission, we recorded the EL emission spectra for
several emission angles with respect to the surface normal.
Figure 6a,b shows the angle-resolved EL emission spectra as 2D
false color plots for the orange and orange/AuAgNSt OLEDs,
respectively. The angle-resolved EL spectrum of the orange/
AuAgNSt OLEDs reveals that a significantly enhanced EL can
be observed mostly in the forward direction, i.e. for angles
smaller than 30° with respect to the surface normal. For larger
angles, the EL intensity becomes comparable to the intensity of
the reference OLEDs. The angular distributions of the EL emission intensity at 580 nm are displayed for the orange and the
orange/AuAgNSt OLEDs as polar diagrams in Figure 6c. The
plain orange OLEDs exhibit a purely Lambertian EL emission
behavior, while the EL emission of the orange/AuAgNSt OLEDs
deviates from the Lambertian emission behavior for angles
smaller than 30°.
The corresponding angle-resolved EL emission spectra of
the green emitting OLEDs and the green/AuAgNSt OLEDs
in Figure 6d,e reveal that neither of the two OLEDs shows a
Lambertian EL emission characteristic. Moreover, for each
observation angle larger than 15°, the EL intensity from the
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green/AuAgNSt OLEDs is equally increased compared to the
EL intensity of the green reference OLEDs, as can be seen in
the polar diagram of the angular distribution of the EL emission intensities at 540 nm in Figure 6f. For the forward direction, i.e. observation angles smaller than 15° with respect to the
surface normal, the green/AuAgNSt OLEDs show a different
angular distribution of EL emission intensity compared to the
reference OLEDs. This characteristic is similar to the angular
EL emission characteristics of the orange/AuAgNSt OLEDs, but
the deviation from the reference OLEDs emission characteristic
is not as pronounced.
The scattering of AuAgNSts on PEDOT:PSS (black curves in
Figure 6c,f) shows strong similarities in angular dispersion to
the observed angular EL emission characteristics of the plasmonic OLEDs. The 2D false color plots of the angle resolved
scattering spectra can be found in Figure S7 in the Supporting
Information. In fact, the angular EL dispersion characteristics
of the plasmonic OLEDs can be explained as a convolution of
the EL emission of the corresponding plain OLEDs and the
scattering of the AuAgNSts. (Figure 6c,f and Figure S8 in the
Supporting Information).

3. Discussion
There are several contributions which might lead to a luminescence modification, namely (1a) an excitation enhancement
in PL, (1b) an improved charge carrier injection in EL, (2) an
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increase of nonradiative decay channels caused by nanoparticles (quenching via Förster energy transfer), (3) a plasmonmediated decrease (3a) or an increase (3b) of the radiative rate,
and (4) an enhanced scattering out of OLEDs. We discuss them
now point by point:
(1a) Excitation Enhancement: The plasmon resonances of
the AuAgNSts spectrally overlap with the absorption of the
polymers. Upon optical excitation with a wavelength corresponding to the maximal absorption of the respective polymer,
the AuAgNSts provide strong hot-spots located at their tips,
leading to a substantial excitation enhancement of the polymers,
which contributes to the observed, considerably increased PL of
polymer solutions (Figure 1f) and to the increased PL of OLEDs
containing AuAgNSts (Figure 4a,b) compared to the respective
references.
(1b) Improved Charge Carrier Injection: Similar to the excitation enhancement in the PL, an improved charge carrier
injection may lead to an increased generation of excitons. The
incorporation of nanoparticles induces a corrugation of the
emissive layer in the plasmonic OLEDs. The altered current–
voltage characteristics of the OLEDs containing AuAgNSts
(Figure 3c,d) and AuNSts (Figure S4 in the Supporting Information) reveal that the charge injection could be more efficient
in these plasmonic OLEDs due to the nanoscopically roughened surface (Figure S9 in the Supporting Information). However, in the EL experiments, a constant driving current density
was used for all the OLEDs (reference and plasmonic) in order
to exclude EL modifications due to differences in the charge
injection efficiencies. Hence, the increased EL in Figure 4c,d
cannot be explained by increased charge carrier injection (see
also Figure S10 in the Supporting Information).
(2) Quenching via Förster Energy Transfer: In order to minimize exciton quenching (energy transfer to the nanoparticles),
all used nanoparticles (spheres, AuAgNSts and AuNSts) were
coated with a thin silica shell, so that most of the excitonic sites
are effectively located outside the Förster radius. Since for all
samples containing AuAgNSts (solutions and OLEDs) a substantially enhanced luminescence emission was measured,
quenching by the AuAgNSts can only play a minor role. Moreover, as no significant changes in EL intensities for OLEDs containing silica-coated Au nanospheres or AuNSts compared to
the reference were observed (Figure S6 in the Supporting Information), we can conclude that quenching is not dominant in all
investigated plasmonic OLEDs.
(3) Plasmon Mediated Changes of the Radiative Rate: In the
presence of plasmonic nanoparticles, the in-phase or out-ofphase coupling of singlet excitons with dipolar plasmonic
modes can decrease (3a) or increase (3b) the overall radiative
rate, respectively.[60] In our experiments, either considerably
enhanced EL of AuAgNSt OLEDs (Figures 4 and 5, as well as
Figure S5 in the Supporting Information) or no apparent differences between the EL of the plain reference OLEDs and the EL
of plasmonic OLEDs with incorporated silica-coated spherical
gold nanoparticles or silica-coated gold nanostars were observed
(Figure S6 in the Supporting Information). Hence, a meaningfully decreased radiative rate (case 3a) can be excluded. Furthermore, in all investigated plasmonic OLEDs, a plasmon mediated
increase of the radiative rate (case 3b) is more than plausible.
The nearly unaffected EL intensity of the plasmonic OLEDs

with silica-coated Au nanospheres and of AuNSts with respect
to the reference OLEDs can be attributed to increased radiative
rates of excitons which counterbalance the nonradiative rates,
especially the residual quenching in the vicinity of silica-coated
Au nanospheres and of AuNSts, which takes place despite the
silica shell. In the case of the AuAgNSts/OLEDs, the considerably enhanced PL and EL indicate a substantially increased
radiative rate that outweighs all the non radiative rates, particularly the energy transfer rate to the nanoparticles. Compared to
other nanoparticles used in this study, the AuAgNSts provide
two advantages for a plasmon mediated increase of the radiative
rate: first, their plasmon resonances spectrally overlap with the
luminescence of the emitting polymers. This also holds true for
the silica-coated Au nanospheres. However, in this case, no EL
enhancement is observed. The second advantage must be the
asymmetric shape of AuAgNSts. Since the individual AuAgNSts
have several randomly oriented tips, it is highly probable that at
least one of these tips points in an advantageous direction for
in-phase coupling of a tip-plasmon to a nearby dipolar moment
of singlet excitons in the emissive layer. Due to the spectral
overlap, such in-phase exciton–plasmon coupling will increase
the radiative rate of nearby singlet excitons substantially.
(4) Enhanced Scattering out of OLEDs: Our experiments
revealed that the angular EL dispersion characteristics of the
OLEDs containing AuAgNSts can be understood as the convolution of the scattering of the AuAgNSts and the EL emission
of the corresponding plain OLEDs (Figure 6c,f and Figure S8
in the Supporting Information). Consequently, the AuAgNSts
can improve the light outcoupling by enhancing the scattering
out of OLEDs. Further, the plasmon modes of the AuAgNSts
could couple to different optical modes in the OLEDs, such as
propagating surface plasmons at the silver electrode/emissive
layer interface. Also, in this case, the asymmetric shapes of
AuAgNSts offer higher probabilities that at least some of the
several tips have advantageous orientations so that different
optical modes can couple to the corresponding plasmon resonances. Subsequently, photons with the frequency of the coupled resonance could be scattered out of the OLEDs, so that
light otherwise trapped in different optical modes in the OLEDs
can be recovered. Therefore, the scattering of the AuAgNSts,
which spectrally matches the EL emission and the improved
light-outcoupling mechanisms, induced by the complex morphology of the AuAgNSts, can also contribute to the observed
improvements in light emission.

4. Conclusions
We have shown that the incorporation of silver-enhanced gold
nanostars coated with a thin silica shell in fully working OLEDs
provides remarkable improvements in device performance.
Compared to conventional OLEDs without nanoparticles, the
OLEDs with incorporated AuAgNSts showed increased currentdensities as well as substantially enhanced photo- and electroluminescence. In particular, for low injection currents, the
electroluminescence of conventional OLEDs can be enhanced
up to 50% with AuAgNSts. The observed luminescence
enhancements have predominantly plasmonic origins, namely
an increased radiative rate of singlet excitons in the vicinity of
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the AuAgNSts and improved light outcoupling. We find that
the relevant parameters for luminescence enhancement are
the anisotropic shape of the nanostars and the spectral overlap
between the plasmon resonances and the luminescence of the
emitting polymers. Compared to the plasmonic contributions,
the improved charge injection plays apparently a minor role for
the EL enhancement.
Furthermore, the simultaneous compatibility of the
AuAgNSts with organic and water-based solvents and their
plasmonic properties make them one of the most promising
candidates for effective photon-management in organic and
inorganic optoelectronic devices. The AuAgNSts may bring
substantial advantages in biosensing and analytics applications,
where an optimal balance between light emission enhancement
and quenching, high scattering cross-sections and easily accessible hot-spots provided by AuAgNSts are also highly desirable.

5. Experimental Section
Materials: Silver nitrate (AgNO3, 99.9999%), Gold(III) chloride
trihydrate (HAuCl4·3H20), L-ascorbic acid (AA), tetraethyl TEOS,
trisodium citrate dihydrate, 1 N hydrochloric acid solution
(HCl), hexadecyltrimethylammonium bromide (CTAB), O-[2-(3Mercaptopropionylamino)ethyl]-O-methylpoly(ethylene glycol) (mPEG-SH,
MW 5K), ammonium hydroxide (NH4OH, 30%) were purchased
from Sigma-Aldrich at the highest purity grade available. Commercial
PEDOT:PSS in water (Clevios PH), Poly[2-methoxy-5-(2-ethylhexyloxy)1,4-phenylene-vinylene]-end capped with Polysilsesquioxane (ADS200RE,
purchased from American Dye Source), Poly[(9,9-dioctylfluorenyl-2,7-diyl)alt-(benzo[2,1,3]thiadiazol-4,7-diyl)] (F8BT, purchased from Lumtec) were
used without further purification. Carbon-coated copper TEM grids were
purchased from Plano GmbH. Ethanol absolute (99.9%) was purchased
from Fisher Chemical. All glassware and stir bars were thoroughly cleaned
with aqua regia and dried prior to use. Ultrapure distilled water (Millipore,
18 MΩ cm) was used in all preparations.
Synthesis of Silver-Enhanced Gold Nanostars: Silver-coated gold
nanostars (AuAgNSts) were synthesized according to the literature.[47]
In brief, using the Turkevich method,[61] a 12 nm gold seed solution
was prepared by adding 15 mL of 1% trisodium citrate to 100 mL of a
boiling solution of 1 × 10–3 M HAuCl4. The solution was kept boiling for
an additional 15 min, cooled down to room temperature in an ice bath,
filtered through a 0.2 µm polyethersulfone membrane, and stored at
4 °C until use. For the gold nanostars (AuNSts) 100 µL of the aged seed
were added to 10 mL of an aqueous growth solution of 0.25 × 10–3 M
gold chloride (HAuCl4). The pH was adjusted by adding 10 µL of 1 N
HCl. Then, 100 µL of 3 × 10–3 M silver nitrate (AgNO3) and 50 µL of
0.1 M ascorbic acid were simultaneously added to the growth solution
under vigorous stirring. Immediately after the synthesis, the nanostars
were functionalized with CTAB, i.e., 100 µL of 0.1 M CTAB was added
to the AuNSts solution and left stirring for 5 min. The nanostars were
washed by centrifugation (2000 rcf for 20 min), and redispersed in a
10 mL of 1 × 10–3 M aqueous CTAB solution. For silver enhancement, 30
µL of 0.1 M AgNO3 and an equivalent volume of 0.1 M AA were added to
the AuNSts solution under vigorous stirring. The reduction of silver ions
by AA was initiated by adding 20 µL of 30% NH4OH solution, at which
point the color of the solution darkens. After 15 min, the AuAgNSts
were purified by centrifugation at 2000 rcf for 10 min, discarding the
supernatant, and redispersed in 10 mL distilled water.
Silica Encapsulation of AuAgNSts: The freshly synthesized AuAgNSts
(10 mL) were capped with 5 × 10–6 M final concentration mPEG-SH
under gentle stirring for 1 h. The PEGylated AuAgNSts were washed
once by centrifugation (2500 rcf for 10 min) and redispersed in a mixed
solution of EtOH (9 mL) and water (2 mL). Under gentle stirring, silica
coating was initiated by adding 100 µL of NH4OH followed by 30 µL of
10% TEOS in EtOH. The reaction was allowed to proceed for 12 h, at
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which point the AuAgNSts were washed three times by centrifugation at
3000 rcf for 5 min and redispersed in EtOH or chlorobenzene.
Nanoparticle Characterization Methods: The extinction spectra of the
silica encapsulated AuAgNSts and silica encapsulated AuNSts were
measured by a Varian Cary 500 Scan UV–Vis–NIR spectrophotometer.
For the morphology characterization with a TEM, the nanoparticle
solution was drop casted on carbon-coated copper TEM grids, let dry
and analyzed using a JEOL JEM-2010 TEM.
Device Fabrication: The devices were fabricated on patterned ITOcoated glass substrates with a sheet resistance of 15 Ω sq–1. The ITOcoated glass substrates were cleaned with acetone and isopropanol,
respectively, to remove impurities. Then, PEDOT:PSS was spin-coated
onto ITO surface to form a 40 nm thin layer. Subsequently, the substrates
were annealed on a hot plate at 150 °C for 20 min. Due to the insolubility
of PEDOT:PSS in ethanol, the silica-coated AuAgNSts in ethanol solution
can be directly spin-coated on top of the PEDOT:PSS layer and annealed at
80 °C for 5 min to remove excess ethanol. For orange and green OLEDs,
ADS200RE as orange emitting polymer and F8BT as green emitting
polymer were dissolved in chlorobenzene and stirred at 70 °C for 12 h,
respectively. The solutions were spin-coated on top of the PEDOT:PSS
layer to produce 150 nm thick films and were afterward annealed on a hot
plate at 80 °C for 10 min. The top electrode fingers (20 nm Ca, 100 nm
Ag) were evaporated under high vacuum conditions (5 × 10−6 mbar) to
create a device with an active area of 15 mm2 defined by a shadow mask.
A device without AuAgNSts was used as a reference.
Emissive Layer Characterization: The distributions of the different
nanoparticles within OLEDs were investigated using a Nikon L-UEPI dark
field microscope with 100×/0.90 NA objective lens and a 100 W halogen
lamp as excitation source. For further analysis, white light scattering darkfield images were recorded with the color CCD-CAMERA (Nikon Digital
Sight DS-5M). The number density of nanoparticles on the measured
samples was determined with ImageJ[62,63] by using a 2D Gaussian fitting
routine provided by the ImageJ SMLM GDSC plugin.[64] Dark-field images
of reference samples and samples with nanoparticles were converted into
grayscale images by simply splitting their RGB channels. Then, a small
area of the sample (typically 20 by 20 µm) was evaluated manually. The
parameters of a 2D Gaussian fitting routine were subsequently adjusted
to match these manual results. Finally, this fitting routine was applied
to a substantially larger area of the image (typically 200 × 200 µm). The
number of counts was then divided by the sampling area to retrieve the
number density. It has to be noted that this counting procedure can be
performed both on bare particles on PEDOT:PSS and after full coverage of
particles with the active layer. In the latter case, the appropriate selection
of a specific RGB channel allows sufficient contrast between polymer
background (mainly fluorescence) and the scattering of the nanoparticles.
OLEDs Characterization: The performance of the fabricated OLEDs
was measured using an Agilent B1500 parameter analyzer with two
source meter units, one driving the OLEDs and one measuring the
resulting photocurrent in a silicon diode. The angle-resolved EL spectra
were recorded using a spectrometer (Thorlabs CCS175) by applying
constant current density with source-measure unit (Keithley 2401). The
optical axis for detection is fixed, while the OLED (substrate surface
normal) was rotating with respect to the detection optical axis from
0o to 70o. Current density-dependent EL measurements were performed
using a Photo Research Spectrascan PR-655 and a Keithley SMU 2401.
PL spectra were measured on a separate self-built setup equipped with a
spectrometer (Thorlabs CCS175).
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Supporting Information is available from the Wiley Online Library or
from the author.
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