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Abstract−Organic light-emitting diodes (OLED) and polymer light-emitting diodes (PLED) are promising candidates
for future display applications due to their superior properties, but their efficiency and stability need to be improved to
expand their application to large-size display panels and lightings. One of the most remarkable ways to enhance the
efficiency of PLEDs is to incorporate metal nanoparticles and utilize their localized surface plasmon resonance (LSPR).
We report on the improvement of blue PLEDs efficiency by the insertion of silver nanoparticles (Ag NPs) capped by
poly(3,4-ethylenedioxythiophene) : poly(styrene sulfonate) (PEDOT : PSS). Ag NPs were synthesized with PEDOT : PSS
as a stabilizer and then deposited on an indium tin oxide (ITO) anode using a simple spin-coating process without any
aggregation. The result of deposition was confirmed by SEM and TEM images, and by Raman spectrum. Optical prop-
erties of the PEDOT : PSS-capped Ag NPs on ITO and the interaction between Ag NPs and Lumation blueJ, a blue
light-emitting polymer, were measured using a UV-Vis spectrophotometer, a photoluminescence (PL) spectrophotome-
ter, and a time-resolved photoluminescence spectrophotometer (TRPL). As a result, the introduction of PEDOT : PSS-
capped Ag NPs to the blue PLEDs was found to have been successfully conducted. The fabricated blue PLEDs with Ag
NPs exhibited a 15% increase of external quantum efficiency. This was thought to originate from the localized surface
plasmon coupling of the PEDOT : PSS-capped Ag NPs with Lumation BlueJ.

Keywords: Organic Light-emitting Diodes (OLED), Localized Surface Plasmon Resonance (LSPR), PEDOT: PSS, PEDOT:
PSS/Silver Nanoparticles, Plasmonic Enhancement

INTRODUCTION

Organic light-emitting diodes (OLED) are electrical devices that
emit light in response to electric current, and are comprised of organic
emitting materials. OLEDs have many advantages over conven-
tional technologies for displays, such as high contrast ratio, view-
ing angle independency, low thickness and weight, fast response
time and high color rendering index [1-4]. In particular, polymer
light-emitting diodes (PLED) have been of interest recently because
they can be fabricated through a simple and inexpensive solution-
process, and because they can be adapted to flexible and stretch-
able substrates [5-8].

Despite these apparent advantages and bright potential, limited
lifetime and efficiency of the device remain as challenges to be over-
come, especially for blue OLEDs and PLEDs, because efficient deep-
blue emitting materials are still lacking. Among many attempts to
enhance the efficiency of PLEDs, incorporating metal nanoparti-
cles to utilize their localized surface plasmon resonance (LSPR), has
been widely investigated as one of several promising approaches.

LSPR is a unique property of metal nanoparticles derived from

the collective oscillation of free electrons, i.e., localized surface plas-
mons. When the metal nanoparticles are exposed to an electro-
magnetic wave having the same frequency as their characteristic
oscillation frequency, a resonance occurs that results in strong light-
scattering and amplified local electromagnetic field [9]. As a result,
the LSPR of metal nanoparticles has been studied for various applica-
tions such as optical sensors [10,11], surface-plasmon enhanced
Raman scattering (SERS) [12,13], photovoltaic devices [14,15], and
PLEDs [16-22]. When metal nanoparticles are incorporated in PLEDs,
resonant coupling occurs between the LSPR of the metal nanopar-
ticles, and excitons form in the emissive layer of the PLEDs during
operation. This resonance occurs only if two requirements are met:
the emissive materials must be located in the vicinity of the metal
nanoparticles and the emissive spectrum of the excitons should be
overlapped with the spectrum of the localized surface plasmons of
the metal nanoparticles. The coupling effect offers an additional
efficient relaxation pathway for the excitons. This effect can be con-
firmed by the reduced radiative decay lifetime, and by this effect,
the efficiency of the PLEDs can be improved [16,23,24].

Recently, several studies regarding the incorporation of metal
nanoparticles in PLEDs have been reported. Various metals, for
example, Ag [16,17,19], Au [21,22], Cu [18], or Pt3Co alloy [20]
have been introduced in the positions of hole-transporting or elec-
tron-transporting layers. However, such metal nanoparticles were
either incorporated using a vacuum process, which requires expen-
sive equipment [16,17,21], or, even if they were synthesized by solu-
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tion-process, they had to be mixed with other polymers or sols con-
sisting of transport layers in the device, in order to be deposited
[18-20,22]. In addition, the metal nanoparticles need to be uni-
formly dispersed in the devices without aggregation, and should
adhere tightly to the surface if they are introduced as a separate
layer.

In this study, the synthesis of PEDOT: PSS-capped Ag NPs and
their application to blue PLEDs were demonstrated. Ag NPs were
synthesized with PEDOT: PSS as a stabilizer. Although the in-situ
synthesis of Ag NPs in PEDOT: PSS was reported previously [25,
26], this is the first time in-situ synthesized Ag NPs in PEDOT:
PSS have been utilized on PLEDs. Ag NPs capped with PEDOT:
PSS were washed repeatedly to remove excess initiator, and they
could then be deposited as a separate layer by simple spin-coating
process without any aggregation. We report that PEDOT:PSS-capped
Ag NPs can contribute to the enhancement of efficiency in the PLEDs,
and discuss this feature in detail.

EXPERIMENTAL

1. Synthesis of PEDOT : PSS-capped Silver Nanoparticles
For the synthesis of silver nanoparticles (Ag NPs), poly(3,4-ethyl-

enedioxythiophene) : poly(styrene sulfonate) (PEDOT: PSS, Clev-
ios P VP AI 4083) was used as a stabilizer; silver nitrate (AgNO3,
99.999%) and L-ascorbic acid (reagent grade, >98%) were used as
a precursor and a reducing agent, respectively. 2mL of PEDOT:PSS
was filtered through a 0.45μm hydrophilic cellulose acetate syringe
filter and added to 5 mL of distilled water (18.3 MΩ). Prior to injec-
tion of the precursor and the reducing agent, the mixture of PEDOT:
PSS and distilled water was heated to 90 oC for 15 minutes. 6 mg
of AgNO3 and 0.4 mg of L-ascorbic acid were then separately dis-
solved in 0.5 mL of distilled water, and injected into the pre-heated
mixture to start the reaction under vigorous stirring. After 6 hours,
the reaction was terminated and products were centrifuged with
distilled water repeatedly, before its use for PLEDs. The concentra-
tion of Ag NPs was enriched by four-times through the washing
process. All chemicals used in this procedure except PEDOT: PSS
were purchased from Aldrich and used without further purification.
2. Device Fabrication

At first, indium tin oxide (ITO)-sputtered glasses (thickness ~150
nm, sheet resistance ~7Ω/□) were cleaned by sequential sonica-
tion in detergent, ethanol, acetone, chloroform, and 2-propanol (all
except detergent were purchased from J. T. Baker) with 15 minutes
given for each process. Then, the substrates were dried in a vac-
uum oven at 120 oC for 30 min. To remove organic residues, the
cleaned substrates were inserted in a plasma cleaner (PDC-32G,
Harrick plasma) for treatment with oxygen plasma for 5 min, with
an oxygen flow rate of 2 standard cubic feet per hour (scfh). For
the device with Ag NPs, PEDOT:PSS-capped Ag NPs were depos-
ited by simple spin-coating at 1,000 rpm for 40 seconds on the sub-
strate and then annealed at 115 oC for 15 minutes. PEDOT: PSS
(Clevios P VP AI 4083) mixed with 0.1% (by weight) fluoro-sur-
factant (Zonyl FS-300, Aldrich) was then spin-coated at 5,000 rpm
for 40 seconds and annealed at 115 oC for 15 minutes [27]. The sub-
strates were subsequently transferred to a glove box, followed by
spin-casting of blue light-emitting polymer, Lumation BlueJ (Poly-

fluorene type polymer, trademark of Dow Chemical) from 10 mg/
ml solution in chlorobenzene, and then annealing at 80 oC for 10
minutes to remove solvent. Final thicknesses of the layers were about
30 nm and 70 nm for the PEDOT: PSS and BlueJ, respectively.
Finally, samples were transferred and equipped to a thermal evap-
orator. Lithium fluoride (LiF) and aluminum (Al) were deposited
sequentially. Thicknesses and deposition rates for both materials
were 1 nm and 100 nm, 0.3 Å/s and 2 Å/s, respectively. The emis-
sive area of the devices was 2×2 mm2.
3. Characterization

The synthesized PEDOT: PSS-capped Ag NPs and ITO sub-
strate was observed using a field emission scanning electron micro-
scope (FE-SEM) (FEI, Sirion) operating at an accelerated voltage
of 10 kV. The samples for SEM analysis were placed on silver paste
to be attached. To observe the silver nanoparticles, silver nanopar-
ticles solution was dropped on the silicon wafer and dried. A trans-
mission electron microscopy (TEM) image of the product was col-
lected using a JEM-3011 (JEOL) transmission electron microscope,
operating at an accelerating voltage of 300 kV. Absorption spectra
of the samples were obtained using a UV-visible spectrophotometer
(Cary 100, Varian). Photoluminescence (PL) spectra were obtained
using fluorospectroscopy (ISS PC1 Photon Counter Meter). For
time-resolved photoluminescence spectra (TRPL), samples were
excited at 375 nm and exciton dynamics were recorded by a time-
correlated single photon counting (TCSPC) spectrometer (FLS920-t,
Edinburgh Instruments). A Raman spectrum was obtained using
a high resolution dispersive Raman microscope (LabRAM HR UV/
Vis/NIR, Horiba Jobin Yvon, France) excited by an Ar ion CW Laser
(514.5 nm). The thicknesses of layers comprising the devices were
confirmed using a Veeco Dektak-8 surface profiler (stylus force,
15 mg; stylus tip radius, 2.5μm). The current density-voltage-lumi-
nance characteristics and electroluminescent spectra of the devices
were measured with a Keithley 2400 voltage-current source mea-
surement unit and a Minolta CS 2000 spectroradiometer.

RESULTS AND DISCUSSION

Fig. 1(a) and Fig. 1(b) are SEM and TEM images of the synthe-
sized PEDOT: PSS-capped Ag NPs. Ag NPs were successfully syn-
thesized using PEDOT: PSS as a stabilizer. The mean diameter of
the synthesized Ag NPs was measured and found to be 33.7±7 nm.
Ag NPs were washed and deposited on ITO using a spin-coating
process.

In Fig. 1(c), the Ag NPs were uniformly introduced onto the sur-
face of the ITO without any aggregation. This is due to the assis-
tance of PEDOT: PSS, which prevents aggregation among the Ag
NPs. It is important for the Ag NPs to be deposited uniformly with-
out any aggregation because the aggregation of Ag NPs can result
in the device shortage or unwanted changes in the emissive char-
acteristics of the device, such as changes in the spectrum, the direc-
tionality and even the polarization [24]. PEDOT: PSS also assists
Ag NPs to adhere better on the ITO surface. Also, PEDOT: PSS
on the surface of Ag NPs is not expected to exert adverse effects
on the performance of the device because it is a conductive poly-
mer used as a hole transporting layer, and is located on top of the
Ag NPs in the device.
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The surface coverage of Ag NPs on the ITO surface was calculated
to be 4.4% using ImageJ analysis software (http://rsb.info.nih.gov/ij/).
To confirm the existence of PEDOT: PSS on the surface of the Ag
NPs, Raman spectrum was obtained for the Ag NPs deposited on
the ITO glass (Fig. 1(d)). The assignment table for the Raman spec-
trum of these Ag NPs is provided in Table 1. Briefly, peaks at 1,035
and 1,132 cm−1 can be assigned to PSS, and the rest of the peaks
in the spectrum can be seen to have originated from PEDOT. These

results, which match those of previous reports [28,29], show that
PEDOT: PSS is present on the surface of the Ag NPs on the ITO.

The UV-Vis absorption spectra of the PEDOT: PSS-capped Ag
NPs solution and films are depicted in Fig. 2(a). An absorption
peak of the Ag NPs solution appeared at 426 nm, which is in the
range of the extinction peak of Ag NPs reported previously [30].
The absorption spectrum of Ag NPs spin-coated on ITO was 436
nm, which is analogous to that of the Ag NPs solution. The absorp-
tion spectrum of Ag NPs spin-coated on ITO after being over-coated
with a PEDOT: PSS film was also obtained. Note that the absorp-
tion spectrum of pure PEDOT: PSS was subtracted from that of
PEDOT: PSS/Ag NPs/ITO to represent the portion of optical ab-
sorption from Ag NPs. The absorption peak of PEDOT:PSS-capped
Ag NPs after being over-coated by PEDOT: PSS was observed at
468 nm, which is about 30 nm shifted from that of Ag NPs before
the PEDOT: PSS film was coated on it. This shift of the absorp-
tion peak can be elucidated as a consequence of change in the sur-
rounding medium of Ag NPs from air to PEDOT: PSS [31].

Subsequently, a red-shifted absorption spectrum is well-over-
lapped with the emission spectrum of Lumation BlueJ, which has
an emission peak at 460 nm. Thus, it was possible to anticipate an
efficient interaction between the localized surface plasmons of the
Ag NPs and Lumation BlueJ (Fig. 2(b)). Fig. 2(c) shows the PL spec-
tra of the Lumation BlueJ films with and without PEDOT: PSS-
capped Ag NPs. The sample structure for PL measurement was
Lumation BlueJ/PEDOT: PSS/(PEDOT: PSS-capped Ag NPs)/ITO.
As shown in the spectra, the PL intensity of Lumation BlueJ was
increased by 62% when Ag NPs were introduced. This increase in
the PL intensity can be ascribed to the resonant coupling of the

Fig. 1. (a) SEM image of synthesized PEDOT: PSS-capped Ag NPs after they were washed with distilled water. (inset) Histogram revealing
diameter distribution of Ag NPs. (b) TEM image of PEDOT: PSS-capped Ag NPs. (c) SEM image and (d) Raman spectrum of Ag
NPs spin-coated on an ITO/glass substrate.

Table 1. Peak assignment table for Raman spectrum of PEDOT:
PSS-capped Ag NPs on ITO

Raman shift
(cm−1) Assignment

444 C-O-C bend
578 Oxyethylene ring deformation
858 CH out-of-plane deformation for aromatic

compounds
971 Carbon ring in cyclic compounds
991 Oxyethylene ring deformation
1035 Anti-symmetric SO3 vibration
1132 C-O-C deformation & in-plane stretching of the

aromatic ring with contribution of SO3 group.
1265 Cα=Cα' (inter-ring) stretch
1363 Cβ=Cβ stretch
1429 Symmetric Cα=Cβ(-O) stretch

1502, 1539,
1574

C=C & ring stretch modes
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localized surface plasmons of Ag NPs and Lumation BlueJ.
To validate the effect of Ag NPs on the intensity improvement

of Lumation BlueJ, TRPL spectra were obtained. Sample structures
used for measurement were identical to those used in the PL mea-
surement. To calculate the lifetime of the excitons from the TRPL
spectra for each of the samples, a three-component model was adapted
to fit the data more accurately. For estimation of the exciton life-
time, the following equations were used: [32]

(1)

(2)

(3)

From the above model, the radiative decay profile of samples
with and without PEDOT: PSS-capped Ag NPs was fitted by Eq.
(1). The exciton lifetime of both samples was calculated using Eqs.
(2) and (3), and found to be 2.59 and 3.05ns, respectively. The shorter
lifetime of the sample with PEDOT: PSS-capped Ag NPs indicates

that, by using Ag NPs, the spontaneous emission rate of Lumation
BlueJ is shortened. It is well-known that the localized surface plas-
mons of metal nanoparticles increase the electromagnetic density
of states for the fluorophore/phosphor in the vicinity of the metal
nanoparticles, so the spontaneous emission rate can be increased
[24]. Therefore, the shortened lifetime of the excitons can be direct
evidence that the LSPR from the Ag NPs is responsible for the en-
hancement of the PL intensity by accelerating the radiative decay rate.

Consequently, the PEDOT: PSS-capped Ag NPs were applied to
blue PLEDs to demonstrate their effect. The device structure used in
this experiment is depicted in the inset of Fig. 3(a). PEDOT: PSS-
capped Ag NPs were deposited between the ITO anode and the
hole transporting layer, PEDOT: PSS. As a blue light-emitting poly-
mer, Lumation BlueJ was used. As a cathode, the LiF/Al structure
was used.

Fig. 3(a) shows the voltage-current density curve for the device
fabricated with PEDOT: PSS-capped Ag NPs and that of the device
fabricated without Ag NPs. The devices with Ag NPs apparently
exhibit a higher current density at the same voltage level compared
to the reference device, which results in enhanced hole transport
through the conductive Ag NPs to the emissive layer.

I t( ) = Σi=1
n
αi − 

t
τi
---

⎝ ⎠
⎛ ⎞exp

τ = Σ fiτi

fi = 
fiτi

Σ fiτi
-----------

Fig. 2. (a) UV-Vis absorption spectra of washed PEDOT: PSS-capped Ag NPs solution in distilled water (sky-blue solid triangle), Ag NPs on
an ITO/glass substrate before (blue square) and after deposition of PEDOT: PSS on top of the Ag NPs (purple open circle). (b) Clear
spectral overlap between the emission spectrum of Lumation BlueJ and the absorption spectrum of Ag NPs on an ITO/glass sub-
strate after deposition of PEDOT: PSS. (c) PL spectra of Lumation BlueJ with (green triangle) and without (blue square) PEDOT:
PSS-capped Ag NPs. (d) TRPL spectra of Lumation BlueJ for a reference sample (blue square) and the sample with PEDOT: PSS-
capped Ag NPs (green triangle).
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In Fig. 3(b), luminance is plotted against current density. The
device with PEDOT: PSS-capped Ag NPs shows higher luminance
than that of the reference device at the same current density. As a
result, current efficiency and external quantum efficiency were both
enhanced for the device with PEDOT: PSS-capped Ag NPs com-
pared to those values of the reference devices. The maximum levels
of current efficiency and external quantum efficiency were 2.21 cd/
A and 1.62% for the device with Ag NPs and 1.97 cd/A and 1.41%
for the reference device. A 15% increase in terms of external effi-
ciency was observed due to the incorporation of PEDOT: PSS-
capped Ag NPs through a simple spin-coating process.

In the emission spectra for both devices, no significant difference
was observed (Fig. 3(d)). Both devices show maximum emission
at a wavelength of 456 nm, and FWHM (full width at half maxi-
mum) values were 61 nm and 63 nm for the device with Ag NPs
and for the reference device, respectively. In conclusion, 15% more
efficient blue PLEDs were fabricated by insertion of PEDOT: PSS-
capped Ag NPs without any unwanted change in emission spectrum.

CONCLUSION

Ag NPs were synthesized with the assistance of PEDOT: PSS in

the role of stabilizer and were incorporated into a blue PLED, a
device which conventionally suffers from a lower efficiency level
compared to that of PLEDs composed of other colors. We demon-
strated that PEDOT:PSS-capped Ag NPs could be efficiently intro-
duced by a simple spin-coating process. The blue PLEDs with Ag
NPs exhibited improvement in external quantum efficiency of 15%
without a spectral change. It is concluded with the support of TRPL
results that Ag NPs modified the radiative decay rate through interac-
tion between their localized surface plasmon resonance and Luma-
tion blueJ, so that the efficiency of the blue PLEDs with Ag NPs
was enhanced. We believe this work can be used to take a further
step toward achieving higher efficiency blue PLEDs, so that such
devices can be commercialized.
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Fig. 3. (a) Voltage-current density curves for reference device (blue square) and the device with PEDOT: PSS-capped Ag NPs (green trian-
gle). (inset) Schematic of the device structure. (b) Luminance and (c) current efficiency and external quantum efficiency curves in
terms of current density for both devices. (d) Emission spectra of both devices at 25 mA/cm2.
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