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Down-conversion structure white organic light-emitting diodes (WOLEDs), in which white light is
generated by a blue emission organic light-emitting diodes (OLEDs) in combination with a color conversion layer (CCL) outside the substrate, has attracted extensive interest due to its signiﬁcant advantages
in low cost and stabilized white-light emissions. However, low color-conversion efﬁciency of CCL is still a
bottleneck for the performance improvement of down-conversion WOLEDs. Here, we demonstrate an
approach to enhance the color-conversion efﬁciency of CCL-WOLEDs by localized surface plasmon
resonance (LSPR) effect. In this approach, a blend of Ag nanoparticles and polyvinyl alcohol (PVA) is
solution-deposited between the blue organic light emitting diodes and color-conversion layer. Based on
the LSPR effect of this modiﬁed structure, the color conversion efﬁciency has improved 32%, from 45.4%
to 60%, resulting a 14.4% enhancement of the current efﬁciency, from 9.73 cd/A to 11.14 cd/A. Our work
provides a simple and low-cost way to enhance the performance of down-conversion WOLEDs, which
highlights its potential in illumination applications.
© 2016 Published by Elsevier B.V.
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1. Introduction
White organic light-emitting diodes (WOLEDs) have drawn
signiﬁcant interest due to its remarkable advantages, such as surface lighting source, high color rendering capability, low cost, and
easy for ﬂexible devices [1e3]. Generally, the WOLEDs can be obtained by four approaches [4,5]: 1) single emissive layer doped with
red, green, and blue (RGB) emissive components [6e8], 2) vertical
stacking of RGB emission structures [9], 3) horizontal stacking of
RGB emission units [4], 4) down-conversion structure generated by
a complementary color conversion layer (CCL) in combination with
a single blue emission organic light-emitting diodes (OLED)
[10e12]. Among these approaches, the down-conversion structure
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exhibits great potential in illumination application due to its low
cost fabrication and excellent color stability under different driven
voltage. In order to improve the performance of down-conversion
WOLEDs, some research works have been reported [13]. In addition to enhance the light outcoupling of blue OLED unit, improving
converting ability of CCL becomes a vital issue. Yu-Hsuan Ho et al.
introduced periodical nanospheres between the blue OLED and the
red phosphor, increased the effective light path to achieve highefﬁciency color conversion [4,10,13e15]. Benjamin C. and coworkers reported the extraordinary enhancement of the device's
external light output due to the better phosphor layer based on a
nitridosilicate phosphor ([Sr,Ba,Ca]2Si5N8:Eu2þ) in CCL [4].
Localized surface plasmons (LSPs) are charge density oscillations conﬁned to metallic nanoparticles, and the excitation of LSPs
by an electric ﬁeld at an incident wavelength where resonance
occurs results in an enhancement of the local electromagnetic
ﬁelds [16e21]. Localized surface plasmons resonance (LSPR) effect
has aroused considerable attention in ﬂuorescent enhancement
[22], high-efﬁciency organic solar cells and simple monochromatic
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OLEDs [16,17,23]. In this work, a performance enhancement of
down-conversion WOLED is ﬁrst demonstrated based on the LSPR
effect of Ag nanopaticles (Ag Nps). We chose the high efﬁcient
material iridium (III) [bis(4,6-diﬂuoropheny)-pyridinato-N,C2’] picolinate (Firpic) as a blue-emitter layer in blue OLED unit, and a
ﬂuorescent
dye
poly(2-methoxy-5-(2-ethyl-hexyloxy)-1,4phenylene-vinylene) (MEHPPV) as a CCL. By inserting the Ag Nps
layer into substrate/CCL interface, the color conversion efﬁciency
has improved 32%, from 45.4% to 60%, resulting a 14.5% enhancement of the current efﬁciency, from 9.73 cd/A to 11.14 cd/A.
2. Experimental methods
2.1. Fabrication and characterization of the color-conversion layer
with Ag Nps
Ag Nps used in this study were synthesized according to the
report of Subrata Kundu [24e27]. As shown in Fig. 1(a), the size of
Ag Nps distributed around 80 nm. To reduce the agglomeration of
Ag Nps, the Ag Nps aqueous solution was mixed uniformly with
40 mg/ml polyvinyl alcohol (PVA) at the volume ratio of 1:1. Indium
tin oxide (ITO) glass with a sheet resistance of 25U/, was used as
substrate. After being cleaned with deionized water and organic
solvents and exposed into an UV-ozone atmosphere, the mixed
solution of Ag Nps and PVA was spin-coated at 1000 rpm for 30 s
onto the glass side of indium tin oxide (ITO) substrate to form the

Fig. 1. (a) TEM images of Ag Nps; (b) AFM image of Ag-PVA thin ﬁlm.
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ﬁlm with Ag Nps. Then the ﬁlm was thermally annealed at 140  C
under atmosphere for 20 min. The Ag Nps ﬁlm was characterized by
atomic force microscope (AFM). Ag Nps distributed evenly on the
glass surface with no signiﬁcant agglomeration, as shown in
Fig. 1(b). After cooling down of Ag Nps ﬁlm, MEHPPV solution with
concentration of 6 mg/ml was spin-coated at 3000 rpm for 30 s on
the Ag Nps ﬁlm and annealed at 80  C for 5 min. The thickness of
MEHPPV ﬁlm was around 60 nm.
2.2. OLED fabrication and characterizations
OLEDs were fabricated onto a cleaned glass substrate by thermal
evaporation at a pressure of 1  103 Pa without vacuum break. The
thickness of the ﬁlms was determined using a quartz-crystal sensor.
Emission area of the device was about 12 mm2. The voltageecurrent density (VeJ) and voltageebrightness (VeL) characteristics of the devices were measured with a Keithley 2602 source
meter. All the measurements were carried out at room temperature
under ambient conditions. Photoluminescence (PL) and absorption
spectra were recorded by a Horiba Jobin Yvon Fluoromax-4 spectrophotometer and a Hitachi UV 3010 spectrophotometer, respectively. The PR650 spectrophotometer and ﬁber optic spectrometer
were utilized to measure the electroluminescent (EL) spectra. Four
different devices were fabricated and tested. As shown in Fig. 2, the
conﬁguration details of these devices are shown as below:
Device 1: MEHPPV (60 nm)/PVA (60 nm)@Ag Nps/Glass/ITO/
HATCN (10 nm)/TAPC (45 nm)/Mcp: Firpic 10 wt% (20 nm)/Tmpypb
(45 nm)/LiF (1 nm)/Al.
Device 2: MEHPPV (60 nm)/PVA (60 nm)/Glass/ITO/HATCN
(10 nm)/TAPC (45 nm)/Mcp: Firpic 10 wt% (20 nm)/Tmpypb
(45 nm)/LiF (1 nm)/Al.
Device 3: PVA (60 nm)@Ag Nps/Glass/ITO/HATCN (10 nm)/TAPC
(45 nm)/Mcp: Firpic 10 wt% (20 nm)/Tmpypb(45 nm)/LiF (1 nm)/Al.
Device 4: PVA (60 nm)/Glass/ITO/HATCN (10 nm)/TAPC (45 nm)/
Mcp: Firpic 10 wt% (20 nm)/Tmpypb (45 nm)/LiF (1 nm)/Al.
Device 1 is white device with PVA@Ag Nps and Device 2 is the
control device, Device 3 is blue device with PVA@ Ag Nps Ag and
Device 4 is also fabricated for comparison. Here di-[4-(N,N-ditolylamino)-phenyl]cyclohexane (TAPC) and 1,3,5-tri[(3-pyridyl)-phen3-yl]benzene (Tmpypb) were used as the hole-transport layer and

Fig. 2. Schematic structures of the Device 1, Device 2, Device 3 and Device 4
respectively.
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electron-transport layer respectively due to their high carrier
transport and exciton conﬁnement capabilities. The optimal doping
ratio for 3-bis(9-carbazolyl)benzene (Mcp):Firpic was 10 wt%.
3. Results and discussions
As shown in Fig. 3(a), the color conversion material exhibits
strong absorption from 450 nm to 550 nm and emission with the
peak wavelength at 590 nm. The electroluminescence peak of the
blue device is approximate 472 nm, which has a high overlap efﬁciency with the absorption spectrum of MEHPPV, so the energy
transfer is efﬁcient from emitting layer in blue OLED to the CCL. The
UVevis absorption spectra of the Ag Nps displayed a surface plasmon absorption from 390 nm to 550 nm with band centered at
450 nm, which echoes the report by Park's report very well [23]. It
is considered that LSPR will be excited easily because the emission
of Firpic quite agrees with the absorption of Ag Nps. As shown in
Fig. 2(b), when the Ag Nps and PVA blend ﬁlm is inserted into Glass/
MEHPPV interface, PL intensity enhancement of 1.8 times can be
observed compared with the control ﬁlm without Ag Nps.
Typically, ﬂuorescence enhancement of LSPR effect can be understood in two different mechanisms. one is the signiﬁcant optical
absorption enhancement. Once incident spectra and UVevis absorption spectra of Nps overlap well, strong local plasmons ﬁeld
around metal Nps will be generating. Optical absorption of

ﬂuorescence molecules is enhanced when molecules are placed
near metal Nps, the absorption coefﬁcient of the ﬂuorescent molecules depend on the local plasmons ﬁeld intensity. Under the
intense electric ﬁeld, the population of the excited state ﬂuorescent
will increase. On the other hand, emission intensity can be
enhanced by LSPs coupling with exciton emission or ﬂuorescence
molecule excitation. This situation would occur on condition that
there is an overlap between emitting spectra of ﬂuorescence
molecule and UVevis absorption spectra of metal Nps. LSPRexciton coupling process is much faster than spontaneous recombination of excitons, so we obtain reduced decay time of ﬂuorescence molecule PL. For the lack of spectra overlap between UVevis
absorption spectra of Ag Nps and PL spectra of MEHPPV in our
work, PL enhancement mechanism mainly belongs to the ﬁrst one.
Fig. 4(a) exhibits the currentevoltageeluminanceeefﬁciency
(IeVeLeh) characteristics of these devices, currentevoltage curves
of Device 1, 2, 3 and 4 are almost the same, which means the
fabrication process of Ag Nps layer dose not inﬂuence the electronic
property of these devices. As shown in Fig. 4(b), for white Device 1
and 2, the peak current efﬁciency are 11.14 cd/A and 9.73 cd/A, and
the peak luminance are 9361 cd/m2 and 6331 cd/m2, respectively.
The white Device 1 with Ag Nps exhibited a nearly 14.5%
improvement of efﬁciency compared to Device 2 due to the LSPR
effect of the Ag Nps. To investigate the inﬂuence of the Ag Nps on
the Devices, Device 3 and Device 4 were fabricated. The peak current efﬁciency of Device 3 and Device 4 are 28.25 cd/A and 29.9 cd/
A, and the peak luminance were 22825 cd/m2 and 30675 cd/m2,
respectively. There is a 5.8% efﬁciency loss for Device 3 compared to
Device 4. The main reason for this phenomenon is that the Ag Nps
could absorb the light from blue OLED unit.
Fig. 5(a) shows the normalized EL spectra for Device 1 and Device 2. There are three peaks, the left two peaks generated from the
blue OLED unit, and the right peak generated from dye MEHPPV in
the CCL. When CCL is incorporated with blue OLED, some blue
emission of Firpic is absorbed and then converted to red ﬂuorescence of MEHPPV resulting in a mixture of white emission. The red
part of MEHPPV emission in the device with Ag Nps is obviously
enhanced in comparison with the device without Ag Nps. This
result suggests that the ﬂuorescence of MEHPPV is enhanced by the
LSPR effect around Ag Nps. The inset is the EL spectra, which is used
to calculate the color conversion efﬁciency. As shown in Fig. 5(b),
the inset EL spectra of Device 3 showed lower intensity compared
with that of Device 4 because Ag Nps absorbed the light from blue
unit, which matched well with the current efﬁciency.
Color conversion efﬁciency (CCE) is an important index to
measure the conversion ability of CCL. The color conversion efﬁciency can be expressed as

color conversion efficiency ¼

generation of red photons
decrease of blue photos

(1)

To study the conversion efﬁciency from blue light to red light,
we divided the white emission spectra by Gaussian functions to
calculate the photon densities for red and blue light. The color
conversion ratio is deﬁned as the photon density of converted red
light divided by the decrease of blue light. The decrease of blue light
is calculated by comparing the difference between blue OLEDs with
and without the CCL.

color conversion efficiency ¼
¼
Fig. 3. (a) Absorption and PL spectra of the emitters as well as absorption of Ag Nps;
(b) Emission spectra of sample with/without Ag Nps excited wavelength is localized at
472 nm.

hc1 $B0
ðDevice 1Þ
hext0 $B0  hext1 $B0

hc2 $B0
ðDevice 2Þ
hext00 $B0  hext2 $B0
(2)
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Fig. 5. (a) Normalized EL spectra for Device 1 and 2 at 5 V respectively; (b) Normalized
EL spectra for Device 3 and 4 at 5 v respectively; Insets are non-normalized EL spectra.

Fig. 4. (a) Currentevoltage characteristics of the Device 1, Device 2, Device 3 and
Device 4 respectively; (b) Current efﬁciency-Voltage-Luminance of the Device 1, Device
2 respectively; (c) Current efﬁciency-Voltage-Luminance of the Device 3 and Device 4
respectively.

As shown in Fig. 6, whereB0 is the blue light photons density
generated and hext1 , hext2 , hext0 , hext00 show the blue light photons
extraction efﬁciency of the Device 1, Device 2, Device 3 and Device
4, respectively. Due to absorption of blue light by Ag Nps, hext0 is
slightly less than hext00 . As the same, hext1 is slightly less than hext2 .
Due to the LSPR effect of Ag Nps, hc1 is more larger than hc2 , thus,
the conversion ratio of Device 1 is greater than that of Device 2.
Calculating from the CCE formula (2), the CCE of Device 1 and 2 are

60% and 45.4%, respectively. Compared to Device 2, there is a 32%
enhancement for Device 1, therefore, Ag Nps act as an effective
method in enhancing CCE of CCL.
It is well known that LSPR intensity decays almost exponentially
with distance away from the nanoparticle surface [28]. Typically,
10-fold enhancement in the ﬁeld intensity can be obtained at the
Ag Np surface, and the decay constant is on the order of 10 nm. In
order to verify the enhanced range of LSPR on the performance of
CCL-WOLEDs, Device 5 and Device 6 with increased thickness of
MEHPPV were fabricated. The conﬁguration details are shown as
below:
Device 5: MEHPPV (80 nm)/PVA (60 nm)@Ag Nps/Glass/ITO/
HATCN (10 nm)/TAPC (45 nm)/Mcp:Firpic 10 wt% (20 nm)/Tmpypb
(45 nm)/LiF (1 nm)/Al.
Device 6:MEHPPV (80 nm)/PVA (60 nm)/Glass/ITO/HATCN
(10 nm)/TAPC (45 nm)/Mcp:Firpic 10 wt% (20 nm)/Tmpypb
(45 nm)/LiF (1 nm)/Al.
Increased thickness of MEHPPV ﬁlm leads to increased distance
from MEHPPV molecules to Ag Nps, once the distance exceeds the
effective range, LSP ﬁeld strength will reduce to very low. Thus,
increasing the thickness of MEHPPV reduces the ﬂuorescence
enhancement effect of Ag Nps, as shown in Fig. 7.
Furthermore, Fig. 8 shows the angular dependence of the
emission for Device 1 and Device 2 as well as the ideal Lambertain
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Fig. 6. Illustrations for parameters that used in color conversion efﬁciency calculation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

conversion efﬁciency of down-conversion structure WOLED by
introducing Ag Nps. The normalized EL spectra showed that LSPR of
Ag Nps enhanced the red emission and color conversion efﬁciency
in CCL. Based on the LSPR effect of this modiﬁed structure, the color
conversion efﬁciency has improved 32%, from 45.4% to 60%,
resulting a 14.5% enhancement of the current efﬁciency, from
9.73 cd/A to 11.14 cd/A. These results indicate that CCL combined
with Ag Nps possesses great potential for use in display and lighting
applications.
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