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ABSTRACT: Highly efficient inverted-type red-emitting
hybrid polymeric light-emitting diodes (HyPLEDs) were
successfully demonstrated via Förster resonance energy
transfer (FRET) and interfacial engineering of metal oxide
with a cationic conjugated polyelectrolyte (CPE). Similarly
structured green- and red-emissive polyfluorene copolymers,
F8BT and F8TBT, were homogeneously blended as a FRET
donor (host) and acceptor (dopant). A cationic polyfluorene-
based CPE was also used as an interfacial layer for optimizing
the charge injection/transport and improving the contact problem between the hydrophilic ZnO and hydrophobic polymer layer.
A long Förster radius (R0 = 5.32 nm) and high FRET efficiency (∼80%) was calculated due to the almost-perfect spectral overlap
between the emission of F8BT and the absorption of F8TBT. A HyPLED containing 2 wt % F8TBT showed a pure red emission
(λmax = 640 nm) with a CIE coordinate of (0.62, 0.38), a maximum luminance of 26 400 cd/m2 (at 12.8 V), a luminous efficiency
of 7.14 cd/A (at 12.8 V), and a power efficiency of 1.75 lm/W (at 12.8 V). Our FRET-based HyPLED realized the one of the
highest luminous efficiency values for pure red-emitting fluorescent polymeric light-emitting diodes reported so far.
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■ INTRODUCTION

Over the past two decades, conjugated polymer-based light-
emitting diodes (PLEDs) have been extensively exploited for
full-color flat-panel displays, solid-state lighting, and flexible
optoelectronics, because of their low cost, facile color tunability
by chemical structure modification, solution processability,
large area fabrication, and mechanical flexiblility.1−4

The balanced device efficiency and lifetime of R-G-B light
emissions are required to realize full-color display devices as a
commercial product. However, both color purity and device
efficiency of red-emissive PLEDs are still far behind those of
green-emissive PLEDs. Several approaches have been suggested
to realize red-light emission. A main strategy contains a

chemical synthesis by combining a low-band-gap red-emitting
moiety (such as 2,1,3-benzothiadiazole5,6 and 2,1,3-benzosele-
nadiazole derivatives,6,7 etc.) into a polymeric main chain, side
chains, or end groups. In particular, the optical and electrical
properties of polyfluorene (PFO)-based polymers can be easily
controlled by the modification of chemical structure and red
emission can be realized through introduction of comonomers
into the PFO backbone, such as 4,7-bis(2-thienyl)-2,1,3-
benzothiadiazole (TBT).8 However, the red-emitting structures
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often show a poor photoluminescence quantum yield (PLQY),
due to strong intermolecular interactions, via dipole−dipole
coupling and/or π−π stacking, which leads to exciton
quenching in a solid state.9 Thus, most previously reported
red-emissive PLEDs have shown poor luminance efficiency
(less than ∼2.0 cd/A).10−13 Attachment of a red-emissive
moiety to the side chain of a PFO host was suggested to avoid
the problems of phase separation and concentration quench-
ing.14,15 Recently, Chen et al. reported red-emitting PLED
based on a doped polymer system with PFO as a host and
2,1,3-benzothiadiazole derivatives as a red dopant, showing a
luminance efficiency of 5.50 cd/A, which is the highest
efficiency for pure red-emitting PLEDs until now.15

The other universal method employs the polymer blend
system, which is obtained by mixing a red-emitting polymer (or
fluorophore) with a green-emitting host polymer, such as a
polymer−polymer blend, polymer−small-molecule blend, and
polymer−inorganic-complex blend, where efficient red emis-
sion can be realized via Förster resonance energy transfer
(FRET).16−19 However, polymer blend system has several
problems, such as poor color stability caused by phase
separation, the change of emission spectra with high bias
voltage, and difficulties in fine-tuning the emission color. If
dopant materials are uniformly dispersed in a host matrix,
exciton quenching and poor color stability can be minimized.
Moreover, the shift of emission spectrum toward a longer
wavelength via FRET prevents overlap between absorption and
emission spectra with decreased self-absorption. The effective
dopant concentration has been reported to be no greater than
2% ± 0.5% (by weight).16

Conjugated polyelectrolytes (CPEs) with amphiphilic
characteristics have been successfully utilized as an effective
charge transport layer in organic optoelectronic devices.20,21

The preference for the CPE polymer backbone to interact with
the hydrophobic organic interface leads to generation of the
spontaneously oriented interfacial dipoles. This can modify the

electronic structures, shift the vacuum level and electrical
contact at the interfaces, lower the energy barrier for charge
injection/transport, and reduce the interfacial resistance
between the hydrophilic metal oxide and hydrophobic active
layers.
Here, we report a highly efficient red-emissive PLED via

FRET using a homogeneous polymer blend of poly(9,9′-
dioctylfluorene-co-2,1,3-benzothiadiazole) (F8BT) and poly-
[9,9′-dioctylfluorene-co-(4,7-bis(4-hexyl-2-thienyl)-2,1,3-ben-
zothiadiazole)] (F8TBT). The two polymers are well-miscible
to minimize phase separation due to the structural similarity
based on the same polyfluorene backbone. The air-stable
inverted-type organic−inorganic hybrid PLED (HyPLED) with
a FTO/ZnO/F8BT:F8TBT/MoO3/Au configuration showed a
red emission with a CIE coordinate (0.62, 0.38) and a luminous
efficiency of 7.14 cd/A. The surface of the ZnO layer was
modified with a cationic conjugated polyelectrolyte (CPE),
poly(9,9′-bis(6″-N,N,N-trimethylammoniumhexyl)fluorene-alt-
phenylene) with bromide counterions (FPQ-Br) for efficient
electron transport and hole blocking in the inverted PLEDs.
Our HyPLED based on homogeneous polymer blends
demonstrated the highest luminous efficiency among the pure
red-emitting fluorescent PLEDs reported so far, through
efficient FRET and interface engineering with the CPE layer.

■ EXPERIMENTAL SECTION
Synthesis of F8TBT. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaboro-

lan-2-yl)-9,9-dioctylfluorene (0.200 mmol, 0.129 g), 4,7-bis(5-bromo-
4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (0.200 mmol, 0.125 g), and
Pd(PPh3)4 (3 mol %) were dissolved in a degassed mixture of toluene
(6.0 mL) and aqueous 2 M K2CO3 solution (2.5 mL). The reaction
mixture was stirred at 90 °C overnight. The mixture was precipitated
into methanol and stirred for 2 h. The crude polymer was purified by
Soxhlet extraction (with acetone and chloroform) and short column
chromatography. Yield: 0.14 g (80%). 1H NMR (300 MHz, CDCl3) δ
(ppm): 8.07 (s, 2H), 7.98 (s, 2H), 7.79 (d, 2H), 7.55 (d, 2H), 7.52 (s,
2H), 2.83 (br, 4H) 2.06 (br, 4H), 1.77 (br, 4H), 1.49−1.13 (m, 36H),

Figure 1. (a) Device structure of HyPLEDs. (b) Energy-level diagram of ZnO/FPQ/F8BT:F8TBT. (c) Chemical structure of FPQ, F8BT, and
F8TBT.
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0.89−0.79 (m, 12H). Number-average molecular weight (by gel
permeation chromatography (GPC) in CHCl3), Mn = 16 000 g mol−1

(PDI = 1.9).
Synthesis of CPE. The CPE (FPQ-Br) was synthesized by

modifying the previously reported procedures.30 1H NMR (300 MHz,
DMSO) δ (ppm): 8.00−7.74 (br, 10H), 3.17 (br, 4H), 2.96 (s, 18H),
2.19 (br, 4H), 1.50 (br, 4H), 1.10 (br, 8H), 0.72 (br, 4H).
Fabrication of IPLEDs. FTO substrates were cleaned by

sequential ultrasonication in acetone and isopropyl alcohol (IPA),
and dried under a N2 stream. An 80-nm-thick n-type ZnO layer was
prepared by spray pyrolysis deposition from 80 mg mL−1 zinc acetate
dihydrate/methanol precursor solutions at 400 °C. The CPE layer was
spin-coated on top of the ZnO layer from a methanol solution (0.1 wt
%) and then annealed at 120 °C for 10 min to remove residual
methanol. A 350-nm-thick F8BT:F8TBT emissive layer was spin-
coated from p-xylene solutions (35 mg mL−1) onto the CPE-modified
ZnO surface, and then thermal annealing was performed at 155 °C for
1 h under a nitrogen atmosphere. A 10-nm-thick MoO3 layer and a 70-
nm-thick gold layer were subsequently evaporated on the emissive
layer to complete the device fabrication.
Atomic Force Microscopy (AFM). The surface morphology of

the pure F8BT film and F8BT:F8TBT blended film were characterized
by atomic force microscopy (AFM). The AFM images (5 μm × 5 μm)
were measured by a Veeco AFM microscope in tapping mode.
Absorption and Photoluminescence (PL) Characterization.

The ultraviolet−visible (UV-Vis) absorption spectrum is obtained via
UV−vis spectrometry (Varian Cary 5000). The photoluminescence
spectra of F8BT and F8BT:F8TBT blended films on a quartz substrate
were obtained on a Cary Eclipse spectrofluorometer with a xenon
lamp as an excitation source (Edinburgh Instruments, Ltd.).
Time-Correlated Single Photon Counting (TCSPC) Charac-

terization. The exciton lifetime was determined by the time-
correlated single photon counting (TCSPC) technique. The details
are shown in ref 3.

■ RESULTS AND DISCUSSION
Figure 1a shows a HyPLED device configuration based on the
homogeneous F8BT:F8TBT blend as an active electro-

luminescent layer. The device was prepared by sequential
deposition of ZnO (electron injection layer), FPQ-Br (electron
transport and hole blocking layer), F8BT:F8TBT (emissive
active layer), MoO3 (hole injection layer), and Au (anode) on a
FTO transparent electrode/glass substrate (cathode).
Recently, MoO3 deposited on gold demonstrated an

unprecedented ohmic hole injection into a green-light-emitting
polymer, F8BT.22,23 In contrast, electron injection is much
poorer than hole injection in HyPLEDs, because of the large
contact barrier between the conduction band of ZnO (∼4.0

eV)21,24,25 and the lowest unoccupied molecular orbital
(LUMO) of F8BT (∼3.0 eV).20,24 Consequently, electron
and hole injections are unbalanced and their recombination
probability is also low in HyPLEDs without interfacial
engineering. In our previous study, we have successfully
demonstrated an ideal surface engineering and highly efficient
HyPLEDs by introducing the CPE layer (FPQ-Br) on top of
the metal oxide as an electron transport layer (ETL) and hole
blocking layer (HBL).21 Spontaneously aligned interfacial
dipoles within the interfacial CPE layer between metal oxide
and organic semiconductor layers offered the reduced injection

Figure 2. (a) Normalized electroluminescence (EL) spectra for a
series of FTO/ZnO/FPQ/F8BT:F8TBT/MoO3/Au devices with
different F8TBT concentrations (expressed as wt %). (b) CIE
chromaticity diagram for a series of FTO/ZnO/FPQ/F8BT:F8TBT/
MoO3/Au devices with different F8TBT concentrations (expressed as
wt %).

Figure 3. (a) Time-resolved PL signals of F8BT, F8TBT (1%), and
F8TBT (2%) films, measured by time-correlated single photon
counting (TCSPC) at emission wavelengths of 530-550 nm. (b−d)
Time-resolved PL signals of F8BT, F8TBT (1%), and F8TBT (2%)
films, measured by time-correlated single photon counting (TCSPC)
at specific emission wavelengths of (b) 530 nm, (c) 540 nm, and (d)
550 nm. (e) Exciton lifetime of F8BT, F8TBT (1%), and F8TBT (2%)
films.

Table 1. Summarized Exciton Lifetime of F8BT, F8TBT
(1%), and F8TBT (2%) Filmsa

film configuration τavr [ns] η [%]

530 nm Emission
quartz/F8BT 1.44
quartz/F8BT(99%):F8TBT(1%) 0.56 61.1
quartz/F8BT(98%):F8TBT(2%) 0.28 80.6

540 nm Emission
quartz/F8BT 1.86
quartz/F8BT(99%):F8TBT(1%) 0.62 66.7
quartz/F8BT(98%):F8TBT(2%) 0.31 83.3

550 nm Emission
quartz/F8BT 1.82
quartz/F8BT(99%):F8TBT(1%) 0.60 67.0
quartz/F8BT(98%):F8TBT(2%) 0.36 80.2

aλEx = 450 nm.
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barrier for electrons as well as effective hole blocking. Although
perfectly balanced carrier injection was not fully achieved, it
provided a new opportunity to maximize the electron−hole
recombination probability in the active layer.
Figure 1b shows the schematic energy level diagram of the

ZnO/FPQ-Br/F8BT:F8TBT blend layer employed in this
study. (A full energy diagram including F8BT and F8TBT is
provided in Figure S1 in the Supporting Information.) The
spontaneous negative dipole in the FPQ-Br CPE layer pointing
away from the ZnO interface would effectively shift the band
edge of the ZnO closer to the vacuum level of the polymer
blend layer.20,21 The self-aligned interfacial dipoles at the CPE/
ZnO interface were confirmed by measuring the temporal time
response of current density and luminance for FTO/ZnO/150-
nm-thick F8BT(98%):F8TBT(2%)/MoO3/Au with (line
formed by solid red circles) and without CPE (line formed
by solid black squares) layer under a forward bias of 8.0 V. The
current density and luminance under a constant forward bias of
8.0 V did not show significant changes with time, as shown in
Figure S2 in the Supporting Information.
The chemical structures of FPQ-Br, F8BT, and F8TBT are

shown in Figure 1c. It is well-known that F8BT is a highly
efficient green emitter particularly in HyPLEDs.20,21,26 A red-
emitting polymer, F8TBT was designed and synthesized for
blending with green-emitting F8BT as a dopant. F8BT and
F8TBT are expected to have great compatibility (and
miscibility) in common organic solvents because both
structures have the same PFO-based main backbone.

F8BT was supplied from Cambridge Display Technology,
Ltd. (Mn = 114 kg mol−1). F8TBT was synthesized following
the previously reported procedures.8 The monomer, 4,7-bis(5-
bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole was prepared
by palladium-catalyzed stille coupling between 4-(hexyl-2-
thienyl)stanne and 4,7-dibromo-2,1,3-benzothiadiazole, fol-
lowed by bromination with N-bromosuccinimide. The
brominated monomer was polymerized with 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene via Su-
zuki polycondensation in 80% yield. The number-average
molecular weight was measured to be 16 000 g mol−1 (PDI:
1.9) via GPC, using chloroform as an eluent, relative to a
polystyrene standard. The hexyl side chain on the thiophene
moiety yielded good solution processability for device
fabrication.8

The UV−vis absorption and PL spectra of F8TBT and F8BT
are shown in Figure S3 in the Supporting Information. The
emission spectrum of F8BT (λmax = 540 nm) was almost
perfectly overlapped the absorption spectrum of F8TBT (λmax
= 550 nm) in film, where efficient FRET from the F8BT host to
the F8TBT dopant is expected. The energy-transfer efficiency is
also very sensitive to the intermolecular distance between the
donor and acceptor molecules; thus, a homogeneous polymer
blend without phase separation is crucial for enhanced device
performance and long-term stability. In Figure S4 in the
Supporting Information, atomic force microcopy (AFM)
images of the F8BT:F8TBT blending film (98:2 (wt %))
showed no phase separation morphology, while the
F8BT:F8TBT blend film (70:30 (wt %)) showed an aggregated

Figure 4. HyPLEDs characterization of (a) current density versus voltage (J−V), (b) luminance versus voltage (L−V), (c) luminous efficiency versus
luminance (E−L), and (d) power efficiency versus luminance (P−L).

Table 2. Summarized Device Performances of HyPLEDs with Different F8TBT Concentrations

device configuration Lmax [cd/m
2] @ bias LEmax [cd/A] @ bias PEmax [lm/W] @ bias EQEmax [%] @ bias

FTO/ZnO/FPQ/F8BT(100%)/MoO3/Au 32000 (14.4 V) 11.60 (14.2 V) 2.57 (14.2 V) 3.4
FTO/ZnO/FPQ/F8TBT(100%)/MoO3/Au 120 (12.8 V) 0.023 (9.2 V) 0.0082 (8.4 V) 2.8
FTO/ZnO/FPQ/F8BT(99.5%):F8TBT(0.5%)/MoO3/Au 31200 (14.0 V) 10.14 (13.4 V) 2.38 (13.4 V) 3.0
FTO/ZnO/FPQ/F8BT(99.0%):F8TBT(1.0%)/MoO3/Au 27200 (13.2 V) 8.82 (13.2 V) 2.10 (13.2 V) 2.8
FTO/ZnO/FPQ/F8BT(98.0%):F8TBT(2.0%)/MoO3/Au 26400 (12.8 V) 7.14 (12.8 V) 1.75 (12.8 V) 2.8
FTO/ZnO/F8BT(98.0%):F8TBT(2.0%)/MoO3/Au 3030 (14.2 V) 0.69 (14.0 V) 0.15 (14.0 V) 3.8
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morphology. It supports the formation of homogeneous surface
morphology with no visible phase separation in F8BT:F8TBT
film (98:2 (wt %)).
Figure 2a represents the electroluminescence (EL) emission

spectra of F8BT, F8TBT, and F8BT:F8TBT blended polymers
with different F8TBT doping concentrations of 0.5, 1.0, and 2.0
wt %. EL emission spectra of the F8BT:F8TBT blends changed
with the F8TBT dopant concentration. As the concentration of
F8TBT increased, the typical spectral characteristics of F8BT
disappeared and that of the red F8TBT emission (λmax = 640
nm) increased. At a doping concentration of 2 wt %, almost-
pure red emission was measured via complete FRET from
F8BT to F8TBT. The EL emission spectrum of the
homogeneous F8BT:F8TBT blend film (98:2 (wt %)) was
much narrower than that of pure F8TBT, because of a solid-
solution state effect that the polymer F8TBT was uniformly
dispersed in the F8BT host polymer matrix as existing in
solution state and the intermolecular interactions are
significantly reduced by dilution effects.19 This behavior was
also shown in the CIE coordinates in Figure 2b. The CIE
(1931) coordinates of F8BT, F8TBT, and F8BT:F8TBT
blends with F8TBT concentrations of 0.5, 1.0, and 2.0 wt %
in HyPLEDs, were determined to be (X = 0.42, Y = 0.56), (X =
0.68, Y = 0.31), (X = 0.52, Y = 0.47), (X = 0.57, Y = 0.43), and
(X = 0.62, Y = 0.38), respectively. The color coordinates
dramatically moved toward a pure red emission with the
addition of a small amount of F8TBT into the F8BT matrix.
The spectral changes with different doping content of

F8TBT were analyzed by dipole−dipole Förster energy transfer
from F8BT to F8TBT. The Förster radius (R0) is defined as the
distance between the donor and the acceptor materials at which
the probability of intermolecular energy transfer equals that of
the donor relaxation via fluorescence. This means that the
exciton on F8TBT is as likely to decay (either radiatively or
nonradiatively) as it is to decay on F8BT. R0 can be calculated
from the spectral overlap of the emission of donor and
absorption of acceptor via eq 1:18,27

=
⎛
⎝⎜

⎞
⎠⎟R

K
N n

T( )
0.5291

0
6

2

A
4

(1)

where K2 is an orientation factor (2/3 for random orientation),
NA is Avogadro’s number, and n is the refractive index of the
host. T is the overlap integral between the absorption spectrum
of the acceptor and the fluorescence spectrum of the donor,
which is defined as follows:

∫ ν ε ν ν
ν

= ̅ ̅
̅

∞
T F ( ) ( )

d
m Q

0 4 (2)

where Fm is the normalized fluorescence spectrum of the donor,
and εQ is the molar extinction coefficient of the acceptor, both
expressed as a function of energy in wavenumbers (ν ̅).
For our F8BT:F8TBT blend system, a large value of R0 was

calculated (5.32 nm), which comes from the almost-perfect
overlap between the emission of F8BT and the absorption of
F8TBT, leading to very efficient Förster energy transfer.
Moreover, the FRET efficiency was also measured by time-
correlated single-photon counting (TCSPC) technique, accord-
ing to eq 3:28,29

τ
τ

= −E 1FRET
DA

D (3)

where τDA is the exciton lifetime of the donor in the presence of
the acceptor and τD is the lifetime of the donor alone (without
acceptor). The average exciton lifetime of the donor, F8BT, was
determined to be 1.4−1.8 ns. The lifetime of the blended films
decreased up to ∼0.6 ns at [F8TBT] = 1 wt % and ∼0.3 ns at
[F8TBT] = 2 wt %. As the doped concentration of F8TBT
(acceptor) increased, the exciton lifetime of F8BT decreased,
because of the additional fast pathway for deactivation of the
excited states via efficient FRET to F8TBT (Figure 3). The
resulting FRET efficiency was calculated to be ∼60% and ∼80%
for the F8BT(99%):F8TBT (1%) and F8BT(98%):F8TBT
(2%) blended systems, respectively. The detailed liftetime data
are summarized in Table 1.
The detailed EL characteristics of F8BT, F8TBT, and

F8BT:F8TBT in HyPLEDs were investigated by (a) current
density versus applied voltage (J−V), (b) luminance versus
applied voltage (L−V), (c) luminous efficiency versus
luminance (E−L), and (d) power efficiency versus luminance
(P−L), as shown in Figure 4. The F8TBT-based HyPLED was
fabricated as a reference, showing a maximum luminance of 120
cd/m2 (at 12.8 V), luminous efficiency of 0.023 cd/A (at 9.2
V), and power efficiency of 0.0082 lm/W (at 8.4 V). In
contrast, HyPLEDs containing a polymer blend with 2 wt %
F8TBT showed the ideal red emission (λmax = 640 nm) and
dramatically enhanced EL performance with a maximum
luminance of 26 400 cd/m2 (at 12.8 V), a luminous efficiency
of 7.14 cd/A (at 12.8 V), and a power efficiency of 1.75 lm/W
(at 12.8 V), showing ca. 200−300-fold enhanced luminous
characteristics, compared to the reference HyPLED. This high
device efficiency in inverted-type red-emitting HyPLEDs
originates from effective FRET with a large value of R0 (5.32
nm) and interfacial engineering of metal oxide layer with the
CPE. Details of the device characteristics are shown in Table 2.
Moreover, the air stability of HyPLEDs with a homogeneous

F8BT:F8TBT blending system was evaluated under ambient
atmospheric conditions without further encapsulation (see
Figures S5(a)−(c) in the Supporting Information). The
luminance and luminous efficiency of the device were measured
at 100 cd/m2 for 100 h. Despite the long exposure to the air,
the normalized luminance and luminous efficiency for 100 h
were maintained almost uniformly, compared to those of their
initial state. In Figure S5(d) in the Supporting Information, the
spectra of HyPLEDs with homogeneous F8BT:F8TBT
blending films were similar with increased luminance. However,
the spectra of HyPLEDs using F8BT:Merck-red and
F8BT:P3HT blending films with different polymer backbones
changed as the luminance increased, as shown in Figures S5(e)
and S5(f) in the Supporting Information. Therefore, we
confirm that the HyPLEDs with a homogeneous F8BT:F8TBT
blending film show long-term stability of the desired donor−
acceptor nanomorphology.

■ CONCLUSION
In conclusion, we demonstrated a highly efficient red-emitting
hybrid polymeric light-emitting diodes (HyPLED) via Förster
energy transfer with the homogeneous polymer blend of
similarly structured F8BT and F8TBT based on a same
polyfluorene conjugated backbone. Inverted-type device
architecture was utilized with zinc oxide/conjugated polyelec-
trolyte (ZnO/CPE) as an electron injection/transport layer to
optimize the EL characteristics of HyPLED. A large Förster
radius of R0 = 5.32 nm was determined due to the almost-
perfect spectral overlap between the emission of F8BT and
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absorption of F8TBT as a FRET donor and acceptor,
respectively, resulting in efficient Förster resonance energy
transfer (FRET)-mediated red emission (FRET efficiency ≈
80%). The inverted PLED based on F8BT:F8TBT (98:2 (wt
%)) showed a red emission (CIE coordinate = (0.62, 0.38), λmax
= 640 nm) with the maximum luminance of 26 400 cd/m2, a
luminous efficiency of 7.14 cd/A, and a luminance turn-on
voltage of 2.8 V. To the best of our knowledge, the luminous
efficiency obtained here is the one of the highest values for pure
red-emissive polymeric light-emitting diodes reported so far.
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