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Organic light-emitting diodes (OLEDs) have potential applications in large area, full-colour, high resolution flat-panel displays,
future flexible displays, and solid-state lighting.[1–7] Although
device efficiencies and operational lifetimes of vacuumdeposited small-molecule OLEDs have been significantly
increased, state-of-the-art OLED device structures have been
developed to have more functional layers than did earlier
OLEDs.[5–9] These functional layers facilitate charge injection,
transport and blocking in the devices and thus to help balance
injection and transport of holes and electrons to the emitting
layer for efficient radiative recombination.[10,11] Another important role of these functional layers in multilayered OLEDs is
to prevent an exciton quenching near electrodes.[12–14] The
standard fabrication method for small-molecule OLEDs is
vacuum deposition, which has high costs of materials and
processing to fabricate multilayered structures, and so has been
a critical impediment to mass production at a low cost. Therefore, achieving simple structured OLEDs while maintaining
their original luminous current efficiency (CE) has become
a major challenge that must be solved before wide industrial
application of OLEDs can be economically feasible.
Emitting layers based on small molecules usually have
only their own emitting function without further high charge
injecting and transporting capability, so simplified small molecule OLED devices with a high CE have not been achieved
easily unlike polymer light-emitting diodes (PLEDs) in which
the single emitting polymer contains different functional (i.e.
emitting, hole-transporting or electron-transporting) repeating
segments.[15,16] Therefore, strategies to achieve high-CE OLEDs
with simplified structures having a single emitting dopant/
single host system should include the ways to improve (i)
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charge injection and transport to improve charge balance,
(ii) charge blocking to increase electron-hole recombination,
and (iii) block quenching of excitons to increase radiative decay.
The simplification strategies in vacuum deposited OLEDs to
date do not meet all the requirements at the same time.[17,18]
The most critical problem to simplify the device lies on occurrence of significant exciton quenching when the recombination
zone is close to the electrodes (e.g., indium tin oxides, metals
or conducting polymers). Therefore, it has been very difficult to
achieve high efficiency from the single-layered small molecule
devices. Therefore, it would be ideal to realize efficient simplified device involving one-step vacuum deposition of a smallmolecule emitting layer by removing the exciton quenching
near the electrodes. In this manner, the vacuum-deposited
small molecule OLEDs exploit the same simple device structure and advantages of low-cost and simple processing like the
polymer light-emitting diodes to realize flexible displays and
solid-state lighting devices.
This paper basically presents a fundamental and comprehensive strategy to realize very simplified small-molecule OLEDs
with a very high CE, which include only a single emitting
layer of small molecules on top of a spin-coated conducting
polymer layer. Conventional conducting polymers, poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
or polyaniline doped with polymeric acids have been usually
used as the hole injection layer (HIL) or the anode layer;[19,20]
however, in OLEDs the commonly used PEDOT:PSS has
serious problems due to inefficient hole-injection, inefficient
electron-blocking, and substantial quenching of excitons close
to the PEDOT:PSS.[14,19,21] With simplified structures with a
conventional HIL (PEDOT:PSS or a small molecule HIL), we
observed a significant drop of the CE.
Our idea to simplify the structure to realize highly efficient small-molecule OLEDs (Figure 1a) uses a molecularlycontrolled, high-performance interfacial polymeric HIL on the
anode, which enable efficient blocking of exciton quenching as
well as efficient hole-injection and efficient electron-blocking
at the same time. Our HILs are composed of PEDOT:PSS
and
a
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7octene-sulfonic acid copolymer, one of perfluorinated ionomers
(PFI), which develops a gradient work function (WF) by selforganization of the PFI (We call “GraHIL”). This single-layered
small molecule OLED has much greater CE (∼20 cd/A) than
do standard multilayered small molecule OLED devices that
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Figure 1. a) Schematics of devices conventional structures and simplified structures of OLED, b) Schematics of three different device structures of
organic light emitting diodes fabricated in this experiment.

use conventional well-known hole injecting small-molecule,
4,4′,4″-tris(N-(2-naphthyl)-N-phenyl-amino)triphenylamine
(2-TNATA) as a HIL (CE ∼12 cd/A). The dramatic improvement in simplified OLEDs is achieved because that molecularly
controlled GraHIL meets all the requirements for realization of
simplified small-molecule OLEDs. From our studies regarding
exciton quenching, we find that the self-organized surface layer
of our GraHIL having efficient hole-injection/electron-blocking
capability can prevent the severe quenching of excitons at the
HIL/emitting layer (EML) interface without needing a hole
transporting layer (HTL).
Our approach exploits a self-organized surface layer in
GraHILs for blocking exciton quenching as well as improving
hole injection and electron-blocking. Because fluorocarbon
chains in the PFI have lower surface energy (∼20 mN/m) and
are more hydrophobic than PSS, PFI preferentially accumulates
at the surface of GraHIL films by self-organization and the PFI
concentration tends to decrease with increasing depth.(Supporting Figure S1) Also, because the PFI has higher ionization
potential than the PSS,[22] the film surface with relatively higher
concentrations of PFI increases the WF, and the concentration
gradient of PFI through the HIL film forms a gradient WF that
greatly reduces the hole injection barrier from ITO to the EML.
(Supporting Table S1)
Accordingly, this polymeric HIL injects holes efficiently into
the EML, and the surface-enriched PFI layer at the interface
between the HIL and the EML provides great capacity to block
electrons for more electron-hole recombination at the HIL/EML
1488
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interface. In addition, the self-organized PFI layer on top of the
PEDOT:PSS can play a role as a buffer layer to block exciton
quenching caused by PEDOT:PSS.[19]
Because the GraHIL provides efficient hole injection and
transport to the EML, OLED devices with GraHILs do not require
an overlying HTL. As the host material of the EML, we chose
bis(10-hydroxybenzo[h]quinolinato) beryllium (Bebq2), a good
electron transporting material with a high electron mobility.[23]
In this manner, the electron transporting layer (ETL) can also be
removed in our simplified devices. The holes and electrons can
recombine very efficiently for radiative decay even in our simplified structure even without HTL and ETL where the recombination zone is located close to the HIL/EML interface. As a result,
the fabrication process requires only one-step vacuum deposition of the EML on top of the solution processed HIL.
We have developed three OLED device structures (Figure 1b)
to investigate the effect of simplification of small-molecule
OLEDs on the device CE. The reference device has a conventional multilayered structure of ITO/HIL (50 nm)/NPB
(20 nm)/Bebq2:C545T (2%, 30 nm)/Bebq2 (20 nm)/8-Hydroxyquinolinolato-lithium (Liq)(1 nm)/Al (130 nm). One simplified device (Type-I) without an ETL has a structure of ITO/HIL
(50 nm)/NPB (20 nm)/Bebq2:C545T (2%, 50 nm)/Liq (1 nm)/Al
(130 nm), and the most simplified device (Type-II) without
an ETL and a HTL has a structure of ITO/HIL (50 nm)/
Bebq2:C545T (2%, 70 nm)/Liq (1 nm)/Al (130 nm) where HILs
are chosen from 2-TNATA, PEDOT:PSS (CLEVIOS P VP AI
4083, H. C. Starck GmbH), and GraHIL11.
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Figure 2. Photoluminescence (PL) intensities of Bebq2:C545T emitting films on various hole injection layers (HILs) or substrates. PFI concentration
in GraHILs: GraHIL11>GraHIL21>GraHIL41>GraHIL81, a) 5 nm-thick emitting layer, b) 10 nm-thick emitting layer, c) 80 nm-thick emitting layer, and
d) normalized PL intensities on various HILs to the PL on the GraHIL11 as a function of thickness of emitting films.

To prove that the surface-enriched PFI layer helps to block
exciton quenching caused by PEDOT:PSS, we measured steady
state photoluminescence (PL) with various thickness of emitting
layer (Bebq2:C545T) and time-correlated single photon counting
(TCSPC) to obtain the PL lifetime change of the thin films. The
PL and TCSPC measurements were done in a sample structure
of glass/PEDOT:PSS or PEDOT:PSS:PFI (GraHIL81, 41, 21
and 11, 50 nm, Supporting Table S1)/Bebq2:C545T(2%) (x nm),
where we varied the PFI concentration in GraHIL compositions
and the thickness of the EML. PL spectra (Figure 2a–c) were
taken for Bebq2:C545T (2%) films. In samples with very thin
Bebq2:C545T (2%) films (x = 5, 10 nm), PL intensities from the
PEDOT:PSS/Bebq2:C545T films were much lower than in the
GraHIL11/Bebq2:C545T films; this reduction indicates larger
exciton quenching by PEDOT:PSS than in the GraHIL11/
Bebq2:C545T films, which is most likely ascribed to two major
exciton quenching mechanisms: (i) exciton dissociation (i.e. surface quenching) induced by larger band offset than the exciton
binding energy[19,24] or exciton quenching induced by polaron
or bipolarons in doped PEDOT[25,26] and also (ii) nonradiative
energy transfer from excitons to the doped PEDOT with lower
bandgap.[24] (Supporting Figure S2)
Exciton quenching was greatly reduced by using GraHILs.
The PL intensities tended to increase with the relative concentration of PFI to PEDOT:PSS; this difference implies that
surface-enriched PFI helps to prevent exciton quenching at
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the interface. Increasing the thickness of the EML caused
the contrast of PL intensities among samples to decrease
(Figure 2c,d), because the increased thickness means that excitons in the EML are generated far from the quenching interface
and the estimated exciton diffusion length in Bebq2:C545T film
as short as ∼10 nm (Supporting Figure S3).
TCSPC results (Figure 3) were consistent with the steady
state PL measurements. We performed the TCSPC measurement with various samples of glass/PEDOT:PSS or GraHIL
(50 nm)/Bebq2:C545T (10 nm). Similarly to the steady state
PL measurements, as the relative concentration of PFI in the
GraHILs was increased, the PL lifetimes tended to increase
gradually from 0.76 ns in the PEDOT:PSS film to 1.79 ns in
the AIPF41 film and then to saturate (Figure 3b). The gradual
increase of PL lifetimes implies the gradual reduction of exciton
quenching at the interface between the EML and the HIL by
forming a thicker self-organized surface-enriched PFI layer
which keeps excitons away from the quenching interface (i.e.,
PEDOT:PSS) on the HIL films with higher content of PFI in
the compositions.
The luminance versus voltage characteristics of the
multilayered reference device with varying the HILs (Figure 4a)
indicates that the device with GraHIL11 exhibits almost
the same operating voltages to that with PEDOT:PSS and
much lower operating voltages than that with 2TNATA even
though GraHIL11 has a high concentration of an insulating
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Figure 3. PL decay profiles and lifetimes of the Bebq2:C545T(2%) on
various hole injection layers. a) PL decay curves, b) PL lifetime obtained
from time-correlated single photon counting measurement. The lifetime
was monitored at 530 nm, τavr is average lifetime obtained from f1τ1 + f2τ2.
(where τ1 and τ2 are lifetimes (ns), f1 and f2 are fractional intensities.)

component (PFI). This is consistent with the previous literature
to report the effect of extra insulating PSS in PEDOT:PSS compositions on the hole injection and the CE in OLEDs: although
film conductivity of the conducting polymer tends to decrease
by increasing the insulating PSS concentration in compositions, the surface WF of the HILs made dominant influence on
the hole injection and the CE rather than film conductivity.[27]
Since the GraHIL has molecularly controlled gradient WF from
bottom to the surface of the HIL, GraHIL11 can effectively
reduce the injection barrier height and then facilitates the hole
injection, which is supported by characterization of hole-only
devices (ITO/HILs (50 nm)/NPB (300 nm)/Al (130 nm)) with
GraHIL11 and conventional PEDOT:PSS (Figure 4b). The holeonly device with GraHIL11 showed much higher hole current
than that with PEDOT:PSS. The CE-vs-voltage characteristics
(Figure 4c–f) were measured for the non-simplified reference,
Type-I simplified device, and Type-II simplified device with various HILs. All of the Type-I simplified devices (i.e. without an
1490
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ETL) (Figure 1b) had CEs that were similar to those of the corresponding reference devices with no HIL (Figure 4c), 2-TNATA
(Figure 4d), PEDOT:PSS (Figure 4e), and GraHIL (Figure 4f).
In contrast, Type-II simplified devices with no HIL, 2-TNATA,
and PEDOT:PSS (Figure 4c–e) had significantly lower CEs than
the corresponding reference devices and the Type-I simplified
devices.
The CE of the reference device using our GraHIL11
(∼18.3 cd/A) was greater than that of the reference device that
uses 2-TNATA (∼12 cd/A); this improvement indicates that our
polymeric HIL has excellent ability to inject holes and to block
electrons. Furthermore, the CE of the most simplified (Type-II)
structure with GraHIL11 as the HIL (∼20 cd/A) is even slightly
higher than those of the reference device with GraHIL11
(∼18.3 cd/A) and the Type-I simplified device (16.3 cd/A).
In contrast, CEs of Type-II simplified devices with no HIL,
2-TNATA, and PEDOT:PSS were very poor and much lower
than in the device with GraHIL; this difference indicates that
GraHIL has an important function in the simplified devices.
We demonstrated that most quenching of excitons occurs at
the interface between HIL and EML by measuring steady state
PL with various thickness of EML (Figure 2). Because Bebq2
is an electron-dominant material, the recombination zone of
Type-II simplified devices that lack both the HTL and the ETL,
is also located at the interface between the HIL and the EML;
the exciton quenching zone is the same as the recombination
zone. On the other hand, the CEs of Type-I simplified devices
were similar to those of the corresponding reference devices;
this similarity indicates that the electrons can be efficiently
injected from the cathode even without an ETL because of the
good electron transporting capability of the host (Bebq2) of the
EML and the recombination zone close to NPB/EML interface
is different from the exciton quenching zone.
In Type-II simplified devices, the recombination zone can
be formed close to the HIL/EML interface. The absolutely low
CE of the most simplified Type-II device using PEDOT:PSS as
the HIL is due to a high hole injection barrier from the HIL to
the EML, insufficient electron blocking capability, and exciton
quenching at the HIL/EML interface, while the low CE of the
Type-II device using a 2-TNATA HIL can be ascribed to inefficient hole-injection and electron-blocking at the interface. The
ionization potential of 2-TNATA and PEDOT:PSS are ∼5.1 eV
and ∼5.2 eV, which are higher than the WF of ITO (∼4.8 eV)
but hole injection barriers still occur between the HIL and the
EML (∼0.3–0.4 eV). Especially, in the case of the Type-II simplified device, PEDOT:PSS can significantly quench excitons at
the HIL/EML interface most probably due to exciton dissociation (i.e. surface quenching) by doped PEDOT and nonradiative
energy transfer from the EML to the doped PEDOT (Supporting
Figure S2):[19,24–26] The exciton dissociation at the interface can
be induced by (bi)polarons in oxidized PEDOT,[25,26] also by
greater band offset than exciton binding energy of the EML
because of the much lower acceptor level of oxidized PEDOT
(-4.4 eV)[19,24] and by nonradiative energy transfer to PEDOT
with a low bandgap.[24] In addition, we also find that the excitons can be quenched by PSS, judging from significant drop of
photoluminescence intensity on a PSS thin film.(Supporting
Figure S4) Therefore, the quenching effect at the HIL/EML interface in the Type-II simplified device using the PEDOT:PSS layer
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Figure 4. Luminance vs. voltage and current efficiency vs. voltage characteristics of the non-simplified and simplified OLEDs and current density vs.
voltage characteristics of hole-only devices with varying hole-injection layers (HILs). a) Luminance vs. voltage characteristics of non-simplified reference devices, b) current density vs. voltage characteristics of ITO/HILs/NPB/Al hole-only devices (HIL: GraHIL11, PEDOT:PSS), c) current efficiency
vs. voltage characteristics of OLED devices without hole injection layer, d) with 2TNATA, e) with PEDOT:PSS, and f) with GraHIL11 as HILs.

causes large reduction in CE at the low voltage regime, whereas
the CE is further increased at the high voltage regime due to the
shift of recombination zone. Therefore, we have chosen a HIL
with a molecularly-controlled gradient morphology, GraHIL11,
which has a high WF (∼5.95 eV) and an insulating, surfaceenriched PFI buffer layer on top of the film. The very high CE
in the Type-II simplified structure indicates that ability to block
electrons and prevent an exciton quenching was an important
factor that contributed to improving the CE of the device with
a single EML on a spin-coated polymeric GraHIL, because CE
is related to efficient hole and electron recombination without
exciton quenching at the HIL/EML interface, which is proved by
steady state PL and TCSPC measurements.
The conclusive schematic drawings in the Figure 5 helps
to understand the roles of self-organized surface-enriched PFI
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layer in the GraHIL compositions which are capable of blocking
electrons and preventing exciton quenching (Figure 5a), which
results in the generation of more excitons and the more efficient radiative decay. The conventional PEDOT:PSS do not
blocks electrons efficiently and thus less electron-hole recombination takes place (Figure 5b). Moreover, the generated excitons
can undergo exciton quenching pathways by PEDOT:PSS layers
(Figure 5b).
In conclusion, we have demonstrated an efficient simplification of the multilayered fluorescent OLED structure and
achieved a high CE (∼20 cd/A) despite the simplified structure,
which consists of a single small-molecule organic EML. Even
if all the simplification based on conventional HILs resulted
in very poor CEs in the devices, a very high CE was observed
with a spin-coated high performance polymeric GraHIL. This
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(ii) efficient electron-blocking, and (iii) efficient prevention
of exciton quenching at the HIL/EML interface. This kind of
simplification strategy with a molecularly controlled highperformance HIL is unique, not only because it will reduce
the manufacturing cost related to vacuum-deposition-based
OLED fabrication while maintaining the original high device
CE in multilayered OLEDs, but also because we did not dope
additional organic hole-transporting or electron-transporting
compounds in the EML (i.e., single dopant doped into the
single host) to facilitate hole and electron transport. Although,
according to the scientific and technological roadmaps in this
area to date, it has been often anticipated that the low-cost manufacturing of future flexible OLEDs would be realized in the
form of PLEDs, our work suggests that low-cost manufacturing
of flexible full-color OLED displays or solid-state lightings can
also be realized by using simplified small-molecule devices.

Experimental Section

Figure 5. Schematic drawings regarding hole injection, electron-blocking,
and exciton quenching depending on two different hole injection layers
in OLEDs a) Schematics of self-organized PFI in hole injection layer
regarding capability for injecting holes, blocking electrons and quenching
of excitons, b) Schematics of quenching process of exciton dissociations
by PEDOT:PSS hole injection layer.

HIL makes a gradient morphology and WF from the bottom
to the top of the film by self-organization, and this gradient
WF helps to achieve very efficient hole injection directly to the
EML without an overlaying HTL. Furthermore, the insulating
and inert character of surface-enriched PFI block electrons and
exciton quenching at the HIL/EML interface where electrons and
holes recombine in these simplified OLEDs. We demonstrated
the gradual reduction of exciton quenching with increasing
PFI content in the compositions by steady-state PL and TCSPC
measurements. Therefore, holes and electrons recombine very
efficiently at the interface in the simplified structure, which
includes only a single-layered EML on top of the GraHIL. Our
work suggests that the simplification of small molecule OLEDs
should consider three key factors: (i) efficient hole injection,

1492

wileyonlinelibrary.com

OLED fabrications: Indium-tin-oxide (ITO; WF ∼4.8 eV) coated glasses
which have square active areas of 2 × 2 mm were used as substrates
for OLED fabrication. The ITO surface was UV-ozone treated for 15 min
before the spin-coating or deposition of films on top of the ITO. Polymeric
hole-injection layers (HILs) (PEDOT/PSS or GraHIL compositions
(Supporting Information, Table S1) were spin-coated to give 50-nm films
on top of the ITO/glass, then baked immediately on a hot plate in air at
200 °C for 10 min. Our GraHILs are composed of PEDOT:PSS (Clevios
P VP AI4083) and a tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7octene-sulfonic acid copolymer, one of perfluorinated ionomers (PFI)
(CAS number: 31175-20-9)(Sigma-Aldrich Inc.). A small-molecule holeinjection layer (HIL) (2-TNATA) was vapor-deposited to achieve a 50-nm
film. NPB as the hole transport layer (HTL), Bebq2 as electron transport
layer (ETL) or host material for emitting layer (EML), and a green-lightemitting fluorescent material C545T (2% co-deposition with Bebq2) as
the guest for EML were sequentially deposited following their sequences
and thicknesses for their device design (Figure 1). Then, the 1-nm Liq
and 130-nm Al layers were sequentially deposited on the EML or ETL. All
vapor depositions were conducted under vacuum (<5 × 10−7 Torr). All
fabricated devices in this study were sealed by glass encapsulation using
a UV resin and a getter.
OLED chracterization: A computer controlled source-measurement unit
(Keithley 236) and a spectroradiometer (Minolta CS2000) were used to
measure current-voltage-luminance (I–V–L) characteristics and EL spectra.
Steady-state photoluminescence (PL) measurement: The steadystate photoluminescence (PL) spectra was measured with a excitation
wavelength at 415 nm by using a PL spectrometer (JASCO FP6500).
Time-Correlated Single Photon Counting measurement: For measuring
PL lifetimes, time-correlated single photon counting (TCSPC) was
performed. The second harmonic (SHG = 420 nm) of a tunable
Ti:sapphire laser (Mira900, Coherent) with ∼150 fs pulse width and
76-MHz repetition rate was used as an excitation source. The PL
emission was spectrally resolved by using collection optics and a
monochromator (SP-2150i, Acton). The TCSPC module (PicoHarp,
PicoQuant) with an MCP-PMT (R3809U-59, Hamamatsu) was used for
ultrafast detection. The total instrument response function (IRF) for PL
decay was less than 150 ps, and the temporal resolution less than 10 ps.
The deconvolution of actual fluorescence decay and IRF was performed
using fitting software (FlouFit, PicoQuant) to deduce the time constant
associated with each exponential decay.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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