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ABSTRACT: Highly efficient, solution-processed, and all fluorescent white organic
light-emitting diodes (WOLEDs) based on fluorescent small molecules have been
achieved by incorporating a low-conductivity hole injection layer and an inorganic−
organic hybrid electron injection layer. The light-emission layer is created by doping a
fluorescent π-conjugated blue dendrimer host (the zeroth generation dendrimer, G0)
with a yellow-emitting fluorescent dopant oligo(paraphenylenevinylene) derivative CN-
DPASDB with a doping ratio of 100:0.15 (G0:CN-DPASDB) by weight. To suppress
excessive holes, the high-conductivity hole injection layer (PEDOT:PSS AI 4083) is
replaced by the low-conductivity PEDOT:PSS CH 8000. To facilitate the electron
injection, a hybrid electron injection layer is introduced by doping a methanol/water-
soluble conjugated polymer poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluo-
rene)-alt-2,7-(9,9-dioctylfluorene)] (PFNR2) with solution-processed cesium fluoride
(CsF). The device achieves a maximum luminous efficiency of 17.0 cd A−1 and a peak
power efficiency of 15.6 lm W−1 at (0.32, 0.37) with a color rendering index of 64.
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■ INTRODUCTION

Since their discovery, organic light-emitting diodes (OLEDs)
have attracted enormous attention due to their potential
applications in full-color flat-panel displays, backlights for
liquid-crystal displays (LCD), and solid-state lighting sour-
ces.1−5 Recently, white OLEDs (WOLEDs) for applications in
solid-state lighting have become the focus of OLED develop-
ment. In the literature, the power efficiency (PE) of the
vacuum-deposited WOLEDs has reached 60 lm W−1,6 while the
PE of the solution-processed WOLEDs has approached 40 lm
W−1,7 for the devices without any substrate surface
modifications. Currently, all state-of-the-art WOLEDs utilize
phosphorescent emitters, which could reach 100% internal
quantum efficiency.8 Though the internal quantum efficiency of
fluorescent emitters is capped at 25% due to the spin-
conservation law, fluorescent emitters offer color stability,
deep blue color coordinates, and less efficient roll-off at high
current density compared with phosphorescent emitters.9,10

For small-molecule fluorescent emitters, Ma et al.11 reported
an all-fluorescent WOLED with a maximum luminous
efficiency (LE) of 20.8 cd A−1 and a PE of 15.9 lm W−1 with
color coordinates at (0.41, 0.41) by thermally evaporating red,
green, and blue small molecules sequentially. For a conjugated
polymer fluorescent emitter, by blending 9,9-bis(4-(2-
ethylhexyloxy)phenyl)fluorene (PPF) based blue polymer

(PPFSO), green polymer (PPF-SO-BT), and red polymer
(PPF-SO-DHTBT) at an optimized ratio, Yang et al.12

achieved a solution-processed white polymer light-emitting
diode with a maximum LE of 9.8 cd A−1 and a PE of 8.9 lm
W−1 at (0.35, 0.37). By doping a blue conjugated polymer
polyfluorene (PF) with an orange light-emission small molecule
dopant (rubrene), Yang et al.13 demonstrated a highly efficient
WOLED with a maximum LE of 17.9 cd A−1 and a PE of 16.3
lm W−1 at (0.33, 0.43). Combining the high efficiency of the
small molecules and the solution-processability of the
conjugated polymer, solution-processed small molecules have
become an important research area in the field of OLEDs. Ma
et al.14 reported solution-processed fluorescent small-molecule
WOLEDs with a maximum LE of 9.2 cd A−1 and a PE of 6.1 lm
W−1 at (0.35,0.36) by mixing OCNzC (red), OCBzC (green),
and OCPC (blue) as the light-emission layer.
In our contribution, we create a highly efficient fluorescent

WOLED by doping a fluorescent π-conjugated blue dendrimer
host G0 with a yellow-emitting fluorescent dopant oligo-
(paraphenylenevinylene) derivative CN-DPASDB (Scheme 1).
To balance the injected electrons and holes, in addition to
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using a low conductive PEDOT:PSS (CH 8000) as the hole
injection layer (HIL), we introduce a novel hybrid solution-
processed electron injection layer (EIL): inorganic material
cesium fluoride (CsF)-doped organic material poly[(9,9-bis(30-
(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)] (PFNR2). The combination of low-conductivity HIL
and hybrid EIL provides many balanced charge carriers in the
emission layer. With balanced electrons and holes, the solution-
processed fluorescent WOLED exhibits a highest forward-
viewing PE of 15.6 lm W−1, a peak LE of 17.0 cd A−1, and an
external quantum efficiency (EQE) of 6.45% at the CIE
coordinates of (0.32, 0.37). The color-rendering index (CRI)
reaches 64 at 13 mA cm−2. To the best of our knowledge, the
device efficiency is the highest ever reported for WOLEDs
based on solution-processed fluorescent small molecules, which

is also on par with the efficiency achieved by thermally
evaporated fluorescent small molecules.

■ EXPERIMENTAL SECTION
Materials. The small molecules G015 and CN-DPASDB16 used as

emissive materials and the PFNR2
17 used as the electron-injection

material were synthesized in our laboratories. PVK and CsF were
purchased from Aldrich. The PEDOT:PSS (CLEVIOS P VP AI 4083
and CLEVIOS P VP CH 8000) were purchased from H. C. Starck
GmbH. All chemicals and materials were purchased and used as
received unless otherwise noted.

Device Fabrication. ITO-coated glass (from the China Southern
Glass Holding Corp.) with a sheet resistance of 15−20 Ω per square
was used as the substrate. The substrate was prepatterned by
photolithography to give an effective device size of 15 mm2. Prior to
device fabrication, the substrates were thoroughly cleaned in sequential
ultrasonic baths of acetone, isopropanol, detergent, deionized water,
and isopropanol and dried in an oven. After 20 min of oxygen plasma
cleaning, a 40-nm-thick PEDOT:PSS layer was spin-coated onto the
ITO substrate followed by baking at 200 °C in nitrogen for 10 min. A
30-nm-thick PVK layer was subsequently spin-coated onto the top of
the PEDOT:PSS layer from chlorobenzene solution. On top of the
PVK, the emitting layer was spin-coated from G0:CN-DPASDB
(blending ratio 100:0.15 by weight) p-xylene solution to form a 50-
nm-thick film. After annealing the emission layer at 140 °C for 30 min,
the electron injection layer was deposited. Three different types of EIL
layers: pure PFNR2, CsF doped PFNR2, and pure CsF, were studied.
The 20-nm-thick pure PFNR2 film was spin-coated onto the EML
from 0.1% methanol solution. For the hybrid EIL layer, the
PFNR2:CsF solutions were first prepared by blending the 1%
PFNR2 solution with the 0.1% CsF solution with weight ratios of
8:1, 4:1, and 2:1. Second, the blended solution was diluted with
methanol to reach the PFNR2 concentration at 0.1%. Finally, the
blended solution was spin-coated onto the EML to form a 20-nm-thick
film. To identify the optimal thickness of pure solution-processed CsF,
various concentrations of the CsF solution were tested. After several
rounds of tests, the 0.1% methanol solution gave the best device
performance. Because the CsF film thickness is too thin to be
measured by the surface profiler, we estimate the thickness to be
approximately 1 nm based on the optimal thickness of the evaporated
CsF film. For evaporated CsF, a 1-nm-thick CsF film was evaporated
as the EIL. On top of the EIL, a 4-nm-thick Ba film followed by a 120-
nm-thick Al film were evaporated using a shadow mask to form the top
electrode at a base pressure of 1 × 10−4 Pa. The reported performance
of each type of device is based on the mean values of eight devices.
The device fabrication, except for the PEDOT:PSS coating, was
conducted in a nitrogen atmosphere glovebox (Vacuum Atmosphere
Co.) containing less than 10 ppm oxygen and moisture.

Device Characterization. The thickness of the organic films was
determined using a Dektak 150 surface profiler. The current density

Scheme 1. Chemical Structures of G0, CN-DPASDB, and
PFNR2

Figure 1. (a) Energy levels of the materials in each layer of the light-emitting device. (b) Normalized PL spectrum of the G0 solid film (dashed line)
and the absorption spectrum of the CN-DPASDB solid film (solid line).
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(J)−bias (V)−luminance (L) characteristics were measured using a
Keithley 236 source meter and a silicon photodiode that was calibrated
using a Konica Minolta Chroma Meter CS-200. The EL spectra and
CIE coordinates were taken using a Photo Research PR-705
spectrometer. The AFM images were recorded using a Veeco DI
MultiMode Nanoscope IIIa in tapping mode. The CPD was measured
via scanning Kelvin probe microscopy (Kelvin Probe 5050
Technology) in N2 atmosphere. Each data point in Figure 6b was
the statistical mean of 20 measurements of each sample. The EQEs
were measured using an integrating sphere (IS-080, Labsphere).

■ RESULTS

Figure 1a shows a schematic diagram of the device structure
with the energy level of each layer. For the light-emitting layer,
the highest occupied molecular orbital (HOMO) levels of G0
and CN-DPASDB are 5.8 and 5.3 eV, respectively, while the
lowest unoccupied molecular orbital (LUMO) levels are 2.2
and 2.9 eV, respectively.18,19 The HOMO of CN-DPASDB is
0.5 eV above the HOMO of G0, while the LUMO of CN-
DPASDB is 0.7 eV below the LUMO of G0, implying that
holes and electrons are readily trapped on the CN-DPASDB.
As shown in Figure 1b, both the triphenyl axis and the
backbone transitions are observed in the absorption spectrum
of the CN-DPASDB solid film: the peak at approximately 306
nm is the absorption of the triphenyl axis, while the peak at
approximately 449 nm is attributed to the π−π* transitions in
the backbone.16 The excellent overlap between the photo-
luminescence (PL) spectrum of the G0 solid film and the
backbone absorption of CN-DPASDB suggests efficient Förster
energy transfer from the G0 host to the CN-DPASDB
guest.20,21

To obtain the desired white color, a series of devices with
different doping concentrations of CN-DPASDB in G0 were
studied in the device configuration of ITO/AI 4083(40 nm)/

PVK (30 nm)/G0:CN-DPASDB (50 nm)/Ba (4 nm)/Al (120
nm). With the doping concentration of 100:0.15 (G0:CN-
DPASDB) by weight (Device A), the white electroluminescent
(EL) spectrum exhibits balanced blue and yellow emissions,
and the CIE coordinates of (0.26, 0.28) are close to the ideal
equal-energy white point (0.33, 0.33). The optimized Device A
shows a maximum luminance (Lmax) of 2.97 × 104 cd m−2 at
9.25 V, a peak LE of 7.83 cd A−1, and a maximum PE of 4.75 lm
W−1 (Table 1). The highest EQE of 2.97% from Device A
indicates that the balance of the holes and the electrons still has
room to improve. Our early study shows that the G0 device is
hole dominated.19 Therefore, it is critical to suppress the holes
while increasing the electrons to improve the device perform-
ance.
To suppress the holes, we replaced the high-conductivity

PEDOT:PSS AI 4083 with low-conductivity PEDOT:PSS CH
8000 as the HIL layer in Device B. Compared with Device A,
Device B shows a 27.8% improvement in LEmax (from 7.83 cd
A−1 to 10.0 cd A−1), a 28.3% increase in EQE (from 2.97% to
3.81%), and a 99.2% improvement in PEmax (from 4.75 lm W−1

to 9.46 lm W−1) with a comparable maximum luminance
(Table 1). To improve the electron injection, solution-
processed CsF was implemented between the light-emitting
layer and the Ba/Al cathode in Device C with the device
configuration of ITO/CH 8000/PVK/G0:CN-DPASDB/CsF/
Ba/Al. As a result, the LEmax is further improved to 14.0 cd A

−1,
the EQE increases to 5.32%, and the PEmax reaches 11.0 lm W−1

(Table 1). However, due to the rough surface of the solution-
processed CsF, the device performance with solution-processed
CsF EIL is lower than with evaporated CsF EIL in Device D.
To overcome this problem, we introduce a novel solution-
processed EIL material by doping the conjugated polymer
PFNR2 with CsF. With the new EIL layer, Device E improves

Table 1. Performance of WOLED Devices A, B, C, D, and E

performance at 1000 cd m−2

device Von (V) Lmax (cd m−2) LEmax (cd A−1) PEmax (lm W−1) EQEmax (%) V (V) LE (cd A−1) PE (lm W−1) CIEa (x, y)

Device A 4.00 2.97 × 104 7.83 ± 0.14 4.75 ± 0.65 2.97 ± 0.05 5.75 7.40 ± 0.36 3.92 ± 0.27 (0.26, 0.28)
Device B 3.25 2.76 × 104 10.0 ± 0.25 9.46 ± 0.50 3.81 ± 0.09 6.00 6.57 ± 0.27 3.44 ± 0.14 (0.30, 0.33)
Device C 3.25 2.01 × 104 14.0 ± 0.33 11.0 ± 0.26 5.32 ± 0.12 6.00 9.51 ± 0.78 4.98 ± 0.55 (0.31, 0.36)
Device D 3.25 2.28 × 104 14.1 ± 0.69 12.1 ± 0.10 5.35 ± 0.26 5.75 8.10 ± 0.72 4.24 ± 0.38 (0.30, 0.33)
Device E 3.25 2.24 × 104 17.0 ± 0.30 15.6 ± 0.33 6.45 ± 0.11 6.25 9.41 ± 0.59 4.80 ± 0.32 (0.32, 0.37)

aObtained at 13 mA cm−2.

Figure 2. (a) J−V−L characteristics and (b) the dependence of the LE on the luminance of the devices. Device A: ITO/AI 4083/PVK/G0:CN-
DPASDB/Ba/Al. Device B: ITO/CH 8000/PVK/G0:CN-DPASDB/Ba/Al. Device C: ITO/CH 8000/PVK/G0:CN-DPASDB/CsF (solution-
processed)/Ba/Al. Device D: ITO/CH 8000/PVK/G0:CN-DPASDB/CsF (evaporated)/Ba/Al. Device E: ITO/CH 8000/PVK/G0:CN-DPASDB/
PFNR2:CsF/Ba/Al.
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LEmax to 17.0 cd A
−1, EQE to 6.45%, and PEmax to 15.6 lm W−1,

demonstrating one of the best fluorescent WOLED perform-
ances. All the device performances are detailed in Table 1. The
J−V−L characteristics and the luminous efficiency (LE) vs L of
all the studied devices are illustrated in Figure 2.

■ DISCUSSION
Low- vs High-Conductivity Hole Injection Layer. High-

conductivity PEDOT:PSS AI 4083 is the most widely used and
successful HIL in solution-processed OLEDs.22,23 Another type
of PEDOT:PSS as HIL is the low-conductivity CH 8000. By
simulating the J−V characteristics, Cao and co-workers
discovered that the hole concentration at the anode of the AI
4083 device was approximately 1 order of magnitude higher
than that in the CH 8000 device.7 It is suggested that the
formation of a PSS-rich phase on the surface of CH 8000
enhances its electron blocking ability.24 Because of the better
electron blocking ability and the lower hole concentration,
devices with CH 8000 HIL show much lower leakage current
than devices with AI 4083 HIL, as shown in Figure 2a.
Moreover, the work function of CH 8000 is 5.15 eV, higher
than the work function of AI 4083, which is 4.85 eV.25,26 The
high work function of CH 8000 reduces the hole injection
barrier between PEDOT and PVK, as shown in the device
energy diagram (Figure 1a). As a result, the turn-on voltage Von
(defined as the voltage at 1 cd m−2) of the device with CH
8000 HIL is 3.25 V, lower than the 4.0 V turn-on voltage of the
device with AI 4083 HIL (Table 1 and Figure 2a).
CsF as Electron Injection Layer. Thermally evaporated

CsF as an efficient EIL has been successfully demonstrated in
OLEDs.14,27 It is suggested that CsF adjusts the cathode’s work
function by doping the organic function layer with Cs ions,28

and the deposition of aluminum can form AlF3, thereby
releasing metallic Cs and creating an ohmic contact for electron
injection.29 The fluoride-based EIL also protects the organic
active layer from metal deposition and stabilizes the interface.30

Solution-processed CsF has only been demonstrated as the
electron extraction layer in organic photovoltaic devices.31,32

To study solution-processed CsF as an EIL in OLEDs, we
fabricated OLED devices without any EIL, with thermally
evaporated CsF EIL, and with solution-processed CsF EIL in
the device configuration of ITO/CH 8000/PVK/G0:CN-
DPASDB/EIL/Al. The J−V−L and LE−J characteristics of
the device are illustrated in Figure 3. The device performance is
summarized in Table 2.
As shown in Figure 3, the device with no EIL lacks efficient

electron injection, resulting in a very low efficiency (LEmax =
0.88 cd A−1). With thermally evaporated CsF EIL, the device
performance is substantially improved. LEmax reaches 9.81 cd
A−1, and the maximum luminance reaches 2.16 × 104 cd m−2.
In addition, due to the efficient electron injection, the turn-on
voltage Von is lowered from 8.50 V in the device with no EIL to
only 3.50 V (Table 2). In comparison, though the device with
solution-processed CsF EIL has a similar maximum LE of 9.55
cd A−1, the maximum luminance is only 0.92 × 104 cd m−2, and
the turn-on voltage is as high as 5.25 V. Moreover, the device
LE exhibits a greater roll-off at high current density, as shown in
Figure 3b. We suspect that the apparent performance difference
is due to the surface morphology of the CsF solid film achieved
by different processes.
Figure 4a−c, respectively, shows the atomic force microscopy

(AFM) images of the emission layer (G0:CN-DPASDB), the
evaporated CsF on the emission layer, and the spin-coated CsF
on the emission layer. The images clearly show that the
evaporated CsF forms a smooth, uniform, and pinhole-free film
on top of the EML with a RMS surface roughness of
approximately 0.3 nm. In contrast, the spin-coated CsF film
exhibits many spikes with a RMS surface roughness of
approximately 0.7 nm. Because CsF is highly polar, once
spin-coated onto a hydrophobic organic layer, CsF will
aggregate and create spikes. Similar phenomena have been
observed in solution-processed conjugated polyelectrolytes and

Figure 3. (a) J−V−L characteristics and (b) the LE−J characteristics of the devices with Al cathode and with different EIL. Red: no EIL. Green:
evaporated CsF. Blue: solution-processed CsF. Black: PFNR2 doped with CsF (4:1 by weight).

Table 2. Performances of WOLED Devices with Al Cathode and with Different EILsa

performance at 1000 cd m−2

EIL/cathode Von (V) Lmax (cd m−2) LEmax (cd A−1) PEmax (lm W−1) V (V) LE (cd A−1) PE (lm W−1)

no EIL/Al 8.50 0.11 × 104 0.88 ± 0.57 0.33 ± 0.19 14.3 0.23 ± 0.03 0.05 ± 0.01
CsF(e)/Al 3.50 2.16 × 104 9.81 ± 0.41 5.96 ± 0.45 7.50 8.31 ± 0.60 3.41 ± 0.32
CsF(s)/Al 5.25 0.92 × 104 9.55 ± 0.23 5.13 ± 0.50 9.75 2.52 ± 0.14 1.10 ± 0.15
CsF:PFNR2/Al 4.00 1.09 × 104 11.8 ± 0.41 8.55 ± 0.74 6.25 7.97 ± 0.04 4.01 ± 0.02

aNote: e denotes evaporation process, and s denotes solution process.
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solution-processed inorganic salts on an organic layer.33−35

However, the smooth evaporated CsF film creates a larger
leakage current than the spiky solution-processed CsF film, as
shown in Figure 3a. We suspect that some evaporated CsF may
migrate into the underlying layer, thereby causing the increased
leakage current.36 Nevertheless, the leakage current density is
less than 2 × 10−2 mA cm−2, which is still on the same order of
magnitude as that of the OLED devices with evaporated CsF
EIL published in other papers.12,14

Novel Hybrid Electron Injection Layer. To obtain a
smooth CsF film during solution processing, we introduce a
hybrid EIL by doping CsF into the water/alcohol-soluble
conjugated polymer electron injection material PFNR2. To
investigate the effects of the hybrid EIL on device performance,
white OLEDs with the structure of ITO/CH 8000 (40 nm)/
PVK (30 nm)/G0:CN-DPASDB (100:0.15 wt %) (50 nm)/
EIL/Ba (4 nm)/Al (120 nm) were fabricated by varying the
doping concentration of CsF in the host PFNR2 by weight. The
J−V−L and LE−L characteristics of the devices are shown in
Figure 5, and the detailed data are listed in Table 3.
The solution-processed pure CsF EIL performs better with a

Ba/Al cathode than it does with an Al cathode. With the
additional Ba, the device more than doubles the maximum
luminance (from 0.92 × 104 to 2.01 × 104 cd m−2) and
increases the luminous efficiency by 49% (Tables 2 and 3)

because the deposition of the low work function and high
reactivity of Ba on CsF liberates more Cs ions, similar to the
effect of a LiF/Ca/Al cathode.37 For the same reason, an
additional layer of Ba on spin-coated CsF improves the device
performance to near the level of the evaporated CsF EIL
device, as shown in Figure 2 and Table 1. However, the leakage
current is still high (Figure 5a).
The water/alcohol-soluble conjugated polymer PFNR2 has

been widely used as the EIL in OLEDs for its unique interface
modification ability, processability in environmental friendly
solvents, and multilayer device engineering without interface
mixing.14,38−40 However, with pure PFNR2 (CsF doping
concentration equals zero) as the EIL, the device underper-
forms at high current density. The maximum brightness only
reaches 1.16 × 104 cd m−2. With slight CsF doping
(PFNR2:CsF = 8:1), the performance at high current density
recovers. Not only does the maximum brightness increase to
1.51 × 104 cd m−2, but the maximum EQE also increases from
5.20% to 5.73%. The best device performance is achieved with a
CsF doping concentration of PFNR2:CsF = 4:1. The device
exhibits a maximum LE of 17.0 cd A−1 and a maximum PE of
15.6 lm W−1 with a maximal brightness of 2.24 × 104 cd m−2.
At the brightness of 1000 cd m−2, the LE drops to 9.41 cd A−1,
and the PE becomes 4.80 lm W−1. The CRI of the device is 64.
Upon increasing the doping concentration of CsF, the device
performance begins to drop (Table 3). As shown in Figure 5a,
the devices with the hybrid EIL have a much lower leakage
current than the device with pure CsF EIL. As illustrated in
Figure 4d, the hybrid EIL forms a smooth film on top of the
EML with a RMS surface roughness of ca. 0.3 nm and without
any spikes.
To study the mechanism of the hybrid electron injection

layer, electron-dominated devices ITO/Al (60 nm)/G0:CN-
DPASDB (100:0.15 wt % 50 nm)/EIL/Ba (4 nm)/Al (120
nm) were fabricated. The J−V characteristic curves are depicted
in Figure 6a. With no EIL, the device’s electron current is low.
With pure PFNR2 (PFNR2:CsF = 1:0) as the EIL, the electron
current increases while below 9 V. Above 9 V, the electron
injection of the device becomes less efficient, leading to a
decreased electron current. With pure CsF (PFNR2:CsF = 0:1)
as the EIL, the electron current of the device is the highest
among all of the devices. In between, however, the devices’
electron currents do not exhibit a clear trend following the CsF
doping concentration.

Figure 4. AFM images of (a) the EML surface deposited atop ITO/
PEDOT:PSS/PVK, (b) the evaporated CsF surface deposited atop the
emission layer, (c) the spin-coated CsF surface deposited atop the
emission layer, and (d) the PFNR2:CsF = 4:1 surface spin-coated atop
the emission layer. RMS is 0.5, 0.3, 0.7, and 0.3 nm, respectively.

Figure 5. (a) J−V−L characteristics and (b) the LE−L characteristics of the WOLED devices with solution-processed EIL using different ratios of
PFNR2 to CsF by weight.
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To fully understand the hybrid EIL’s working mechanism, we
must understand the PFNR2 and CsF’s working mechanisms.
As discussed in many publications,14,41,42 PFNR2 forms a dipole
layer that elevates the vacuum level at the cathode side, thereby
reducing the electron injection barrier. For CsF, as discussed
earlier, the dissociation of CsF causes Cs doping at the polymer
interface, resulting in a lower electron injection barrier.
Moreover, the deposition of aluminum can form AlF3, releasing
metallic Cs, which creates an ohmic contact for electron
injection. When CsF is doped into PFNR2 they work together
to facilitate the electron injection. However, they weaken each
other’s effect because the dissociated Cs+ ions are attracted to
the negatively charged amino group of the PFNR2, reducing the
strength of the interfacial dipole created by PFNR2. Surface
potential measurement by scanning Kelvin probe microscopy
(SKPM) was employed to examine the weakening of the
interfacial dipole by the addition of CsF. With no EIL, the

contact potential difference (CPD) between the probe tip and
the emission layer surface was approximately −53 mV. After
spin-coating with pure PFNR2, the CPD became −290 mV,
reducing the surface potential by 0.24 V, indicating that a
strong dipole layer is formed.39,43−46 As the CsF doping
concentration increases (PFNR2:CsF = 8:1, 4:1, 2:1), the CPD
monotonically decreases, showing that the interfacial dipole
strength is weakened by the CsF (Figure 6b).
With a low concentration of CsF doping (PFNR2:CsF =

8:1), the electron current significantly increases (Figure 6a).
This result suggests that the additional small amount of CsF
works favorably to improve the electron injection. Though the
interfacial dipole strength drops, the ohmic contact between the
cathode and the EIL formed by the metallic Cs helps overcome
the vacuum level drop. Upon doubling the CsF doping
concentration to PFNR2:CsF = 4:1, the electron current
substantially decreases (Figure 6a). The creation of the ohmic

Table 3. Performance of OLEDs with Different EILs

performance at 1000 cd m−2

PFNR2:CsF Von (V) Lmax (cd m−2) LEmax (cd A−1) PEmax (lm W−1) EQEmax (%) V (V) LE (cd A−1) PE (lm W−1) CIEa (x, y) CRIa

1:0 3.25 1.16 × 104 13.7 ± 0.20 12.3 ± 0.81 5.20 ± 0.03 6.00 9.12 ± 0.12 4.65 ± 0.14 (0.33 ,0.39) 61
8:1 3.25 1.51 × 104 15.8 ± 0.37 12.6 ± 0.57 5.73 ± 0.52 6.25 9.57 ± 0.31 4.76 ± 0.54 (0.32, 0.38) 63
4:1 3.25 2.24 × 104 17.0 ± 0.30 15.6 ± 0.33 6.45 ± 0.11 6.25 9.41 ± 0.59 4.80 ± 0.32 (0.32, 0.37) 64
2:1 3.25 1.65 × 104 15.1 ± 0.83 13.3 ± 0.98 5.74 ± 0.31 6.00 8.23 ± 0.70 4.14 ± 0.35 (0.31, 0.35) 68
0:1 3.25 2.01 × 104 14.2 ± 0.63 11.9 ± 0.61 5.38 ± 0.24 6.00 9.37 ± 0.78 4.85 ± 0.45 (0.31, 0.36) 65

aObtained at 13 mA cm−2.

Figure 6. (a) J−V characteristics of the electron dominated devices and (b) the contact potential difference (CPD) of EIL at different ratios of
PFNR2 to CsF (1:0, 8:1, 4:1, 2:1, 0:1) and with no EIL (none).

Figure 7. (a) EL spectra and (b) CIE of the device [ITO/PEDOT:PSS (40 nm)/PVK (30 nm)/EML (50 nm)/PFNR2:CsF (= 4:1)/Ba (4 nm)/Al
(120 nm)] under different current densities (20 to 70 mA cm−2). The circle in (b) represents the white color region. Any color that falls inside the
circle is considered as white color.
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contact by the metallic Cs cannot compensate for the lowering
of the interfacial dipole by the Cs+ ion. At this specific
concentration, an overall charge balance of holes and electrons
is reached, and the light-emitting device exhibits the best
performance (Figure 5, Table 3). Upon further increasing the
CsF concentration to PFNR2:CsF = 2:1, Cs-doping into the
polymer becomes the dominant effect and reduces the electron
injection barrier, increasing the electron current. However,
excessive electrons adversely affect the performance of light-
emitting devices, as demonstrated in Figure 5 and Table 3.
Color Stability. The EL spectra of the device with the best

performance under difference current densities are shown in
Figure 7a. Two emission peaks at approximately 430 and 552
nm are clearly observed, which can be attributed to the
emission from the host G0 and the guest CN-DPASDB,
respectively. Although white is achieved by a two color
emission system, the saturated blue emission from G0 and
the broad-band yellow emission from CN-DPASDB cause the
white emission to cover most of the visible spectrum. As the
current density increases, the relative emission intensity from
CN-DPASDB decreases. Because the voltage required to excite
the yellow emission of CN-DPASDB is lower than the voltage
to excite the blue emission of G0, it is expected that the
emission color will shift toward blue with increasing voltage.47

As the relative blue emission intensity increases, the CIE
coordinates also move toward the blue region, as shown in
Figure 7b. Nonetheless, the color coordinates are still within
the white color region. At 13 mA cm−2, the color coordinates
are (0.32, 0.37) with a color rendering index of 64, which is
suitable for solid-state lighting.

■ CONCLUSIONS
In conclusion, by doping a deep blue fluorescent conjugated
dendrimer G0 with a fluorescent broad-band yellow emitter
CN-DPASDB, a highly efficient electrofluorescent WOLED is
achieved by solution process. Using a low-conductivity anode
buffer layer and CsF-doped PFNR2 as a novel EIL, the device
exhibits one of the best reported fluorescent WOLED
performances with 17.0 cd A−1 luminous efficiency, 15.6 lm
W−1 power efficiency, and 2.24 × 104 cd m−2 luminance. The
solution-processed hybrid EIL (CsF doped PFNR2) works
together with the low-conductivity HIL (PEDOT:PSS CH
8000) to achieve balanced carriers for state-of-the-art device
performance. The solution process for all of the functional
layers demonstrates a huge potential for large-area, low-cost
WOLED lighting panel manufacturing.
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