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ABSTRACT: Solution-processed white organic light emitting diodes (WOLEDs) with quaternary ammonium salt doped water/
alcohol soluble conjugated polyelectrolyte, poly[(9,9-bis(3′-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluoren)] dibromide (PFNBr), as electron transport material has been fabricated. Compared with the undoped
devices, the performances of such devices with a doped electron transport layer have been dramatically improved to be nearly
twice high in luminous efficiency and nearly one-third in response time when the weight ratio of PFNBr to tetraethylammonium
bromide (TEAB) was 10:3. Four kinds of quaternary ammonium salts have been investigated to be dopants in the conjugated
polyelectrolyte electron transport layer. It has been shown that both the anions and the cations of quaternary ammonium salts
can influence the device performance. The dopant who has both a smaller anion and a smaller cation size can exhibit a better
device performance. In addition, ultraviolet photoelectron spectroscopy measurement and single-carrier device testing have been
employed to investigate the reason why such quaternary ammonium salt dopants can make an obvious improvement in the
device performance of WOLEDs. These findings will be beneficial to the progress in design and fabrication of solution-processed
WOLEDs suitable for lighting.

KEYWORDS: conjugated polyelectrolyte, dopant, electron transport material, quaternary ammonium salt, solution-processing,
white organic light-emitting diodes

■ INTRODUCTION

White organic light-emitting devices (WOLEDs) have attracted
much attention in recent years due to their potential
applications in next generation flat-panel displays and solid-
state lighting. WOLEDs can be fabricated either through a
vacuum evaporation method or through a solution-processed
one. For the former technique route, multilayer device structure
and coevaporation of organic dyes is usually adopted which
make the manufacturing process to be complicated. Further-
more, the vacuum evaporation process is time and energy
consuming. As a result, WOLEDs fabricated from the latter
technique route, that is, the solution processing, have gradually
attracted increasing research enthusiasm both in scientific and
industrial communities due to their many unique advantages,
such as simple device structures, low-cost and facile
manufacturing process, compatibility with flexible substrates,
and easy processability over large-areas by spin-coating, inkjet

printing, or roll-to-roll coating.1−5 So far, the peak efficiency of
small molecules based WOLEDs fabricated by vacuum-
deposited technology has already surpassed that of fluorescent
lamps.6 In contrast, the progress of solution-processed
WOLEDs is still severely hindered by the relatively low device
efficiency arising from the limitation of selecting appropriate
carrier transporting layers.7,8

In order to achieve high-efficiency WOLEDs, efficient and
balanced injection of electrons and holes from electrodes and
their transport in the semiconductor layer are necessary. To
facilitate the injection and transport of holes, materials such as
poly(3,4-ethylene-dioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS),9,10 nickel oxide (NiO),11 vanadium oxides

Received: March 11, 2014
Accepted: April 25, 2014
Published: April 25, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 8631 dx.doi.org/10.1021/am501466y | ACS Appl. Mater. Interfaces 2014, 6, 8631−8638

www.acsami.org


(V2O5),
12,13 tungsten oxide (WO3),

14 molybdenum oxides
(MoOx),

15−17 and cross-linkable triarylamine drivatives have
been selected to act as the solution-processed hole injection/
transport layer.18−22 To facilitate electron injection, low work
function metals such as Ba and Ca are usually used to achieve
high-efficiency devices. Unfortunately, these low work function
metals are very sensitive to oxygen and moisture. However, the
utilization of quite environment stable metals, such as Al or Ag
often shows poor device performances due to a large electron
injection barrier existed between the cathode and the emission
layer.23 To overcome such a drawback, many electron-
transporting layer (ETL) materials have been developed.24 In
addition, an ultrathin layer of LiF, as well as other alkali salts
has been widely used to improve the electron injection in
OLEDs.25,26 Nevertheless, these reported electron-transport-
ing/injecting material layers are usually deposited through a
vacuum thermal evaporation method and can hardly be handled
by solution-processing. Although some n-type metal oxides
such as zinc oxide (ZnO) and titanium oxide (TiO2) have been
developed as electron injection/transport layers through a
solution process,27−29 high-temperature treatment is needed to
convert the precursor solution to the desired metal oxide which
is incompatible with plastic substrates in roll-to-roll manufactur-
ing.
Recently, several water/alcohol soluble conjugated polymers

were developed to be electron transport material for OLEDs,
owing to its potential application to replace low work function
metals in all solution-processing displays and lighting
devices.30,31 For the convenient and fast fabrication of
OLEDs, solution-processed ETL materials attract many
researchers’ attention. Currently, ETLs made from zwitterionic
conjugated polymer,32 poly(sodium 4-styrenesulfonate) (PSS-
Na),23 and water/alcohol soluble conjugated polymers with

polar groups on the side chains, which can form interfacial
dipoles between the emitting layer and metal cathode, have
been developed.33−35 In a further step, all-solution processed
polymer light-emitting diode displays with solution-deposited
Ag cathode and water/alcohol soluble conjugated polymer ETL
have been achieved.31 Because most of the organic semi-
conductors possess relatively low carrier concentration and
mobility, thicker electron-transporting layer often results in
increased driving voltage for devices and causes more power
consumption. One way to overcome this limitation is to use
doped structure to enhance device performance.36 Although p-
doped PEDOT:PSS has been widely used in OLEDs to
improve hole injection and transport, the successful develop-
ment of n-doped materials for efficient electron injection and
transport remains very challenging, due to the difficulty of
finding suitable hosts and dopants. The unique solubility and
excellent electron injection ability of the water/alcohol soluble
conjugated polymers offer the possibility to improve electron
injection and conduction by doping them with water-soluble
salts. Currently, only alkali metal salt Li2CO3 has been tested to
serve as a dopant in such water/alcohol soluble conjugated
polymers which can demonstrate a high device efficiency.37

However, this kind of device still needs air-unstable metal Ba to
act as the cathode.
In this work, we conducted a series of experiments and found

that the electron-transporting ability of a water/alcohol soluble
conjugated polymer, poly [(9,9-bis(3′-((N,N-dimethyl)-N-
ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)] dibromide (PFNBr), can be dramatically improved
by doping quaternary ammonium salts. By incorporating this
kind of quaternary ammonium salt doped conjugated polymer
into solution-processed WOLEDs to act as an electron-
transporting layer, significantly enhanced luminous efficiency

Figure 1. Device structure and chemical structures of relevant materials.
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and shorter response time can be achieved in such devices
compared with the undoped one.

■ EXPERIMENTAL SECTION
Materials. Poly(N-vinylcarbazole) (PVK) and PEDOT:PSS

(CLEVIOS PVP Al 4083) were purchased from Sigma-Aldrich and
H. C. Starck Clevios GmbH, respectively, and were used as received.
1,3-Bis[(4-tert-butylphenyl)-1,3,4-oxadiazolyl]phenylene (OXD-7) was
purchased from Wuhan Zossin technology Co., Ltd. PFNBr was
purchased from Luminescence Technology Corp. Iridium(III) bis(4,
6-difluorophenylpyridinato-N, C2′) picolinate (FIrpic) and bis(2-
(naphthalen-1-yl)-6-(trifluoromethyl)benzothiazole)iridium-
(acetylacetonate) (CF3BT-N)2Ir(acac) were synthesized according to
the literature.38 Other reagents were obtained from J&K Chemical and
used as received. All the solvents were purchased from Beijing
Chemical Works and were distilled before use.
Fabrication of WOLEDs. The WOLEDs were fabricated on

patterned ITO-coated glass substrates with a sheet resistance of 10 Ω/
square purchased from CSG Holding Co., Ltd. The ITO-coated glass
substrates were cleaned by detergent, then sequentially ultrasonicated
in distilled water, acetone, and alcohol. Subsequently, a layer of 40 nm
thick PEDOT:PSS was spin-coated onto the precleaned and
ultraviolet-ozone (UVO) treated ITO substrates, then annealed at
120 °C for 30 min in a nitrogen filled glovebox (H2O < 0.1 ppm, O2 <
0.1 ppm). After that, a chlorobenzene solution containing the mixture
of PVK:OXD-7:FIrpic: (CF3BT-N)2Ir(acac) in a total concentration
of 15 mg/mL was spin-coated onto the PEDOT:PSS layer and baked
at 120 °C for 10 min to form a 80 nm thick emitting material layer
(EML). The ETL material composed of PFNBr and quaternary
ammonium salt was dissolved in water/methanol (1:4 v/v) and was
spin-coated on the emissive layer by the “on-the-fly-dispensing-spin-
coating” method to form a ∼10 nm thickness thin film.39 Finally, Al
(80 nm) was deposited onto the ETL as a cathode by thermal
evaporation under a vacuum of 3 × 10−6 Torr.
Measurements. Film thickness was measured by an Ambios

Technology XP-2 profilometer. Work function was measured using the
ultraviolet photoelectron spectroscopy (UPS) (AXIS Ultra-DLD) with
a HeI source (hv = 21.22 eV) at a pressure of 3.0 × 10−8 Torr. A bias
voltage of −9 V was applied to the sample during the measurements to
distinguish between the analyzer and the sample cutoffs. The current
density−luminance−voltage (J−L−V), luminous efficiency−current
density (η−J), response time characteristics and lifetimes were
measured using a Keithley 2612B source-measurenment unit and a
silicon photodiode that is calibrated by a PR-655 SpectraScan
spectrophotometer. Electroluminescent (EL) spectra were recorded
on a Maya 2000Pro spectrophotometer (Ocean Optics). CIE
coordinates were calculated from the EL spectra. The atomic force
microscopy (AFM) images were obtained from a Veeco DI Dimension
V atomic force microscope operating in the tapping mode.

■ RESULT AND DISCUSSION

WOLED Properties. We fabricated a series of WOLEDs
with quaternary ammonium salt doped PFNBr as the ETL to
improve the devices’ efficiency. To compare the device
performances, WOLEDs with the undoped ETL and without
ETL using either Al or Ca cathodes were also fabricated as the
control devices. As shown in Figure 1, the device structure used
in this study is ITO/PEDOT:PSS/PVK:OXD-7:FIrpic:
(CF3BT-N)2Ir(acac) (with a weight ratio of 100:40:10:0.2)/
ETL/Al, where PEDOT:PSS is used as the hole injecting layer
(HIL), PVK serves as the polymer host, and OXD-7 is doped
into the PVK host to improve electron transport in EML. Two
emitters including the sky-blue phosphorescent complex FIrpic
and the red phosphorescent complex (CF3BT-N)2Ir(acac) are
mixed into the PVK host to achieve white-light emission.
PFNBr, which is either doped with quaternary ammonium salt

or exists as the neat film, is used as the ETL. The chemical
structures of the relevant materials are also shown in Figure 1.
We first investigated tetraethylammonium bromide (TEAB)

as a dopant in PFNBr with different concentrations to act as
ETLs in WOLEDs. The weight ratios of PFNBr to TEAB were
10:1, 10:2, 10:3, and 10:4, respectively. The performances of
such WOLEDs are summarized in Table 1.

The J−L−V and η−J characteristics are shown in Figure 2.
Obviously, the devices with TEAB doped PFNBr showed
excellent device performances. In Figure 2a, we can find that
the doped devices showed higher current densities than the
undoped one under the same driving voltage. Among them, the
doped ETL with a PFNBr:TEAB weight ratio of 10:3 showed
the lowest turn-on voltage of 3.9 V. Such a turn-on voltage is
much lower than that of devices without using the ETL (see
Figure 2b). When the driving voltage further increased,
typically larger than 6 V, all the devices with the doped ETL
showed a significantly higher brightness than the undoped one.
This big difference in brightness can be remained until a high
driving voltage (∼13 V) was reached. Meanwhile, compared
with devices using undoped ETL, devices with the doped ETL
showed obviously increased luminous efficiency. As shown in
Figure 2c, the device with a doped ETL (PFNBr:TEAB = 10:3)
exhibited a maximum luminous efficiency of 14.38 cd A−1,
which was much larger than that of the undoped one. With the
doping ratios varying from 10:1 to 10:3, the luminous efficiency
was slightly improved. However, further increasing the doping
ratio to 10:4, the luminous efficiency began to decline. The
device performance parameters are summarized in Table 1;
among all the devices, the device with a doping ratio of 10:3
showed the best performance. In contrast, the devices using Al
cathode without ETL showed a poor device performance with a
very low luminance and luminous efficiency. Replacing the Al
cathode with Ca will largely increase the luminous efficiency to
be comparable to that of the device with the undoped ETL.
However, its value (ηmax = 8.10 cd A−1) was still much less than
that of the devices with the doped ETL. Particularly, the device
with the doped PFNBr as ETL showed higher current density
than the Ca cathode device when the driving voltage was less
than 13 V, which indicated that a better electron injection and
transport ability can be achieved in such devices than in Ca
cathode based devices.40,41 This means that by employing a
doping strategy in water/alcohol soluble conjugated polymer
ETLs, the performance of devices with Al cathode can be
significantly improved, which can even be much higher than
that of devices using the low-work-function Ca cathode.

Table 1. Performances of WOLEDs with and without ETLa

ETL and cathode
structure

Von
b

(V)
ηmax

c

(cd A−1)
η1000

d

(cd A−1)
Lmax

e

(cd m−2)

Al 11.8 0.46 215
Ca/Al 6.0 8.10 8.03 14 185
PFNBr/Al 4.3 8.64 8.61 10 035
PFNBr:TEAB(10:1)/Al 4.6 12.38 12.35 9860
PFNBr:TEAB(10:2)/Al 4.5 12.90 12.80 11 920
PFNBr:TEAB(10:3)/Al 3.9 14.38 13.98 9501
PFNBr:TEAB(10:4)/Al 4.3 12.48 12.16 10 031

aThe ETL can be either a neat or TEAB doped PFNBr film. bTurn-on
voltage which is defined as the voltage at a brightness of 1 cd/m2.
cMaximum luminous efficiency. dLuminous efficiency at a brightness
of 1000 cd/m2. eMaximum luminance.
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The EL spectra of devices with doped and undoped PFNBr
as ETLs all exhibited white light emissions and the
corresponding Commission Internationale de l’Eclairage
(CIE) coordinates were (0.37, 0.35) (@12 V, 6530 cd m−2)
and (0.36, 0.35) (@12 V, 3722 cd m−2), respectively. In
addition, the EL spectra of the devices with all kinds of doping
ratios were almost the same. As shown in Figure 3a, the
emission peaks at 472 and 512 nm originated from the emission
of FIrpic and the peaks at 612, 668, and 728 nm belonged to

the emission of (CF3BT-N)2Ir(acac). The combination
emission of these two phosphorescent materials showed a
wide spectra ranging from 450 to 800 nm, which is suitable for
lighting. It is necessary to note that the device with undoped
ETL showed a weak emission peak at 430 nm (Figure 3a). This
additional emission peak can be attributed to the emission from
PFNBr.30 This result indicates that some electrons and holes
recombined within the PFNBr layer due to its relatively poor
electron transport ability, thus leading to the emission of less

Figure 2. (a) J−L−V characteristics of devices with different doping ratio of TEAB in PFNBr, (b) J−L−V characteristics of devices without the ETL
using either a Al or Ca/Al cathode, and (c) η−J curves of devices with either doped (PFNBr:TEAB = 10:3) or undoped ETL and without ETL
(using either Al or Ca/Al cathode). The filled symbols stand for current density and empty symbols for brightness in parts a and b.

Figure 3. Normalized EL spectra of (a) devices with a doped ETL (PFNBr:TEAB = 10:3) and undoped one at a driving voltage of 12 V (the inset
shows the enlargement of curves in a wavelength range of 400−450 nm) and (b) devices with a doped ETL (PFNBr:TEAB = 10:3) at various
driving voltages.
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efficient blue fluorescence of PFNBr. In contrast, when TEAB
was doped into PFNBr, the electron transport ability of ETL
was expected to be improved and all the electrons and holes
could recombine in the EML. So the emission peak at 430 nm
disappeared. The color stability of the device with a doped ETL
(PFNBr:TEAB = 10:3) has been shown in Figure 3b. It can be
seen that the sky-blue emission peak of FIrpic was gradually
enhanced with the increase of driving voltage. Despite such
changes in EL spectra, in the luminance range suitable for
lighting, the CIE coordinates only varied from (0.40, 0.34) at 8
V (511 cd m−2) to (0.37, 0.35) at 12 V (6530 cd m−2), which
all located in the white light region.
Figure 4 shows the normalized brightness−time character-

istics at a driving voltage of 10 V for TEAB doped ETL devices

with different doping ratios. We define the time to reach the
maximum brightness in devices as the response time. The
response time reduced from more than 2 s for the undoped
device to 0.45 s when TEAB was doped into ETL in the device
with a PFNBr:TEAB ratio of 10:1. When increasing the doping
ratio of TEAB, the devices expended a little more time to reach
their maximum brightness (0.65 s for the 10:2 device and 0.70 s
for the 10:3 device). It is generally considered that the carrier
transport ability of PFNBr partially depends on the ion
motion,43 and the ionic charges usually lead to long response
times.32 When TEAB was doped into PFNBr, there must be
more ions participated in conducting, which we can regard as
less motion distance for every ion. So, it is easy to explain the
relatively shorter response times of the doped devices.
However, when the doping ratio increased, large aggregates
of quaternary ammonium salt may be formed in the ETL, and
the interaction between ions may hinder both the ion motion
and the formation of dipole layer.35,43 In other words, it will
spend more time for ions to redistribution in the ETL. As a
result, we can find the response times became slightly longer for
the 10:2 and 10:3 devices compared with the 10:1 device.
Additionally, the device lifetime has been measured in order to
test the devices’ long-term stability (Figure S1, Supporting
Information). Because the TEAB doped device can achieve the
same brightness under a lower current density, it showed
relatively long lifetime compared to the undoped device and
Ca/Al device.
In order to explore the influence of doping ions on the device

performance, some other quaternary ammonium salts including
tetraethylammonium iodide (TEAI), tetrabutylammonium

bromide (TBAB), and tetrabutylammonium iodide (TBAI)
were also doped into PFNBr as an ETL to fabricate WOLEDs.
Each of these three quaternary ammonium salts was doped into
PFNBr with a same molar concentration as TEAB in the case of
10:3 weight ratio, so the doping weight ratios of TEAI, TBAB,
and TBAI in ETL were 10:3.67, 10:4.60, and 10:5.27,
respectively. The performances of such WOLEDs are
summarized in Table 2. The corresponding J−L−V and η−J

curves are shown in Figure 5. As shown in Figure 5a, all the
devices exhibited almost the same current densities under the
same driving voltage. Additionally, the EL spectra of all the
devices were almost the same. However, devices doped with
TEAI, TBAB, and TBAI showed a relatively lower maximum
brightness and luminous efficiency than the TEAB based
device. AFM was used to investigate the microstructure of
PFNBr thin films with and without dopants (Figure S2,
Supporting Information). The AFM images showed that the
undoped PFNBr film exhibited a slightly smooth surface with a
root-mean-square roughness (Rq) of 1.08 nm. While, PFNBr
films doped with each of the four different quaternary
ammonium salts showed similar surface morphology and
almost the same surface roughness (about 2.0 nm), which
indicated that the microstructure of films may not be the main
reason for the EL performance differences among OLEDs with
the four quaternary ammonium salt dopants.
It is generally accepted that the enhanced performance in

OLED devices after introduction of ETL is correlated with the
reduced electron injection barrier and the improved carrier
transport ability in devices. Since the action of the
polyelectrolyte ETL combines features of OLEDs and light-
emitting electrochemical cells (LECs) and involves mixed ionic
and electronic conduction,42 ion movement in the polyelec-
trolyte ETL should play an important role in charge carrier
transport. Because small ions always show a better mobility
than big ones,43,44 movement of N(C2H5)4

+ and Br− in ETL
should be easier than N(C4H9)4

+ and I−, respectively.
Consequently, polyelectrolyte ETLs with smaller ion dopants
show higher charge carrier transport ability than those with
larger ion dopants. We think this may be the reason why TEAI,
TBAB, and TBAI based devices showed worse performances
than TEAB based one.

Characterization of the Doped PFNBr ETL. Clearly, the
current density in WOLEDs has increased when doping
quaternary ammonium salt into the ETL layer. There are two
possible ways to explain this phenomenon. One is that the
doping facilitates the charge carrier transport in ETL, and the
other is that the electron injection barrier from cathode to ETL
has been decreased. In order to test whether the improvement
of electron injection is the dominate factor, UPS measurement
was performed to determine the work function of the Al
cathode coated with either a doped or an undoped PFNBr

Figure 4. Normalized brightness−time characteristics of devices with
TEAB doped ETL using different doping ratios. The ordinate has been
shifted for the different curves.

Table 2. Performances of WOLEDs using TEAB, TEAI,
TBAB, and TBAI Doped PFNBr with the Same Molar
Concentration to Act as the ETL

quaternary ammonium
salt

Von
(V)

ηmax
(cd A−1)

η1000
(cd A−1)

Lmax
(cd m−2)

TEAB 3.9 14.38 13.98 9501
TEAI 4.3 10.46 10.39 6749
TBAB 3.8 11.51 11.50 7249
TBAI 3.8 10.46 10.30 6207
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layer. As shown in Figure 6, the work function was estimated
from the secondary cutoff energy in the UPS spectrum. For the

purpose of comparison, the work function of the naked Al with
an etching method was also tested and calculated to be 4.22 eV.
The work function value of the Al cathode covered either by
undoped PFNBr or by TEAB doped one (PFNBr:TEAB =
10:3) is calculated to be 3.02 eV, similarly. Compared with the
naked Al, the decrease in work function of ETL covered Al
illuminated the improvement of electron injection ability from
the cathode to EML. However, the UPS spectra were nearly

unchanged for the ETL covered Al regardless of TEAB doping,
which indicates that the doped ions of quaternary ammonium
salt make no contribution to the lowering of electron injection
barrier in our WOLEDs.
Undoubtedly, the promotion of charge carrier transport

ability in ETL by doping quaternary ammonium salt will be the
unique explanation of the improvement in devices performance.
To verify this hypothesis, electron single-carrier devices with a
structure of ITO/Al (80 nm)/PFNBr with or without TEAB
doping (85 nm)/Ca (8 nm)/Al (100 nm) and hole single-
carrier devices with a structure of ITO/PEDOT:PSS (40 nm)/
PVK (12 nm)/ PFNBr with or without TEAB doping (85
nm)/Au (20 nm) were fabricated. As shown in Figure 7a, the
electron current densities of the devices with TEAB doped
PFNBr were much higher than the undoped one under the
same electric field intensity, indicating that the electron-
transporting ability of PFNBr was improved by doping. The
electron-only device with a doping ratio of 10:3
(PFNBr:TEAB) showed the best improvement in electron
transport ability, whose current density was much higher than
the undoped device under the same electric field intensity. This
result is consistent with the fact that WOLED with the same
doping ratio in ETL showed the best luminous efficiency. On
the contrary, the hole transport ability dramatically decreased
when TEAB was doped into PFNBr (Figure 7b). Among such
hole-only devices, the device with a doping ratio of 10:3
showed the minimum current density under the same electric
field intensity, which was much less than the undoped device.
To sum up, all these results indicate that doping quaternary
ammonium salt into PFNBr gives rise to the increase in

Figure 5. (a) J−L−V and (b) η−J characteristics of WOLEDs with TEAB, TEAI, TBAB, and TBAI doped PFNBr as the ETL. (The filled symbols
stand for current density and empty ones stand for brightness.)

Figure 6. UPS spectra of the naked Al (blue curve) and ETL coated Al
comprising the doped PFNBr (PFNBr:TEAB = 10:3, black curve) or
the undoped one (red curve). The ordinate has been shifted for the
different spectra.

Figure 7. Current density−electric field characteristics of the (a) electron single-carrier and (b) hole single-carrier devices with different
PFNBr:TEAB ratios.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501466y | ACS Appl. Mater. Interfaces 2014, 6, 8631−86388636



electron transport ability and thus the improvement of device
performance.

■ CONCLUSION
Water/alcohol-soluble conjugation polyelectrolyte PFNBr has
been doped with quaternary ammonium salts to act as an ETL
in WOLEDs. Such a doping strategy can significantly improve
the electron transport ability in the ETL, resulting in an
enhanced luminous efficiency in WOLEDs compared with
those using the undoped ETL. UPS and single-carrier devices
measurements can verify that it is the enhanced electron-
transporting ability, but not the reduced electron injection
barrier, that contributes to the improvement of device
performance in WOLEDs. Four types of quaternary ammo-
nium salts including TEAB, TEAI, TBAB, and TBAI have been
employed as the dopants in the PFNBr ETL. Results show that
the quaternary ammonium salt who has the smallest ion sizes
can lead to the best device performance, benefited from its ease
of movement in ETL. The influence of doping ratios on the
device performance has also been investigated. It is found that
there is an optimal doping ratio for the quaternary ammonium
salt in polyelectrolyte ETL. WOLED with a doping ratio of
10:3 (PFNBr:TEAB) shows the best performance with a
dramatic improvement of maximum luminous efficiency from
8.64 to 14.38 cd A−1 and a decrease in response time from
more than 2 s to 0.7s compared with that using the undoped
ETL. These findings may be of great help for design and
preparation of highly efficient electron-transporting material
layer, thus being beneficial to the progress of developing
solution-processed WOLEDs suitable for lighting.
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