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In this work, we report the preparation of a series of electroluminescent (EL) devices based on a high-performance
polymer, poly(p-phenylene benzobisoxazole) (PBO), and their optoelectronic properties, which have been rarely explored.
The device structure is optimised using a complex cathode structure of tris-(8-hydoxyquinoline) aluminium (Alqs )/LiF/Al
By tuning the thickness of the Alqs layer, we improve the device efficiency dramatically in an optimized condition. Further
analysis reveals that the Alqs layer in the complex cathode structure acts as a hole blocker in addition to its electron-injection
role. A green light emission with a maximum brightness of 8.7 x 10% cd/m? and a moderate current efficiency of 4.8 cd/A
is obtained. These values are the highest ever reported for PBO devices. The high operational stability demonstrated by the
present device makes it a promising tool for display and lighting applications. A new material is added to the selection of

polymers used in this field up to now.

Keywords: electroluminescence, organic semiconductors, light-emitting devices, electronic transport phe-

nomena
PACS: 78.60.Fi, 81.05.Fb, 85.60.Jb, 73.50.-h

1. Introduction

The most important breakthrough in polymer light emit-
ting devices (PLEDs) was made by a Cambridge-based group
in 19901 using poly(p-phenylene vinylene) (PPV), which
was accompanied by the success in processing insoluble and
infusible conjugation polymer via a two-step procedure. In
the past two decades, tremendous progress has been made,
especially in lighting and display applications. The PLEDs
have exhibited many advantages over their inorganic rivals
in their low-cost fabrication, potential use in flexible devices,
high brightness, and efficiency with consequent improvement
in energy saving. In this context, the development of new,
high-performance polymers is a long-term task.

Poly(p-phenylene benzobisoxazole) (PBO) is a conju-
gated polymer with a backbone containing heterocyclic aro-
matic moiety (see Scheme 1). Owing to its highly rigid back-
bone, the PBO has a decomposition temperature higher than
600 °C,?! and hence is not fusible. It is hardly soluble in
organic solvents, except for a few protic acids. PBO’s ex-

351 make it

cellent mechanical and optoelectronic properties
a multi-functional material with superior mechanical tenacity,
non-linear optical response, and potential optoelectronic prop-
erties. In our previous work, a photoluminescence quantum

efficiency (1pr.) of about 50% was measured, and the photolu-
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minescence quantum efficiency of a solid PBO film was esti-
mated to be about 30% higher than that of PPV.[!%] So far, only
a limited number of studies in the PLED based on PBO have
been carried out. The earliest work was done by Osaheni and
Jenekhe in 1994.[°! They obtained a blue electroluminescence
(EL) from a device with a bilayered structure of PBO and
tris(p-tolyl)amine (TTA) due to an exciplex formation. More
recently, Wu et al.!”! fabricated PLED devices based on PBO
oriented film and observed polarized EL. Moreover, a single-
layer electroluminescence device with multi-wall carbon nan-
otubes as dopant was prepared by Huang and Bai,® which
showed to a certain degree the enhancement of the brightness
of the electroluminescence and a decrease in turn-on voltage.
However, neither brightness nor efficiency of PBO-based de-
vices can be found in the literature.

In order to understand the performance of PBO-based
light emitting devices, the photophysical properties, especially
photoluminescence and electroluminescence, have been in-
vestigated. In the present work, we focus on the fabrication
of the EL device and the improvement of the device perfor-
mance. Improving film quality and finding suitable injection
and charge transport balance schemes are the key issues for
obtaining highly efficient PBO-based devices.

With this aim, PBO thin films are fabricated and opti-
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mised, and PBO-based EL devices are fabricated and inves-
tigated, with an emphasis on the balance of their charge car-
rier injection. After device optimization, a moderate efficiency
which is the highest ever within PBO-based devices is reported
for the first time.

2. Experiments
2.1. Materials

The PBO was prepared in the way as previously
reported.[°! The obtained material has an intrinsic viscosity of
about 23 dL/g at 30 °C in methanesulfonic acid (MSA). Tris-
(8-hydoxyquinoline) aluminum (Alqs, 99%) was purchased
from Sigma-Aldrich, PEDOT:PSS from Bayer Chemicals, LiF
(analytical grade) from Beijing Chemical Works, and MSA
(99%) from Aladdin Industrial Corporation. Aluminium (Al,
99.9999%) was purchased from the General Research Institute
for Nonferrous Metals, China. All materials were used as ex-
bottle. Conductive indium-tin—oxide glass (ITO, 10€Q/) was
obtained from CSG Holding Co., China.

2.2. Device fabrication and device testing

ITO substrates were washed thoroughly and treated with
UV ozone before use, in order to improve the work func-
tion. Then, PEDOT:PSS and PBO films were prepared via
spin coating. To this aim, PBO was dissolved in MSA of
0.25 wt% for thin film preparation via spin coating with a
speed of 3500 r/min. Finally, the films were soaked in ethanol
for more than 12 h and dried at 70 °C in a vacuum oven for
more than 8 h in order to remove the residual solvent.

Alqs, LiF, and Al metal electrode layers were evaporated
at 1 x 10~* Pa with a deposition rate of 0.1-0.2 nm/s, which
was monitored via a quartz crystal oscillator. Film morphol-
ogy was observed using a Leica DMR interfacial contrast mi-
croscope. The final thickness of films was determined with
a surface profiler (Ambios technology, XP-2). The current-
voltage-light (/-V-L) characteristics of the devices were mea-
sured simultaneously using a self-programmed Keithley 2410
and an optical power meter (Newport 1830-C). Steady state
photoluminescent (PL) spectra were measured using a fluores-
cent spectrophotometer (Hitachi F-4500) at an exciting wave-
length of 400 nm, and the EL spectra were obtained by using
a charge-coupled device (CCD) spectrometer (ACTON 150).
All measurements were carried out in ambient conditions.

3. Results and discussion
3.1. Solution-cast film preparation

PBO is a conjugated polymer with good thermal and ox-
idative stability. The rigid rod molecular backbone causes the

polymer to poorly dissolve in organic solvents. Protonic sol-
vents such as MSA or Lewis acids must be used to prepare a

solution. The Lewis acid formulate consisting of 90.5% ni-
tromethane and 9.5% AICl3 was reported for PBO film prepa-
ration in Refs. [5], [6], [8], and [10]. In this work, both
MSA and the Lewis acid solution with a PBO concentration of
0.25 wt% were used for film preparation by spin coating. The
two series of specimens followed two different after-treatment
procedures for over 12 h to remove solvent and were finally
dried at 70 °C. Specimen A was prepared using Lewis acid as
solvent and was eventually soaked in de-ionized water; spec-
imen B was prepared by using MSA as solvent followed by
soaking in ethanol. The film morphologies were compared
under optical microscope.

Figure 1 shows the surface morphologies of PBO films.
It can be observed that a crystalline texture was found in spec-
imen A, which forms a rough surface on the micron scale. In
contrast, the surface of specimen B was rather smooth, which
demonstrates a good film quality. It appears that the prepa-
ration method and the after-treatment are critical for a good
quality film.

The poor film quality of specimen A may be explained
by the hydrolyzation of AICl3 with water when Lewis acid is
used as the solvent, which may cause an insoluble aluminium
hydroxide to remain in the film. Low-quality film obtained by
using the Lewis acid as a solvent could be a reason for the low
performances of devices in previous papers.>7-8:10]

Since MSA is soluble in ethanol, the after-treatment obvi-
ously introduces less impurity in this film, thereby improving
the film quality. This preparation procedure can be a more
suitable option for device fabrication.

—_—

Fig. 1. (color online) Images of the surface morphology of (a) specimen
A and (b) specimen B, observed under optical microscope. The scale
bar has a length of 20 um.
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3.2. Device optimization by tuning the Alqs layer thickness

According to our previous investigations, %! the PBO-
based PLED still requires optimization. In order to balance the
carrier transport, a complex of “Alqs/LiF/Al” cathode struc-
ture was designed for electron injection. Hence, a series of de-
vices having a multilayered structure was fabricated with the
following architecture: ITO/PEDOT:PSS/PBO (80 nm)/Alqs3
(x nm)/LiF (1 nm)/Al (200 nm). PEDOT:PSS was used to
modify the anode and Alqs/LiF/Al as a complex cathode for
electron injection (see Fig. 2). In these devices, the thickness
of Alqs layer was varied from O to 25 nm in steps of 5 nm,
and the devices were denoted as DO, D1, D2, D3, D4, and D5,
respectively.

—3.0eV

—3.1eV
—3.3 eV
LUMO oo =32V
LiF /Al
PBO Aldy
—5.3 eV
PEJ;?)%/PSS — HOMO
' —57eV. 58 eV

Fig. 2. Energy diagram of PBO-based PLED.

Current—voltage (/-V) characteristics of the prepared
PBO-based devices were measured, as shown in Fig. 3(a). It
can be seen that the insertion of a very thin layer of Alqs in the
complex cathode “Alqs/LiF/Al” causes an abrupt reduction in
leaking current at low voltage bias. The change is also related
to the thickness of Alqgs layer: as the thickness of Alqs layer
increases, the current density of the device decreases mono-
tonically at the same field strength.

From the above devices, a green light emission was ob-
served. The brightness was monitored and plotted against the
driving voltages (L-V) in Fig. 3(b) on a single logarithmic
scale. It can be observed that when Alqs layer thickness was
increased from O to 15 nm, the light output increased dramat-
ically first, and then fell when comparing at the same voltage
bias. However, if the thickness was increased further to 20 and
25 nm, the light output dropped back. The maximum bright-
ness of 8.7 x 103 cd/m? is obtained from the device D3 with
an Algs layer of 15 nm.

From Fig. 3(b), the threshold voltages (V) of the devices
can be easily estimated at a brightness level of 1 cd/m?. It
is found that the V;;, monotonically falls from 7.6 to 6.1 V as
the thickness of Alqgs layer increases from 0 to 20 nm (see
Fig. 3(b) and Table 1).

Although the device brightness is first enhanced and then
falls, as the Alqs thickness is increased at a given voltage,
it can be noted that the device efficiency is continuously im-
proved as the thickness of Alqs layer increases. The practical

performances of the devices were identified using current effi-
ciencies of the device, as shown in Fig. 3(c). It is interesting
to see that the devices were rather stable against the time scale
of the measurement. The efficiency fell very slightly and al-
most leveled off as a function of current density within the time
scale of the measurement. The highest efficiency was achieved
in the device D4 with an Alqs layer of 20 nm. As shown in Ta-
ble 1, the current efficiency (measured under 20 mA/cm?) of
the device was improved substantially, i.e., from 0.2 cd/A for
device DO to 4.8 cd/A for device D4.

From the above results, it is obvious that the PBO-based
device performances have been improved substantially by us-
ing a complex cathode “Alqs/LiF/Al” for electron injection.

The reduction in the leakage current of the devices after
the Alqs layer was inserted indicates a change in charge trans-
port. Due to a substantial improvement in device performance

when adding an electron injection layer, it can be proposed that
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Fig. 3. (color online) Curves of (a) I-V, (b) L-V, and (c) current effi-
ciency versus current density of a series of devices with different thick-
ness values of the Alqs layer.
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Table 1. EL characteristics of the devices with different thickness values of Alqs layer.

Device DO DI D2 D3 D4 D5
Algs thickness/nm 0 5 10 15 20 25
)Brightness/cd-m 2 2.0 x 107 5.4 % 107 1.5x 10° 8.7 x 103 1.1x10° 8.5 x 10!
RATAYAYS 7.6 7.1 6.5 6.4 6.1 8.4
Inaled- A7 0.2 0.9 1.3 3.5 48 /

4)Measured under a bias voltage of 14.6 V; %) measured under a brightness of 1 cd/A; )measured under a current density of 20 mA/cm?.

the PBO layer was predominately hole-transporting, rather
than electron-transporting. Furthermore, the hole mobility
of PBO was estimated by the space-charge-limited current
(SCLC) method to be at a level of 107% ¢cm?/Vs, which is much
higher than from Algs, i.e., 108 cm?/Vs, when the bias elec-
tric field is relatively low (under room temperature).!'!! There-
fore, it can be reasonably argued that the Alqs layer acts as a
hole blocker in these devices. By optimizing the Alqs layer
thickness, a lot of balanced holes and electron transports were
achieved. In addition, this is due to the fact that the lowest
unoccupied molecular orbit (LUMO) of Alqs (—3.1 eV)!!?]
is very close to that of PBO (—3.0 V).’ With a very small
barrier (0.1 eV) at the electron injection junction, an efficient
electron injection from the cathode of “Alqs/LiF/Al” to PBO
can be expected.

A well balanced device structure can be identified by its
strong enhancement in EL output. The optimized layer thick-
ness of Alqs in device D4 is 20 nm or less. At the same time,
the threshold voltages also dropped gradually. However, if the
thickness of Alqz layer was above this value, the device de-
teriorated, possibly due to an increased bulk resistance. The
introduction of a complex cathode structure brought efficient
electron injection and balanced the carrier transport via block
hole transport, which avoids quenching at the metal/organic
interface. As a result, more excitons formed and recombined
in the PBO layer far from the Al cathode, so that the enhanced
emission was achieved at a smaller threshold voltage.

From the [-V characteristics of our devices shown in
Fig. 3(a), it is also noticeable that the effect of Alqz thick-
ness on the current density was weakened (D0-D4) if the elec-

tric field was close to a level of 8 x 107 V-m~!.

This may
relate to the field-dependent mobility of Alqs. According to
the literature, the mobility u of Alqs is a function of elec-
tric field E, following a linear relationship of In y o< E 1/2 11
In contrast, we found in our experiment that the hole mobil-
ity of PBO shows almost no electric field dependence, whose
level is around 10~® cm?/Vs. In Fig. 3(a), the electric field in-
creased from 2 x 107 to 1 x 10% V/m, so that the hole mobility
u of Algs could change dramatically from a level of 10~ to
107% ¢cm?/Vs or more. This may level to that of PBO’s. As a
result, the hole-blocking effect of Alqs will be weakened grad-
ually as the field increased or even vanished at a high electric
field. However, even under a high field strength, the device D5

also showed the lowest current density, which would be con-

sidered to be due to the highest bulk resistance, as the Alqs
layer reached 25 nm.

The most interesting results with these devices can also
be found from their current efficiency relations to the driving
current density (Fig. 3(c)). It is observed that the efficiency of
the device was improved substantially with using the complex
cathode and showed almost no reduction against the driving
current till the devices broke down. This indicates that the de-
vices are very stable and currently reach a moderate efficiency
level compared with the similar PPV devices emitting green
light.[13-16]

3.3. Electroluminescence and photoluminescence of PBO
film

EL spectra were measured and compared with photolumi-
nescences (PLs) of PBO in solution and in solid films (Fig. 4).
The EL spectrum was similar to PL spectrum in solid film, but
it was quite different from its solution emission. This is consis-
tent with our previous work with single-layer PBO device. !
Both EL and PL show a broad and identical single peak around
515-525 nm, while its solution emission is located in a re-
gion of shorter wavelength (multiple peaks at 440, 465, and
500 nm), as seen in Fig. 4.

A PL, PBO solution
o PL, PBO film
o EL, PBO film
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Fig. 4. (color online) EL spectrum and PL spectra of PBO excited at
400 nm.

In order to understand differences between the spectra,
time resolved fluorescence spectra of PBO were measured. It
was found that the PL from a dilute PBO solution showed
a single exponential decay with a unique lifetime factor of
0.5 ns, whereas those from solid films showed double expo-
nential decays with life times around 1.7 and 0.4 ns. This is
a strong evidence for a new luminescent mechanism in solid
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state. Additionally, the intermolecular distances of such poly-
mers were reported to be 0.33 ~ 0.36 nm with co-facial chain
packing.!'7! Such a structure could promote the formation of
excimer between polymer chains. It is therefore reasonable to
suggest the formation of excimers in the solid state, and hence
the light emission, rather than from a stand-alone molecule.
This is consistent with what was early proposed by Jenekhe in
a similar series of polymers. '8!

4. Conclusions

A series of multilayered PBO based PLED devices is fab-
ricated and optimized followed by film processing optimiza-
tion and inserting a complex electron injection cathode struc-
ture. The device architecture is further optimized against the
thickness of the Alqs within the complex electrode. This com-
plex structure acts as a hole-blocker in addition to its well
known electron injection functionality. Performances of the
devices are improved substantially when Alqs thickness is in
arange of 15-20 nm. A green light emission with a maximum
brightness of 8.7 x 103 cd/m? and an efficiency of 4.8 cd/A is
obtained, which, to the best of our knowledge, is the best per-
formance achieved from a PBO-based device. This result may

add PBO into the promising candidates as PLED materials for
display or lighting applications.
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