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The authors report the effect of thermal treatment of hole-transporting interlayers between a
polymeric hole injection layer and an emitting layer �EML� on the luminous efficiency and the
lifetime performance in blue polymer light-emitting diodes. As the thermal annealing temperature of
the interlayer increased, the hole mobility of the interlayer tended to decrease, which results in
reducing the hole current injected into the EML in the devices. Hence, the device luminous
efficiency decreased due to lower electron-hole balance. Nevertheless, the device lifetime increased,
which can be attributed to the formation of the thicker interlayer and the better defined interlayer/
EML interface. © 2006 American Institute of Physics. �DOI: 10.1063/1.2345239�

Recently, it has been suggested that a hole injecting
layer, poly�3,4-ethylenedioxythiophene� �PEDOT� doped
with polystyrene sulfonic acid �PSS� �PEDOT:PSS�, can be
one of the major reasons of failure modes in polymer light-
emitting diodes �PLEDs�.1,2 Although the interface between
PEDOT:PSS and an emitting layer �EML� is still poorly un-
derstood, the adverse effect of the PEDOT:PSS on the device
lifetime has been brought up by Cambridge Display Tech-
nologies, Inc.1 �CDT� and Crispin et al.3 Researchers at CDT
and Cavendish Laboratories suggested that introducing
poly�2,7-�9,9-di-n-octylfluorene�-alt-�1,4-phenylene-��4-sec-
butylphenyl�amino�-1,4-phenylene�� interlayer between PE-
DOT:PSS and an EML improve the device lifetime as well as
the device efficiency.1,4 It was recently reported that the
polymer interlayer prevents the exciton quenching at PE-
DOT:PSS interface by acting as an efficient exciton blocking
layer4 and the recombination zone is confined near the
interlayer/emitting layer interface.1 However, the polymer in-
terlayer can be easily dissolved by the solvents of the EML
so that the intermixing of the interlayer with the EML occurs.
Therefore, it is necessary to harden the layer, which can be
done by thermal annealing above the glass transition tem-
perature �Tg�. In this respect, it is quite necessary to investi-
gate the effect of the thermal annealing of the interlayer on
the hole mobility and thus the device performance. We find
that the high temperature annealing above the Tg of the in-
terlayer reduces the hole mobility of the interlayer and the
device luminous efficiency but improves the device lifetime.
We employed two different hole transporting materials,
poly�9,9-dioctylfluorene-co-bis-N , N� - �4-butylphenyl�-bis-
N , N�-phenyl-1,4-phenylenediamine� �PFB� �Tg=132 °C�
and poly�N-vinylcarbazole� �PVK�, �Tg=164 °C� as the in-
terlayer in the blue PLEDs.

A hole-injecting layer, PEDOT:PSS �Baytron P VP
AI4083, H.C. Starck, GmbH, Germany�, was spin coated on
the top of the indium tin oxide �ITO�/glass to achieve

50 nm thickness and then the film was baked at 200 °C for
5 min in N2 glovebox after drying the film at 110 °C for
5 min on a hot plate in air. We spin coated two different
hole-transporting materials �PFB and PVK dissolved in
m-xylene and chlorobenzene, respectively� on the top of the
PEDOT:PSS layer to achieve 25 nm thickness, which will be
reduced by intermixing upon spin casting the EML solution.
The baking was independently done at 130, 180, and 230 °C
for 1 h on a hot plate in N2 glovebox. We spin coated a
Samsung proprietary blue-emitting material �a polyfluorene
derivative� dissolved in m-xylene to give �70 nm thickness.
The Commission Internationale de l’Eclairage �CIE� 1931
coordinate of the device was �0.15, 0.30�. We deposited BaF2
�6 nm�, Ca �5 nm�, and Al �150 nm� in sequence on the top
of the EML in vacuum of 5�10−7 torr. The active area of
the devices was 6.3 mm2.

a�Author to whom correspondence should be addressed; electronic mail:
taew.lee@samsung.com, taew.lee@yahoo.co.kr

FIG. 1. �Color online� �a� Device structure and energy band diagram of the
devices using hole transporting interlayers �PFB and PVK�. �b� The lumi-
nous efficiency of the devices using the PFB and PVK interlayers annealed
at different temperatures �180 and 230 °C�.

APPLIED PHYSICS LETTERS 89, 123505 �2006�

0003-6951/2006/89�12�/123505/3/$23.00 © 2006 American Institute of Physics89, 123505-1

http://dx.doi.org/10.1063/1.2345239
http://dx.doi.org/10.1063/1.2345239
http://dx.doi.org/10.1063/1.2345239


Figure 1�a� shows that the energy band diagram of the
devices we used in this work. PFB and PVK can effectively
block the electrons at the interlayer/EML interface, which
helps to enhance the electron-hole radiative recombination.
Our light-emitting layer in the device is electron dominant
and thus the recombination zone is confined near the
interlayer/emitting layer interface. However, the hole injec-
tion from PEDOT:PSS to PVK cannot be favorable because
of the much lower highest occupied molecular orbital level
�−5.8 eV� of PVK from the vacuum level than that of
PEDOT:PSS �−5.15 eV�.

Figure 1�b� shows the device luminous efficiencies of
the PLEDs using the two different hole-transporting poly-
meric interlayers, which were thermally annealed at 180 and
230 °C. Although we made the device by baking the inter-
layers at 130 °C, the EML solution largely dissolved the
interlayers. Since the interlayer baked at 130 °C did not act
as a separate layer in the devices, the detailed discussion
about this device will not be appropriate here. The maximum
luminous efficiency of the devices without an interlayer was
8 cd/A. When PFB and PVK interlayers were employed, the
maximum luminous efficiencies were improved up to 11.0
and 11.5 cd/A, respectively. It is noted that PVK interlayer
still shows high luminance efficiency despite the large hole
injection barrier between PEDOT:PSS and PVK. On the
other hand, the PVK interlayer more efficiently blocks the
electrons at the PVK/EML interface so that electrons are
better confined at the interface. As a result, the holes and
electrons are effectively utilized for recombination by reduc-
ing unused holes and electrons passing through the device
without recombination as reported in a previous literature.5

The most desirable interlayers must have three major
roles in PLED devices: �i� improving hole transport, �ii� elec-
tron blocking at the interlayer/EML interface, and �iii� re-
moving the exciton quenching by PEDOT:PSS, which can
lead to the improvement of the device efficiency. As Fig. 1�b�
shows, however, the device efficiency was reduced when we
increased the annealing temperature up to 230 °C, which
implies a lower electron-hole balance in the EML. We find
that the high temperature annealing reduces the hole mobility
of the interlayer so that the hole current injected into the
EML is decreased.

To observe the change of hole mobility with the function
of the annealing temperature of the PFB interlayer, we made
a hole-only device of ITO/PEDOT:PSS/PFB �150 nm� /Au
structure. The current density tends to decrease as the anneal-
ing temperature increases. We fitted the current versus volt-
age �I-V� data to extract the hole transport mobility using the
Poole-Frenkel-like mobility equation. The fitted results of the
I-V characteristics by a commercial Silvaco ATLAS �Ref. 6�
are plotted on Fig. 2�a�, which are in good agreement with
experimental characteristics.

Figure 2�b� shows the results of simulation for the hole
mobilty of the PFB layer as a function of the electric field.
For the simulation of the hole-only polymer diodes, the
Poole-Frenkel-like mobility model was employed. The ob-
served field and temperature dependences can be incorpo-
rated into an empirical relation for the hole mobility of the
equation which is suggested by Gill7

�p�E� = �0,p exp�− ��Ep − �E1/2�/kBTp,eff� , �1�

where Tp,eff is the effective temperature for holes and is de-
fines as

1

Tp,eff
=

1

T
−

1

T0,p
. �2�

In these expressions, �p�E� is the field dependent mobility,
�0,p and T0,p are a function of film composition, �Ep is zero-
field activation energy, � is the constant coefficient, E is the
electric field, kB is Boltzman’s constant, and T is the sub-
strate temperature. We slightly modified Eq. �1� to read6,8

�p�E� = �p exp�−
�E

kBT
�exp�� �

kBTp,eff
− ��	E
 , �3�

which is identical to Eq. �1� with

�p = �0,p exp��E/kBT0p� , �4�

�p�0� = �p exp�− �E/kBT� , �5�

where � is the correction factor and �p�0� is the zero-field
hole mobility.

The Poole-Frenkel coefficient ��PF� depends only on the
dielectric constant � ��PF= �e3 /���0�1/2�. The predicted co-
efficient is �PF=4.06�10−4 eV�V/cm�−1/2, where �=3.5 has
been used. This is in fair agreement with the values of �
=4.40�10−4, 4.65�10−4, and 4.50�10−4 eV�V/cm�−1/2 de-
termined by fitting from the experimental data of the hole-
only devices using PFB layer baked at 130, 180, and 230 °C,
respectively.

The fitted hole mobilities are quite consistent with the
hole mobility which was experimentally determined in the
previous literature.9 Figure 2�b� shows that as the thermal
annealing temperature increases, the PFB hole mobility de-
creases. The lowered mobility of the interlayer reduces the
hole current injected to the EML so that the electron-hole
balance for recombination in the EML can be reduced, lead-
ing to the lower luminous efficiency when the PFB layer was
annealed at 230 °C.

We observed transient electroluminescence �EL� of three
different PLEDs with 10 V step voltage pulse and 1 Hz fre-

FIG. 2. �Color online� �a� Current-voltage ��I-V� characteristics in ITO/
PEDOT:PSS/PFB �150 nm� /Au and the fitted I-V data using the Poole-
Frenkel-like mobility equation by a commercial Silvaco ATLAS. �b� The hole
transport mobility depending on the electric field obtained from the fitting
with the experimental I-V characteristics by a commercial Silvaco ATLAS.
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quency as shown in Fig. 3. We defined the saturation time
�ts� of luminescence after switch on as 95% of the maximum
light intensity. The ts of the devices largely depends on the
existence and the thermal annealing temperature of the hole-
transporting interlayer. Since the current of the EL device is
electron dominated, the delay time between voltage onset
and appearance of the EL is almost unchanged. However,
since the saturation time implies how fast hole-electron re-
combination reaches the steady state, the ts is controlled by
the minority carriers �or holes� in the devices. The ts of the
device using the PFB interlayer annealed at 180 °C was
largely shortened �1.59 �s� compared with PLED without
using the interlayer �6.63 �s�. This implies that the holes and
electrons in the EML are more balanced because the PFB
interlayer facilitates the hole injection and transport to the
EML. However, when the annealing temperature was in-
creased up to 230 °C, the ts again increased up to 3.26 �s,
implying a reduced balance of holes and electrons in the
EML.

Finally, we tested the half lifetime of devices at an initial
luminance of 800 cd/m2. The device using PFB interlayer
annealed at 180 °C showed much longer half lifetime
�195 h� compared with the control device without using the
interlayer �80 h�. It is interesting to observe that the device
using PFB interlayer annealed at 230 °C showed even longer
half lifetime �225 h� than the device using interlayer an-
nealed at 180 °C even if the former showed lower luminous
efficiency than the latter, as shown in Fig. 1�b�. Although the
device using PVK interlayer annealed at 180 °C showed the
highest maximum efficiency �11.5 cd/A� among the devices,
the half lifetime was extremely short ��3 h�. But when the
PVK interlayer was annealed at 230 °C, the half lifetime
was increased up to 10 h. In the previous studies,10 it was
shown that the device lifetime was largely improved by el-
evating the annealing temperature of the EML even if sacri-
ficing the luminous efficiency, which can be attributed to the
increased chain packing after thermal annealing to endure the
electrical stress. The increased chain packing of the film can
possibly reduce the migration of the impurities originating
from the PEDOT:PSS and the ITO. We also attribute the
improved lifetime to the better interface between the inter-
layer and the EML after thermal annealing at high tempera-
ture such as 230 °C because we observed that the high tem-
perature annealing makes the interlayer film less soluble by
the solvent of the EML, resulting in less intermixing at the
interface. We observed the total thickness after spinning the
emitting materials solution dissolved in m-xylene on the ini-

tially 25 nm PFB films on PEDOT:PSS/ITO/glass baked at
three different temperatures �130, 180, and 230 °C�. The ob-
tained total thicknesses were 730, 800, and 835 Å for the
PFB films baked at 130, 180, and 230 °C, respectively,
which implies that the intermixing is reduced as the anneal-
ing temperature increases. In the intermixed layer, the emis-
sion still comes from the emitting polymer via Förster energy
transfer.

In summary, we employed two different hole-
transporting interlayers, PFB and PVK, for a blue-emitting
polyfluorene device. Although the interlayers greatly im-
prove the luminous efficiency in the devices, the elevated
temperature annealing reduces the hole mobility of the inter-
layer and thus reduce the hole current injected into the EML,
which results in a lower device efficiency because of the
reduced electron–hole balance. Despite the lower luminous
efficiency, the device lifetime was increased when the PFB
interlayer film was baked at an elevated temperature. High
temperature annealing hardens the interlayer and thus the
intermixing with the EML is reduced. As a result, the actual
interlayer becomes thicker and a better defined interlayer/
EML is realized, which could be a reason for improved de-
vice lifetime.

The authors thank J. H. Burroughes for careful reading
and helpful comments.
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FIG. 4. �Color online� �a� Luminance decay of the devices using PFB and
PVK interlayers as a function of time. The initial luminance was 800 cd/m2.

FIG. 3. �Color online� Transient electroluminescence of three different
PLEDs using PFB interlayers annealed at 180 and 230 °C compared with
that of the PLED without using the interlayer. The devices were driven at
10 V step voltage pulse and 1 Hz frequency.
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