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We investigate p-type doping poly(9-vinylcarbazole) (PVK) hole-transport layer (HTL) with tetraﬂuorotetracyano-quinodimethane introduced via cosolution. We found that the performances of devices with
doped HTLs are signiﬁcantly improved. The efﬁciency and lifetime of the p-doped device are 2.3 and 3.7
times as large as that of the control device with pure PVK as a HTL. Furthermore, the turn-on voltage of
the device is reduced from 9.5 to 3.6 V by using a p-doped HTL. These improved properties are attributed
to the formation of the charge-transfer complex in the HTL, which increases hole injection and
conductivity of p-doped ﬁlms considerably.
ß 2010 Elsevier B.V. All rights reserved.
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1. Introduction
Organic light-emitting diodes (OLEDs) have attracted much
attention because of their potential application in ﬂat panel
displays and solid state lighting devices [1,2]. To achieve lower
driving voltages and higher power efﬁciency, efﬁcient charge
injection from the electrodes into the charge transport layers
(CTLs) and the subsequent transporting in these layers are of
crucial importance for display applications [3–5]. Since the
injection requires charge carriers to overcome the energy barriers
in the electrode/CTL interfaces [6], a high forward bias is usually
needed to drive the device. To achieve lower operating voltage, one
need to reduce Ohmic losses of charge injection at the interface,
and increase charge transporting ability inside the ﬁlm. Several
methods have been introduced to increase the efﬁciency of hole
injection in OLEDs. These methods include increasing the work
function of indium–tin oxide (ITO) by special surface treatments
[7–9], and introducing a hole injection layer or an anode buffer
layer [10–12].
The p-doping hole-transport layer (HTL) has drawn a lot of
attention in recent years because of its ability to enhance hole
injection and thus achieve lower driving voltages in OLEDs [4–
6,13–16]. For small molecule materials, the p-doping of HTL is
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typically realized by co-evaporating the hole-transporting materials with a strong electron acceptor like tetraﬂuoro-tetracyanoquinodimethane (F4-TCNQ) [4], molybdenum oxide (MoO3) [5],
copper iodide (CuI) [13], tungsten oxide (WO3) [14], rhenium oxide
(ReO3) [15] and vanadium oxide (V2O5) [16]. However, it is difﬁcult
to control precisely the formation of the doped ﬁlm in the vapor
deposition process. As an alternative approach, the solution-based
processing method is expected to reduce manufacture cost and
avoid the complexity of co-deposition process. Solution-processed
polymer semiconducting layers, which are p-doped, have been
developed by spin-coating co-solutions on the ITO substrates [17–
24]. It has been reported that, the doped polymer HTLs show
considerable reduction in driving voltage compared to a conventional device and greatly contribute to the enhancement of the
device stability [22].
In this letter, we investigate how p-doping can signiﬁcantly
improve the performance of devices employing poly(9-vinylcarbazole) (PVK) as the HTL. As a hole-transport material, PVK has
been widely used either in two-layer [25,26] or multilayer devices
[27,28]. However, these devices had high turn-on voltages and low
efﬁciency because of the large hole injection barrier at ITO/PVK
(about 1.0 eV) and lower mobility of PVK [29]. As studies show that
the conductivity of PVK thin ﬁlm can be increased by doping
[30,31], we present a study of the hole injection and conductivity of
F4-TCNQ-doped PVK. In particular, we investigate the effect of pdoped HTLs on the performances of OLEDs. Using absorption
spectra of the doped ﬁlm, we have found that, charge-transfer (CT)
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complex forms between F4-TCNQ and PVK, and this CT complex
signiﬁcantly enhances the hole-current in a F4-TCNQ-doped PVK
layer. The current efﬁciency, the turn-on voltage and operational
stability are signiﬁcantly improved in the devices using F4-TCNQdoped PVK layers.
2. Experimental
The devices have the structure of ITO/PVK:x wt.% F4-TCNQ
(50 nm)/NPB (10 nm)/Alq3 (60 nm)/LiF (0.5 nm)/Al (100 nm). In
the devices, F4-TCNQ-doped PVK was used as the p-doped HTL.
N,N0 -di(naphth-1-yl)-N,N0 -diphenyl-benzidine (NPB) was the interlayer, and tris(8-hydroxyquinolinato) aluminum (Alq3) served
as the emitting layer (EML) as well as the electron-transport layer
while LiF/Al was used as a bilayer cathode. In the experiment, F4TCNQ (Aldrich) was dissolved in 1,2-dichloroethane and PVK (Mw:
1 100 000, Aldrich) was dissolved in chlorobenzene, respectively.
The two solutions were then mixed at different ratios to achieve 2,
5, 10, and 15 wt.% (dopant to host weight ratio) doping
concentrations. The p-doped HTL was spin coated onto the precleaned ITO substrate, and then the samples were dried in an oven
for 1 h at 80 8C. The thickness of these spin-coated ﬁlms was
approximately 50 nm. Subsequently, NPB (10 nm) and Alq3
(60 nm) were deposited by thermal evaporation in a vacuum
chamber at a pressure of 5  104 Pa, while LiF (0.5 nm) and Al
(100 nm) were fabricated by thermal evaporation in vacuum
without the break. The deposition rates of organic layer, LiF and Al
were 0.1–0.2, 0.02–0.04, and 0.3–0.5 nm/s, respectively. Following
the same procedure as the above, hole-only devices were also
fabricated. The structures of the hole-only devices are ITO/
PVK:x wt.% F4-TCNQ (100 nm)/NPB (10 nm)/Al (100 nm) (bulk
doping) and ITO/PVK:x wt.% F4-TCNQ (10 nm)/NPB (100 nm)/Al
(100 nm) (interface doping). The absorption spectra of the PVK and
F4-CNQ-doped PVK ﬁlms were recorded by a spectrophotometer
(U-3010 Hitachi Inc). The surface morphology of the ITO and the
organic thin ﬁlms were examined by an atomic force microscope
(AFM). The electroluminescence characteristics of the devices were
measured by a Keithley 2602. The operational stability measurements of the encapsulated devices were performed using a
constant DC current. All measurements were carried out at room
temperature under ambient conditions.
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new peak at 650 nm is a strong sign indicating that CT complex has
formed in the HTL. This formation of the CT complex is mainly due
to the jumping of an electron from a donor molecule (the PVK) to
an electron acceptor molecule (the F4-TCNQ) [4,5,13–15]. Here, it
is interesting to note that for this particular CT complex of PVK and
F4-TCNQ, a new transition peak at about 1.9 eV (650 nm) appears,
and this peak is stable with increasing concentration of F4-TCNQ.
Similar phenomena have been observed in the absorption spectra
of thin ﬁlms doped with small molecules (doped with F4-TCNQ [4],
MoO3 [5], CuI [13], WO3 [14], and ReO3 [15]) and conjugated
polymers (such as I2-doped MEH-PPV [17], and F4-TCNQ-doped
poly(3-hexylthiophene) [19]). These reports indicate that the CT
complex is an important phenomena that is essential for
understanding the characteristics of doped organic materials [19].
Using our devices, we investigated the effects of the CT complex
composed of F4-TCNQ-doped PVK on the hole injection and
transport. Fig. 2(a) shows the current density–voltage characteristics of the doped hole-only devices, which have the structure ITO/
PVK:x wt.% F4-TCNQ (100 nm)/NPB (10 nm)/Al (100 nm). They are
fabricated with PVK and doped PVK with various weight
percentage concentrations of F4-TCNQ. It is clear that, at the
same voltage, the hole-current increases signiﬁcantly with the
concentration of F4-TCNQ doping. Table 1 shows the required
voltages to achieve 20 and 100 mA/cm2 current density in holeonly devices. We see that, the voltage to obtain a current of 20 mA/
cm2 is decreased from 18.5 to 7.5 V when the doping concentration
is increased from 0 to 15 wt.%. Similar result is also obtained for a
current of 100 mA/cm2. Doping with F4-TCNQ has apparently lead
to signiﬁcant increase in hole-current in the hole-only devices. The
device with 15 wt.% F4-TCNQ-doped PVK has a hole-current that is
more than three orders of magnitude larger than that of the device

3. Results and discussion
Fig. 1 shows the absorption spectra of PVK and F4-TCNQ-doped
PVK ﬁlms at various doping concentrations. A pure PVK thin ﬁlm
shows no absorption above 400 nm, while the doped PVK thin
ﬁlms show an additional absorption band around 650 nm. This

Fig. 1. Absorption spectra of pure and F4-TCNQ-doped (10, 20, and 30 wt.%) PVK
thin ﬁlms, normalized to the PVK absorption at 345 nm.

Fig. 2. The current density–voltage characteristics of the hole-only devices at
different F4-TCNQ concentrations in PVK: (a) ITO/PVK:x wt.% F4-TCNQ (100 nm)/
NPB (10 nm)/Al (100 nm) and (b) ITO/PVK:x wt.% F4-TCNQ (10 nm)/NPB (100 nm)/
Al (100 nm).
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Table 1
Voltage of bulk-doped hole-only devices at current densities of 20 and 100 mA/cm2.
Hole-only
devices

Voltage (V) at
20 mA/cm2

Voltage (V) at
100 mA/cm2

0 wt.%
2 wt.%
5 wt.%
10 wt.%
15 wt.%

18.5
12.7
11.3
8.7
7.5

21.2
16.6
14.7
11.0
10.3

without doping. We attribute this signiﬁcant increase to two
effects that are induced by the formation of CT complex: the
enhanced hole injection through the ITO/HTL interface and the
increased electrical conductivity in the doped layer. To distinguish
the two effects and estimate their separate contributions to the
enhanced current, we fabricated another hole-only device with a
10 nm doped PVK layer. The structure of the hole-only device is
ITO/PVK:x wt.% F4-TCNQ (10 nm)/NPB (100 nm)/Al (100 nm).
Comparing to the other device (100 nm F4-TCNQ-doped PVK),
we can consider the 10 nm F4-TCNQ-doped PVK as an interface
injection layer with no signiﬁcant inﬂuence on hole-transportation
in the device. In fact, the 100 nm NPB is the HTL in this device.
Fig. 2(b) shows the current density as a function of applied voltage
of the hole-only devices with 0, 5, 10 and 15 wt.% F4-TCNQ-doped
PVK interface layers. The devices with a F4-TCNQ-doped interface
layer exhibit higher hole-current than that of the device using pure
PVK as the interface layer. Under 4 V driving voltage, the holecurrent density is increased from 0.1 mA/cm2 for the without
doped device to 10 mA/cm2 for the 15 wt.% doped device, which
indicates that the p-doped interface layers signiﬁcantly enhance
the hole injection.
From above results, we can conclude that the p-doped polymer
is achieved by the simple co-solutions of F4-TCNQ and PVK. pDoping occurs via electron transfer from the HOMO level of the
PVK to the LUMO level of the F4-TCNQ. This leads to a shift of the
Fermi level toward the PVK HOMO level, which offers a lower
barrier to current injection compared to the pure PVK device
[18,19]. The improvement of hole-current is caused not only by the
increase in ﬁlm conductivity, but also by the decrease in interface
injection barrier of ITO/p-doped PVK due to the formation of CT
complex [19]. To understand this enhanced injection, the energy
diagram of the devices was presented in Fig. 3. In the device with
the PVK layer, hole injection ability depends apparently on the

Fig. 3. (a) Schematic energy-level diagram of hole-only device; (b) sketch showing
the energy barrier of hole injection in the device with pure PVK layer; (c) sketch
showing the energy barrier of hole injection in the device with p-doped PVK layer.

energy barrier between anode (ITO) Fermi level and the HOMO
level of the PVK layer, therefore the current is injection-limited due
to the big hole injection barrier (about 1 eV) at the ITO/PVK
interface (Fig. 3(b)). However, in the p-doped PVK layer, because
the Fermi level is close to the PVK HOMO level, the CT complex
causes a space charge region near the interface of ITO/p-doped
PVK. With increasing doping, the width of the space charge region
at the interface of the ITO and p-doped PVK is reduced. As the bias
across the ﬁlm increases, ﬁled and space charge regions enhance
hole tunneling through the interface barrier of the doped PVK ﬁlm
(Fig. 3(c)) [6,18], and lead to the observed current increase as
compared to the undoped ﬁlm.
In our experiments, we found the enhanced hole injection and
transport can improve signiﬁcantly the performance of OLED
devices that use p-doped PVK as the HTL. Fig. 4(a) shows the
current density–voltage (J–V) characteristics of the devices
consisting of ITO/PVK:x wt.% F4-TCNQ (50 nm)/NPB (10 nm)/Alq3
(60 nm)/LiF (0.5 nm)/Al (100 nm). The 10 nm NPB layer was
inserted between HTL and EML to prevent the quenching of
excitons at the interface between the p-doped HTL and the EML.
For reference, a control device with 50 nm PVK was also fabricated
under the same condition. It can be seen that the control device has

Fig. 4. Electric and luminescent characteristics of devices using p-doped HTLs: (a)
the current density is shown as a function of voltage; (b) the luminance is shown as
a function of voltage; (c) the efﬁciency is shown as a current density.
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Fig. 5. The maximum current efﬁciency and the turn-on voltage are shown as
functions of dopant concentration for all the light-emitting devices.

a high threshold voltage due to the large injection barrier. At a
certain voltage, the current density increases signiﬁcantly with the
concentration of F4-TCNQ. This in turn reduces the device
operating voltages, for example, the operating voltage decreases
from 16.4 to 12.4 V at a ﬁxed current density of 100 mA/cm2 when
a 15 wt.% F4-TCNQ-doped layer is used.
The luminance–voltage (L–V) characteristics of the p-doped
devices are shown in Fig. 4(b). It is clear that the turn-on voltage is
reduced as the concentration of F4-TCNQ is increased. For example,
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the turn-on voltage (the voltage required to operate the device at a
luminance intensity of 1 cd/m2) of the device with 10 wt.% F4TCNQ doping is 3.6 V, which is reduced from 9.5 V of the control
device. Similarly, the turn-on voltages of the 2, 5, and 15 wt.%
doped devices are also reduced. At the concentration of 5 wt.% of
F4-TCNQ, the device has the maximum brightness of 27,340 cd/m2
at 16.3 V, which is 4.2 times as large as that of the control device.
We now turn to the current efﬁciency of the doped devices,
which is also improved with the F4-TCNQ doping. From Fig. 4(c),
we see that the control device has a maximum efﬁciency of 2.3 cd/
A. However, with a doping concentration of 5 wt.%, the current
efﬁciency reaches a maximum of 5.4 cd/A, which is enhanced by
approximately 235%. We attribute these results to the decrease of
the hole injection barrier and the increased conductivity in the HTL
by the formation of CT complex between F4-TCNQ and PVK.
To further analyze the effects of the F4-TCNQ concentration, we
show the maximum current efﬁciencies and turn-on voltages as a
function of dopant concentration in Fig. 5 for all the devices. Fig. 5
shows that the current efﬁciency begins to decrease when the
concentration of F4-TCNQ is above 5 wt.%. This result is likely
because, when the doping concentration is more than 5 wt.%, more
holes reach the NPB/Alq3 interface, and create a charge imbalance
at the NPB/Alq3 interface, leading to the decrease of efﬁciency.
Fig. 4 also shows the turn-on voltage as a function of the doping
concentration, which has a minimal value at 10 wt.%, From these
results, we believe the optimal doping concentration should be
between 5 and 10 wt.%.

Fig. 6. AFM images (2 mm  2 mm) of ITO substrate, PVK and p-doped PVK thin ﬁlms: (a) ITO substrate, (b) PVK, (c) 2 wt.% doped PVK, (d) 5 wt.% doped PVK, (e) 10 wt.% doped
PVK, and (f) 15 wt.% doped PVK. The thickness of organic ﬁlms was about 50 nm.
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concentration of 5 wt.%, a maximum device brightness of
27,340 cd/m2 and a current efﬁciency of 5.4 cd/A are achieved.
We have also found that the half lifetime of the device with 5 wt.%
F4-TCNQ doped HTL is 3.7 times better than that of the control
device. All these results indicate that the F4-TCNQ-doped PVK layer
can signiﬁcantly reduce the drive voltage, increase the current
efﬁciency and enhance the operational stability. By analyzing
doping induced effects, we have found that these enhancements
can be attributed to two major causes: the enhanced hole injection
and the increased hole conductivity of the p-doped HTL due to the
formation of CT complex.
Acknowledgements

Fig. 7. Operational stabilities of the encapsulated light-emitting devices using PVK
and 5 wt.% F4-TCNQ-doped PVK as the HTLs.

The surface morphology of the HTL is one of the important
properties for the devices in connection with their stability [3]. Fig. 6
shows 2 mm  2 mm AFM images of (a) ITO, (b) PVK, (c) 2 wt.%
doped PVK, (d) 5 wt.% doped PVK, (e) 10 wt.% doped PVK, and (f)
15 wt.% doped PVK, respectively. All the organic ﬁlms were spin
coated on the ITO substrate and annealed for 1 h at temperature
80 8C. These experimental results show that the surface roughness of
p-doped PVK ﬁlm is similar to the surface of PVK, but the surfaces of
organic ﬁlms are quite planer than that of ITO substrate. Rrms (rootmean-square roughness) values were about 0.6–0.7 nm for doped
PVK ﬁlms and 1.3 nm for the ITO substrate. AFM observation clearly
indicated that the doped PVK thin ﬁlm spin coated on the ITO
substrate reduced surface roughness, which is beneﬁt for the
operational stability of the devices.
We ﬁnally investigated the inﬂuence of the p-doped PVK HTL on
the device stability. The lifetime of 5 wt.% F4-TCNQ-doped PVK
device was measured with an initial luminance of 880 cd/m2 with a
constant current density (17.8 mA/cm2) operation. Similarly, the
lifetime of the control device with pure PVK was measured under
the condition of constant current density (35.7 mA/cm2) with an
initial luminance of 810 cd/m2. As shown in Fig. 7, the half lifetime
of the device with the p-doped HTL is 71.5 h, which is 3.7 times as
large as that of the control device. Since it has been suggested that
extra electrons can cause signiﬁcant degradation of the Alq3 layer
[32], the increased lifetime indicates that the increased injection
and conductivity of the p-doped HTL improves the charge balance
in a device.
4. Conclusion
We fabricated organic light-emitting devices with F4-TCNQdoped PVK as HTLs. Compared to the control device with undoped
PVK as its HTL, the current efﬁciency of p-doped devices are
enhanced, and the turn-on voltage is reduced signiﬁcantly. At the
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