
Combination of a polyaniline anode and doped charge transport layers
for high-efficiency organic light emitting diodes

Karsten Fehse, Gregor Schwartz, Karsten Walzer, and Karl Leoa�

Institut für Angewandte Photophysik, Technische Universität Dresden, D-01062 Dresden, Germany

�Received 11 December 2006; accepted 7 May 2007; published online 26 June 2007�

Up to now, most organic light emitting diodes �OLEDs� have utilized inorganic materials as
transport anodes. In this study, we show that conductive polymers are suitable for this purpose as
well. Polyaniline anodes, with a conductivity of 200 S/cm, are used to inject holes into the adjacent
organic layers. Due to electrical doping of the electron and hole transport layer with an intrinsic
emission layer sandwiched in between �pin-OLED�, the devices reach high luminance at low
voltage. The phosphorescent emitters Ir�MDQ�2�acac� and Ir�ppy�3, as well as the fluorescent
emitter Spiro-DPVBi, are implemented within pin-OLEDs using a polyaniline anode. By the use of
different host materials, a green double-emitting OLED is demonstrated and compared to the
corresponding single emission layer device. Furthermore, a white OLED combining fluorescent and
phosphorescent emitting layers is presented, reaching 8.9 lm/W at 1000 cd/m2. The results
demonstrate an efficient charge carrier injection from the polymer into the p-type doped hole
transport layer, leading to good power efficiencies of the OLEDs. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2748864�

I. INTRODUCTION

Over the past 20 years, there has been increasing interest
in organic light emitting diodes �OLEDs� for color display
and lighting applications.1,2 Usually, these devices use in-
dium tin oxide �ITO� as anode when they are built in the
bottom emission form.3 Often, a polymer layer is spin coated
on top of ITO to provide a smooth surface for the following
layer stack.4 Other transparent conducting oxides like fluo-
rine tin oxide or zinc oxide as well as polymer layers were
also tested. However, with a few exceptions, neither the
roughness nor the work function were sufficient to provide
equivalent properties compared to ITO anodes.5–8

Efficient electrically doped charge transport layers based
on molecular dopants were first demonstrated in 1998.9,10

OLEDs based on such doped transport layers use an intrinsic
emission layer sandwiched in between p- and n-doped trans-
port layers, which reduce the driving voltage. These so-
called pin-OLEDs have been demonstrated to have a very
high performance and long lifetime.11,12

Polyaniline �PANI� is a conductive polymer used for
various purposes like printed circuit boards, electrochromic
applications, corrosion protection, and transparent conduc-
tive coatings.13 A new dispersion of PANI �D1033� provides
a conductivity of 200 S/cm with an extinction coefficient of
0.12 at 750 nm �see Fig. 1�. For comparison, the extinction
coefficient of ITO is 0.032 at 750 nm, i.e., it is approximately
four times lower compared to this PANI dispersion. In con-
trast, the refractive index of PANI is lower as compared to
ITO over the whole visible spectrum, which may lead to an
increased light extraction from the organic layers into the
glass substrate. In addition, the work function of PANI is
around 4.8 eV,14 which is within the range of the values

reported for plasma treated ITO, namely 4.5–5.11 eV.15,16 It
has been demonstrated that ITO in combination with a
p-doped transport layer provides a low voltage drop for hole
injection. For this reason, the similar work function of PANI
is expected to show an efficient charge injection as well.

II. EXPERIMENT

The polyaniline �D1033� from Ormecon has a solid con-
tent of approximately 1% in dispersion and uses water as a
solvent. A 100 nm thick polyaniline layer was spin coated
�30 s at 1000 rpm on a Delta6RC spin coater� on a glass
substrate and afterwards annealed for 1 min at 100 °C in air.
For structuring and contacting the OLED, an insulating poly-
styrene layer was brought onto a part of the coated substrate
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FIG. 1. �Color online� Wavelength dependence of refractive index and ex-
tinction coefficient of ITO �squares� and PANI �triangles� films. Both mate-
rials show a decrease of refractive index over the whole visible range. For
the polymer layer, a local absorption maximum is found at 430 nm, while
the extinction coefficient increases toward higher wavelengths up to 0.15 at
750 nm.
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via dip coating. The substrates were annealed a second time
for 10 min at 120 °C under nitrogen atmosphere and subse-
quently loaded into ultrahigh vacuum. N,N,N� ,N�-
tetrakis�4-methoxyphenyl�-benzidine �MeO-TPD� doped
with 4 mol % 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane �F4-TCNQ� was evaporated on the PANI-
coated substrates. To increase the charge carrier confinement
within the emission layer, a 10 nm 2,2� ,7 ,7�-
tetrakis-�N,N-diphenylamino�-9 ,9�-spirobifluorene �Spiro-
TAD� electron blocking layer was used for all samples. As an
emitting layer, either a single emission layer �for monochro-
mic OLEDs� or a stack of emission layers �for the white or
double emission OLED� was used, see Fig. 2. As a hole
blocker, 10 nm of 2 ,2� ,2��1,3,5-benzenetriyl� tris-�1-phenyl-
1H-benzimidazole� �TPBi� or 4,7-diphenyl-1,10-
phenanthroline �BPhen� were used. Cesium was evaporated
together with BPhen in a ratio of 1:1 �atom to molecule�
acting as electron transport material.17 The conductivity of
both transport layers was in the range of 10−5 S/cm. Finally,
a 100 nm thick aluminum layer was evaporated on top of the
organic layers. The OLEDs were measured in the deposition
tool, without breaking the vacuum. The current-voltage-
luminance characteristics were measured using a Keithley
2400 source measuring unit and a calibrated photodiode
�Hamamatsu S7686�. Red, green, and blue OLEDs were
made, as well as monochromic devices consisting of a so-
called double emission layer �D-EML� and a white OLED.
Due to its excellent charge carrier balance, the D-EML is
known to reach a very high performance on ITO anodes and
was therefore adapted to PANI, using a 6 nm preferably hole
conducting emission layer �TCTA:Ir�ppy�3� and a following
12 nm thick preferably electron conducting emission layer
�TPBi:Ir�ppy�3�.11 As the white OLED structure, an approach
of Schwartz et al. was used which is based on a combination
of phosphorescent and fluorescent emitters separated by an
exciton blocking layer to prevent triplet exciton quenching.18

The layer sequence and the layer thicknesses of all devices
are given in Table I.

III. RESULTS

The luminance-voltage characteristics for the red, blue,
and green �single and double� emission OLEDs are shown in
Fig. 3. As expected, the voltage needed to reach 100 cd/m2

increases from red �2.72 V� to blue �3.41 V�. The D-EML
OLED reaches 100 cd/m2 slightly earlier �at 3.13 V com-
pared to 3.18 V� than the single emission layer �EML� de-
vice, which may be explained by an improved charge carrier
balance within the emission layer and an expansion of the
exciton recombination zone, as described elsewhere.11 To
compare the results of the white OLED to the results of
Schwartz et al., BPhen is used as a hole blocking layer
�HBL� for the white OLED. BPhen has a lower energy bar-
rier for electron injection compared to TPBi, which is used
for all other devices presented here. The lowest unoccupied
molecular orbital �LUMO� difference is around 0.3 eV due to
LUMOs at 2.7 and 3 eV for TPBi and BPhen, respectively.
Thus, 100 cd/m2 are reached already at 2.87 V although the
white OLED contains three emission layers and a thin exci-
ton blocking layer, reaching a total thickness of 44.2 nm
intrinsic material instead of �20 nm EML for all single
color devices. A white OLED with the same structure as

FIG. 2. �Color online� Layer stack of the OLEDs studied in this work. The
monochromic OLEDs differ only in the emission zone �I�. For the white
OLED, a red �a�, green �b�, and blue �c� emission layer were stacked with an
exciton blocking layer in between the fluorescent and phosphorescent emis-
sion zones �II�. The charge transport and blocking materials remain un-
changed. For each single color device, the thicknesses of the n- and p-doped
charge transport layers were optimized with respect to maximum optical
outcoupling. The green D-EML OLED contains two emission layers, both
doped with Ir�ppy�3 �III�.

TABLE I. Organic stack layout of the OLEDs discussed in this article. As a
hole blocking material, TPBi was used, except of the white OLED, where
BPhen served as a hole blocker to keep the comparability to the results
published for an ITO anode OLED �see Ref. 18�. The doping concentration
�in brackets� of the emission layer is given in weight percent.

�nm� Red Green Blue D-EML White
PANI 100 100 100 100 100

MeO-TPD:
F4-TCNQ

155 130 145 140 60

SpiroTAD 10 10 10 10 10
Emitter 1 20 �20%� 20 �8%� 10 6 �8%� 20 �5%�
Emitter 2 ¯ ¯ ¯ 12 �8%� 2.2 �8%�

TCTA:TPBi ¯ ¯ ¯ ¯ 2 �2:1�
Emitter 3 ¯ ¯ ¯ ¯ 20

HBL 10 10 10 10 10
BPhen:Cs 65 55 30 45 30

Al 100

FIG. 3. �Color online� Luminance-voltage characteristics of all OLEDs de-
scribed in this work using a PANI anode.
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discussed before but with TPBI as HBL, showed almost only
blue luminescence due to a strong shift of the charge carrier
balance toward a surplus of holes. Thus, the BPhen HBL is
needed to provide the charge carrier balance needed for the
chosen emission layer setup to obtain white emission.

At 100 cd/m2, the single emission layer OLEDs achieve
power efficiencies of 12.4, 34, and 4.2 lm/W for the red,
green, and blue OLEDs, respectively �Fig. 4�. At 100 cd/m2,
the D-EML green OLED shows an increased power effi-
ciency of 40.7 lm/W. If the phosphorescent green and red
EML are combined with the fluorescent blue emitter via the
use of an exciton blocking layer,18 the device emits white
light with an efficiency of 12.2 lm/W at 100 cd/m2. The
spectra of the monochromic and white OLEDs are depicted
in Fig. 5. The white OLED has CIE-1931 color coordinates
of �0.42/0.39� which are close to the warm white color point
A �0.45/0.41�. Thus, the amount of green and blue emission
is low compared the contribution of the red emitter. The
spectrum of the D-EML green device is nearly identical to its
single emission layer counterpart.

IV. DISCUSSION

All OLEDs on PANI studied in this work show low driv-
ing voltages and good efficiencies. The blue pin-OLED
achieves its maximum current efficiency of 4.6 cd/A at
93 cd/m2 and 3.4 V, decreasing to 4 cd/A at 1000 cd/m2.
For the fluorescent emitter Spiro-DPVBi, a current efficiency
of 4.2 cd/A �at 2500 cd/m2, 10 V� has been reported by
Spreitzer et al. using a modified KODAK structure on ITO.19

A comparison of the undoped and pin-type OLED structures
shows that the use of doped transport layers and thin charge
carrier blocking layers leads to a reduced operating voltage
and a slightly increased device efficiency for the fluorescent
blue emitter. Further on, a pin-OLED on ITO with the same
materials used for the OLED on PANI, reaches a current
efficiency of 4.44 cd/A at 1000 cd/m2.

The red OLED on PANI reaches 12.4 lm/W at 2.72 V
�100 cd/m2� which is decreasing for higher luminance to
10.9 lm/W at 3.2 V �100 cd/m2�. The same small molecule
stack but with an ITO as anode shows a power and current
efficiency of 17.3 lm/W and 14.6 cd/A at 100 cd/m2. Duan
et al. demonstrated an ITO-anode OLED with the same emit-
ter, but without doped charge transport layers, which showed
a power efficiency of 13.6 lm/W at 6 V.20 The difference in
efficiency between the results from Duan et al. and the those
reported here can be attributed to the high absorption of
PANI in the red spectral region, as well as to different charge
blocking layers and to a different host material for the emit-
ter, which leads to a higher current efficiency of 26.6 cd/A
�6 V� compared to 10.7 cd/A �100 cd/m2, 2.72 V� of our
device. However, because of a less efficient charge injection
due to undoped charge transport layer in the device of Duan
et al., the power efficiency is comparable between both de-
vices.

He et al. reported about green single and double emis-
sion pin-OLEDs with different host and hole blocker mate-
rials, reaching power efficiencies of 52 and 77 lm/W at
100 cd/m2, respectively.11,21 With the materials used in this
report, we reach on ITO anodes 47.5 and 66.9 lm/W at
100 cd/m2, for single and double emission layer OLEDs,
respectively. The efficiencies of the green single and double
emission OLEDs on PANI obtain values of 34 and 40.7
lm/W at 100 cd/m2, respectively. We regard the increased
device performance of the D-EML structure compared to the
single EML device as an indication for efficient hole injec-
tion from the polymer anode into the hole transport layer. In
the green D-EML setup, the hole mobility of the
TCTA:Ir�ppy�3 layer is somewhat higher than the electron
mobility of TPBi:Ir�ppy�3. Therefore, the ratio between the
layer thicknesses is chosen to compensate this mobility dif-
ference. Consequently, the main exciton generation zone is
close to the interface of both layers. Since there is a partial
interpenetration of charge carriers, the overall exciton recom-
bination zone is widened.11 An unbalanced electron/hole ra-
tio, resulting from a less efficient hole injection in the case of
the PANI anode, would therefore cause a shift of the exciton
generation zone toward the electron blocking layer and, thus,
result in lower or at best unchanged device performance
compared to the single emission layer device.22 Since the

FIG. 4. �Color online� Power efficiency vs luminance curves for the differ-
ent emitters. Using the improved charge carrier balance of a green D-EML-
OLED, the device efficiency is increased from 34 lm/W �single EML� to
40.7 lm/W �D-EML� at 100 cd/m2, respectively.

FIG. 5. �Color online� Electroluminescence spectra of the single color
OLEDs and their combination in a white OLED.
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gain in device efficiency by changing the device structure
from a single to the double emission layer is 20% for PANI,
compared to 41% for ITO devices with the same small mol-
ecule materials, a slightly different charge carrier balance can
be expected in the case of the polymer anode.11,21

A white OLED serves as another test for the hole injec-
tion from PANI into the hole transport layer: The white
OLED stack, depicted in Fig. 2 �I and II�, is very sensitive to
the charge carrier balance within the EML. The OLED struc-
ture was developed by Schwartz et al. for a white OLED on
an ITO anode.18 Using PANI instead of ITO, only minor
differences in the spectra are found: The CIE coordinates of
the ITO and PANI anode devices are �0.47/0.42� and �0.42/
0.39�, respectively. Because of the higher fraction of blue
light in the spectrum and the higher extinction coefficient of
the PANI anode, the white OLED on PANI reaches a power
efficiency of 8.9 lm/W at 1000 cd/m2, which is lower than
the 13.7 lm/W reached by the same white OLED on ITO.

When evaluating the low driving voltage of all PANI
anode OLEDs and their efficiencies, one can expect a good
hole injection at the PANI/MeO-TPD:F4-TCNQ interface.
Since the same transport layer and emitter stack of the white
OLED as in the device of Schwartz et al. are used, a different
charge carrier balance and the high extinction coefficient of
PANI in the red may explain the different spectra. A less
efficient hole injection would cause an increased ratio of
electrons to holes within the white OLED emission zone,
corresponding to a shift of the exciton generation zone to-
ward the red and green EML and, thus, a higher amount of
green and red light would occur.22 For a warm white spec-
trum, the red emitter has the largest contribution to the spec-
trum. Consequentially, the efficiency of the red emitter is
contributing significantly to the overall device efficiency.
However, in the case of PANI, the anode has its absorption
maximum just in the emission region of the red emitter,
which causes a decrease of the OLED efficiency and a re-
duced ratio of red as compared to green and blue light in the
spectrum. Overall, we observe that the efficiency of the
white, green, and red OLEDs with PANI anode is lower than
on ITO, which may be explained by the higher absorption of
PANI in the visible part of the spectrum �Fig. 1� and its lower
conductivity as compared to ITO. However, our results show
that PANI could replace inorganic anodes in OLEDs, espe-
cially when the absorption in the visible part of the spectrum
can be further reduced.

V. CONCLUSION

We demonstrated efficient pin-OLEDs on a polyaniline
anode without using a transparent conducting oxide layer
underneath. At 100 cd/m2, the red, green, and blue OLEDs
achieved power efficiencies of 12.4, 34, and 4.2 lm/W, re-

spectively. We further demonstrated an efficiency enhance-
ment by the use of a green double emission layer structure to
achieve 40.7 lm/W at a luminance of 100 cd/m2. By com-
bining phosphorescent and fluorescent emitters, a white
OLED is shown with 12.2 lm/W and CIE coordinates of
�0.42/0.39� at 100 cd/m2, closely corresponding to the
warm-white color point A. The results show that the use of
p-doped charge transport layers allows an efficient hole in-
jection from polyaniline into the adjacent small-molecule
OLED stack, while at the same time only low driving volt-
ages are needed. Double emission layer OLEDs and white
OLED structures on a polyaniline anode, serving as test ve-
hicles for studying the charge carrier balance, indicate a
similar charge carrier balance within the emission zone as in
ITO-based OLEDs.
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