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The effect of tungsten oxide �WO3� incorporation into 1,4-bis�N-�1-naphthyl�-N�-phenylamino�-
4 ,4� diamine �NPB� layer is investigated in NPB-tris�8-hydroxyquinoline�aluminium
heterojunction organic light-emitting diodes. The admittance spectroscopy studies show that
increasing the WO3 volume percentage from 0% to 16% can increase the hole concentration of the
NBP layer from 1.97�1014 to 1.90�1017 cm−3 and decrease the activation energy of the resistance
of the NPB layer from 0.354 to 0.176 eV. Thus, this incorporation reduces the Ohmic loss and
increases the band bending in the NBP layer near the interface, resulting in an improved hole
injection via tunneling through a narrow depletion region. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2345610�
Since Tang and VanSlyke fabricated the first organic
light emitting diodes �OLEDs�,1 the applications of OLEDs
have attracted considerable attention. However, the low
power efficiency and high driving voltage limit their further
development. In order to obtain high efficiency, many meth-
ods have been developed to improve the carrier injection
from the electrode to the transporting layer.2–7 Despite these
efforts, the operating voltage is still not low enough for dis-
play applications. Recently, doping the transport layer for
enhancing carrier injection and lowering drive voltages has
been demonstrated. Electrical doping of molecular films by
insertion of electron accepting �p dopants� atoms or mol-
ecules has been shown to increase the film conductivity.8–10

So far, the most widely investigated p dopants for organic
films are tetracyanoquinodimethane �TCNQ� and its fluori-
nated derivative tetrafluorotetracyanoquinodimethane
�F4-TCNQ�.11–14 However, using highly volatile F4-TCNQ
in thermal evaporation under high vacuum has raised serious
concerns over issues of cross contamination, chamber
pollution, and the thermal stability. In our previous work,
we used tungsten oxide �WO3� as a p dopant which
exhibits good electric properties.15 In this letter, we continue
to study the effect of the WO3 incorporation into the
1,4-bis�N-�1-naphthyl�-N�-phenylamino�-4 ,4� diamine
�NPB� layer on the electrical characteristics of NPB-tris�8-
hydroxyquinoline�aluminium �Alq3� heterojunction organic
light-emitting diodes by performing admittance spectros-
copy.

The studied structure is indium-tin-oxide
�ITO� /NPB:WO3 �0%–33%� �60 nm� /Alq3 �60 nm�/
aluminum �Al�. Doped layers �NPB:WO3� were prepared by
coevaporation of NPB as the matrix and WO3 as a dopant. In
the doped layers, the WO3 volume percentages are 0%, 9%,
16%, and 33%. The structures thus formed are referred to as
devices A, B, C, and D, respectively. The organic materials
were deposited on an ITO-coated glass by thermal evapora-
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tion in an ULVAC Solciet OLED coater at a base vacuum
pressure of 10−7 Torr and at a growth rate of 1 Å/s. The
thickness and sheet resistance of the ITO layer were 100 nm
and 35 � / sq. The Al metal cathode was prepared by thermal
vapor deposition at 10−6 Torr and at the rate of 5 Å/s. Be-
fore depositing the organic materials, the ITO-coated glass
was cleaned in acetone, isopropyl alcohol, and de-ionized
water and then was treated with oxygen plasma for 30 s. The
device was hermetically sealed prior to measurement in ni-
trogen ambient. The active area was 3�3 mm2 which was
defined by the overlap of the ITO and the cathode electrode.
Admittance spectroscopy was performed to obtain the
equivalent circuit of the device by using an HP4194A gain
phase analyzer with an oscillation level of 0.1 V.

Figure 1 shows the 300 K capacitance-frequency �C-F�
and conductance/frequency-frequency �G /F-F� spectra,
measured at zero bias on device A. The spectra show two
capacitance drops and G /F peaks at inflexion frequencies
around 25 kHz and 0.42 MHz, suggesting the presence of
two geometric resistance-capacitance �RC� time constant ef-
fects. Based on these spectra, an equivalent circuit model as
shown is developed, where C1, R1 and C2, R2 represent the

FIG. 1. Spectra of the admittance spectroscopy, measured on a heterojunc-
tion device with an ITO/NPB�60 nm� /Alq3�60 nm� /Al structure. The C-F
spectra agree with simulated spectra �open squares� based on an equivalent

circuit model using C1=5.40 nF, C2=5.23 nF, R1=3.9 k�, and R3=850 �.
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geometric capacitance and resistance of the NPB layer and
the Alq3 layer, respectively, and R3 represents the series re-
sistance which can be ascribed to parasitic effects due to
lead/contact resistances.16 In these studied devices, R2 can be
treated as an open circuit because it is much larger than R1
and R3. Based on this equivalent circuit, the total equivalent
capacitance is given by

C��� =
C0

1 + �C0
2R3

2�2�
, �1�

where C0 is

C0 =
C1C2

C1 + C2
�1 +

C2/C1

1 + �2R1
2�C1 + C2�2� . �2�

Details of the theory on admittance spectroscopy can be
found elsewhere.17,18 Excellent agreement is found between
the experimental �solid curve� and simulated �open squares�
C-F spectra by selecting C1=5.40 nF, C2=5.23 nF,
R3=850 �, and R1=3.9 k� �Notably, if R1�R3, the spectra
exhibit only one steplike capacitance drop�. The capacitance
below �1 kHz is C2 whose value �5.26 nF� is comparable to
a value of 5.31 nF determined from the thickness of the Alq3
layer according to a parallel-capacitor model C=�r�0A /d
�with �r�4�.19 As frequency increases, the carriers charging
the NBP layer cannot follow ac probing frequency and the
capacitance drops at the inflexion frequency of �25 kHz
which equals to the inverse of the RC time constant of the
NPB layer by the relationship �inflexion=�−1= �R1�C1+C2��−1.
When frequency is increased beyond this inflexion fre-
quency, the capacitance reaches a plateau whose value is the
series combination of C1 and C2. Therefore, values of C1, C2,
and R1 can be determined. When frequency further increases,
the capacitance drops again due to the series resistance R3.
Note that the two inflexion frequencies can be more clearly
seen in the G /F peaks.

Figure 2 shows the temperature-dependent G /F-F spec-
tra of the studied devices, measured at zero bias. In devices
A–C, the spectra show two distinct peaks: the low-frequency
peak is associated with the resistance of the NPB layer and
high-frequency peak is associated with the parasitic series
resistance. While the series-resistance peak does not depend
on temperature the NPB peak displays significant tempera-
ture dependence. For comparison, the spectrum measured at
300 K is boldfaced. As the WO3 volume percentage in-

FIG. 2. Temperature-dependent G /F-F spectra at zero bias for devices �a�
A, �b� B, �c� C, and �d� D. The rapid increase at low frequency in �d� is due
to leakage current.
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quency and finally mixes with the series-resistance peak, in-
dicating a decrease of the resistance of the NPB layer. As
temperature decreases, the NPB peak shifts toward low fre-
quency. This temperature dependence becomes less pro-
nounced as the WO3 volume percentage increases, suggest-
ing a decrease in the activation energy. In general, the
resistance of the NPB layer can be expressed by a simple
geometric equation,

RNPB =
L

q�NPBNHOMO exp�− Ea/kT�A
, �3�

where q is the electron charge, �NPB the mobility of the NPB
layer, NHOMO the density of states function in the highest
occupied molecular orbital �HOMO�, Ea the activation en-
ergy, A the area, and L the thickness of the NPB layer. The
obtained values of RNPB and its activation energy are shown
in plots of −ln�1/RNPB� vs 1000/T in Fig. 3. As shown, in-
creasing the WO3 volume percentage from 0% to 9% and
then to 16% reduces the activation energy from 0.354 to
0.241 and then to 0.176 eV.

From RNPB and Ea of device A, using �NPB=5.1
�10−4 cm2/V s obtained from Chen et al.,20 the value of
NHOMO is determined to be 1.698�1020 cm−3. From this
value, the mobilities for the devices B–D are determined
and the results are summarized in Table I. Increasing the
WO3 volume percentage from 0% to 16% reduces the resis-
tance of the NPB layer from 3.89�103 to 4.03�102 �
due to an increase in the hole concentration from
1.97�1014 to 1.90�1017 cm−3 and a decrease of mobility
from 5.1�10−4 to 5.1�10−6 cm2/V s. When the WO3 vol-
ume percentage further increases to 33%, as indicated in Fig.
2�d�, the NPB peak cannot be resolved from the series-
resistance peak, and thus the exact resistance of the NPB
layer cannot be obtained but, judging from its likely position,

FIG. 3. Plots of −ln�1/RNPB� vs 1000/T. The resistance RNPB is derived
from the low-frequency peak in the G /F-F spectra in Fig. 2. The room-
temperature I-V curves of the studied devices are shown in the inset.

TABLE I. Electric parameters derived from experimental measurements at
room temperature.

Device �WO3% �
Hole concentration

�cm−3�
Mobility

�cm2/V s�
Resistance

���

Device A �0%� 1.97�1014 5.10�10−4 3.89�103

Device B �9%� 1.54�1015 7.71�10−5 9.86�102

Device C �16%� 1.90�1017 5.10�10−6 4.03�102

Device D �33%� �1017 �10−6 �102
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it must be less than 102 �. The rapid increase at low fre-
quency in Fig. 2�d� reflects the leakage current due to negli-
gible energy barrier, as will be shown later.

Figure 4 shows the schematic band diagram of the de-
vice with an energy barrier in the HOMO between the ITO
and NPB. Since the activation energy represents the energy
separation between the edge of the HOMO and Fermi level,
the WO3 incorporation decreases this energy separation in
the bulk of the NPB layer. As a result, the width of the
energy barrier is reduced and the hole injection from the ITO
to NPB layer is improved via tunneling through a narrow
depletion region. This enhanced tunneling causes current
conduction at small voltages, as shown in the inset of Fig. 3,
where the room-temperature current-voltage �I-V� character-
istics of the studied devices are shown. The current conduc-
tion is enhanced from device A to C due to a reduced energy
barrier and, in device D, the current conduction is nearly
Ohmic due to a negligible energy barrier. The negligible en-
ergy barrier causes the nearly Ohmic conduction, which can
explain the leakage current at small voltage in device D. This
result also demonstrates that the current conduction is mainly

FIG. 4. Schematic diagram of the device band structure, showing a decrease
in the energy separation between the edge of the HOMO and Fermi level in
the bulk of the NPB layer due to the WO3 incorporation.
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governed by the hole injection from the ITO anode to the
NPB layer.
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