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Influence of
trapped and
interfacial
charges
in organic
multilayer light-
emitting devices

Trapped and interfacial charges have
significant impact on the performance of
organic light-emitting devices (OLEDs). We
have studied devices consisting of 20 nm
copper phthalocyanine (CuPc) as the
buffer and hole-injection layer, 50 nm N,N*-
di(naphthalene-1-yl)-N,N*-diphenyl-benzidine
(NPB) as the hole transport layer, and 65 nm
tris(8-hydroxyquinolinato)aluminum (Alq3) as
the electron transport and emitting layer
sandwiched between a high-work-function
metal and a semitransparent Ca electrode.
Current–voltage measurements show that the
device characteristics in the negative bias
direction and at low positive bias below the
built-in voltage are influenced by trapped
charges within the organic layers. This is
manifested by a strong dependence of the
current in this range on the direction and
speed of the voltage sweep. Low-frequency
capacitance–voltage and static charge

measurements reveal a voltage-independent
capacitance in the negative bias direction and
a significant increase between 0 and 2 V in the
given device configuration, indicating the
presence of negative interfacial charges
at the NPB/Alq3 interface. Transient
experiments show that the delay time of
electroluminescence at low voltages in these
multilayer devices is controlled by the buildup
of internal space charges, which facilitates
electron injection, rather than by charge-
carrier transport through the organic layers.
To summarize, our results clearly demonstrate
that the tailoring of internal barriers in
multilayer devices leads to a significant
improvement in device performance.

1. Introduction
Early work on molecular crystals clearly demonstrated that
the relevant mechanism of electroluminescence (EL) in
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organic solids is of the injection type [1]. Injection
luminescence requires several steps, including the
injection, transport, capture, and radiative recombination
of positive and negative charge carriers inside an organic
layer with an energy gap suitable for yielding visible
light output. A very successful approach to separately
optimizing these individual steps is the concept of organic
multilayer light-emitting devices (LEDs) using hetero-
interfaces between different organic materials [2]. The
simplest organic LED (OLED) of this kind incorporates
a hetero-interface between a hole-conducting material
(usually a triphenyl-amine derivative) and an electron-
conducting aluminum chelate complex (Alq3), where light
emission is generated in the Alq3 layer close to the
organic– organic interface [3].

The optimization of these devices requires on the one
hand an improvement in the fluorescence yield of the
emitting material, which can be achieved by doping, and
on the other hand a well-balanced injection of positive
and negative charge carriers. Moreover, since these
devices are current-driven, good charge-carrier-transport
capabilities are considered a prerequisite for a high
luminous efficiency. For example, low charge-carrier
mobilities (m ,, 1 cm2/Vs) can lead to space-charge-
limited currents, especially if one contact is able to
inject more carriers than would be present in thermal
equilibrium [4], and thus limit the device performance
[5– 8]. Furthermore, in the presence of an organic– organic
interface in a hetero- or multilayer device, the energy level
offset at the interface can be an additional source of the

buildup of interfacial space charges. Even in the absence
of these energy barriers, the abrupt differences of charge-
carrier mobilities in the respective layers of typical
multilayer devices (see Section 4) lead in effect to the
presence of mobility barriers at hetero-interfaces, which
in turn can be the source of interfacial space-charge
formation. Obviously, knowledge of the charge and field
distributions inside a device as well as their variation
with the applied voltage is crucial for the physical
understanding of device operation. Also, from the
viewpoint of technical applications, the avoidance of space
charge is important for device optimization with respect to
efficiency, temporal response, and long-term stability.

In the following sections we describe our experimental
evidence for the presence of space charges in metal
anode/CuPc/NPB/Alq3/Ca devices by current–voltage,
capacitance–voltage, and transient electroluminescence
measurements.

2. Device preparation and experimental
methods
Our devices are built on glass substrates (Schott AF 45)
precoated with a high-work-function anode such as ITO,
Pt, Ir, Ni, or Pd ('75 nm thick). The organic multilayer
structure consists of CuPc as the buffer layer, NPB as the
hole transport layer, and Alq3 as the electron-transporting and
emitting layer (Figure 1). The thicknesses of the different
organic layers are given in the body of the paper. When a
metal anode was used, EL was observed through a 20-nm-
thick Ca cathode. The active area of each of our devices
was 2 mm 3 3 mm. Prior to use, all organic materials were
purified by vacuum sublimation. Depositions were carried
out in a high-vacuum system (Leybold) by thermal
evaporation from resistively heated tantalum and tungsten
boats. The base pressure in the chamber ranged between
4 3 1027 and 1 3 1026 mbar. Typical deposition rates for
the organic compounds and the metal were 1 Å/s. The
evaporation chamber is attached directly to an argon
glove-box system, which allows devices to be fabricated,
characterized, and encapsulated under inert conditions.
Current–voltage (I–V) and luminance–voltage (EL–V)
characteristics were measured with a Hewlett-Packard
parameter analyzer (HP 4145B) and a sensitive Si
photodiode (Hamamatsu S2281). The luminance
calibration of the photodiode was obtained with a
Photo Research PR704 spectroradiometer. Transient
electroluminescence (TEL) was measured in a specially
designed setup that allows one to detect simultaneously
time-dependent EL, current, and voltage across the device.
The OLEDs were characterized in a modified HP 16058A
test fixture with a Hamamatsu photomultiplier 5783-01
(time resolution ' 0.65 ns) located directly on top of the
emitting area to detect EL intensity. An HP 8116A dc
pulse/function generator (50 MHz, rise time ' 7 ns, decay

Schematic energy-level diagram and chemical structures of the
organic materials used for the OLEDs.
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time ' 10 ns) was used to apply rectangular voltage pulses
to the device. The pulse length was varied between 8 and
300 ms, with a duty cycle of 10%. The function generator
permits the OLED to be driven with various positive and
negative offset voltages before the rectangular voltage
pulses are applied. The photomultiplier was connected
to the 50-V input resistance of a digital oscilloscope
(Tektronix 2440) to record the EL signal. A second digital
oscilloscope (Tektronix 2440) allowed one to monitor the
voltage pulse and the time-dependent current flow through
the device simultaneously with the EL signal. Impedance
(Z) and capacitance–voltage (C–V) measurements were
carried out with a frequency response analyzer (Solartron
Instruments SI1260). Typically the oscillator level was
set to 50 mV, and the measurement was averaged
over 100 cycles of the respective frequencies. Static
discharge measurements were performed with a Keithley
electrometer (EM 617) and the device affixed in an HP
8116A test fixture. Charging of the OLED was performed
for a distinct time of one minute by the built-in voltage
source of the electrometer. Directly after charging, the
device was separated from the source and connected to
the Coulomb input of the electrometer to measure the
total stored charge of the OLED. Switching was done
manually, and because of the excellent electrical isolation
of the setup and the high impedance of the device,
discharging effects became negligible at low voltages.
All measurements were carried out with encapsulated
devices at room temperature.

3. Experimental results

Current–voltage characteristics
Figure 2 shows the dependence of I–V and EL–V
characteristics on sweep direction and sweep speed for a
metal anode/CuPc/NPB/Alq3/Ca device. In Figure 2(a)
the voltage has been incremented in steps of 50 mV from
23 to 7 V and back again. Current and brightness were
detected with the parameter analyzer set to a “medium”
integration time1 and the delay time between individual
data points to 0. In this mode, the time required for
acquisition of a single data point depends on the
magnitude of the detected current and ranges from 10 to
100 ms for the given device. Figure 2(b) was measured
with a “long” integration time and an additional delay of
10 s between individual data points. In both cases the
current increases strongly in the forward bias direction
above a threshold voltage of 2 V and is virtually
unaffected by sweep direction and speed. The onset of
EL determined at 0.1 mcd/m2 is 2.1 V. This onset is not

1 It is difficult to give an accurate definition of a “medium,” “long,” or “fast” time,
since the actual time depends not only on the integration time but also on the
current range. Therefore, the total time depends on the impedance of the device
structure and the integration time (see HP Manual 4145B).
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affected by external parameters. We note that the onset
voltage for detectable EL is significantly lower than the
optical gap of Alq3 (2.7 eV) and rather corresponds to the
built-in voltage (i.e., difference in work function) of the
two electrodes. Remarkable differences in the current flow
are observed below 2 V, where no detectable EL and thus
no double carrier injection takes place. The measurement
with integration time “medium” shows a strong hysteresis
between up and down sweeps [Figure 2(a)]. In particular,
the voltage at which the current passes through zero
is not at zero bias but at about 21.4 V for increasing
voltage and around 11.9 V for the other sweep direction.
Furthermore, under these measurement conditions a step-
like structure at about 0.5 V is observed in both sweep
directions, which we found to be characteristic for a
multilayer structure containing CuPc. We do not observe
this feature if the CuPc layer is omitted. The delay time
of 10 s between subsequent data points used in the slow

measurement is sufficient to achieve zero crossing of
the current at 0 V. In addition, the structure at about
0.5 V disappears. The described hysteresis of the I–V
characteristics is a clear indication of the presence of
space charges in the device. During these measurements
we observe a higher current for decreasing voltage
between 2 and 0.5 V and below 21 V. In these regimes
the current is also relatively noisy. This is most likely
caused by leakage currents, which can occur after the
device has been operated for longer times at higher
positive bias. However, these leakage currents are
reversible and can be suppressed by applying negative
voltage for a certain time.

Bias-dependent capacitance
The measurement of bias- and frequency-dependent
device capacitance is a well-established technique for
the investigation of conductivity, doping concentration,
and trap states/density in organic semiconductors. For
some polymeric semiconductors, this method has been
successfully used to prove the existence of p-type doping
leading to Schottky junctions with low-work-function
metals [10 –12]. Furthermore, in combination with
temperature-dependent measurements, the energy of
shallow acceptor states and deep trap states has been
determined [13]. The materials used in this study,
especially NPB and Alq3, are expected to have very few
intrinsic carriers and extrinsic dopants. In addition, they
have been purified before usage. Only CuPc is known to
be easily doped by atmospheric oxygen, leading to p-type
conducting behavior [14, 15]. Thus, in the absence of
free or trapped charges inside the device, we expect
to measure a bias- and frequency-independent device
capacitance corresponding to a series of three dielectric
media with dielectric constants «r,i , thickness di , and area
A. Given the active device area and thickness of the
individual layers together with the dielectric constants of
the materials in the range of 3.5 to 4, one can estimate
the device capacitance to be about 1.5 to 2 nF.

Figure 3 shows the capacitance as a function of
frequency of the same device as in Figure 2 for different
applied bias values and as a function of bias for a
fixed frequency of 10 Hz. The frequency-dependent
measurements in Figure 3(a) show that at zero and
negative bias the capacitance is essentially frequency-
independent up to some 104 Hz, with a value in the
neighborhood of 2 nF, as estimated above. Above 105 Hz
the capacitance drops rapidly to a value much lower than
the one corresponding to the dielectric constants of the
materials. This can be ascribed to parasitic effects due to
lead/contact resistances and capacitances, which are not
discussed further here. The frequency dependence of the
capacitance is almost identical for all applied bias values
above '200 Hz. Below 200 Hz and for positive bias
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(1 and 2 V), an increase in the capacitance is observed.
At low frequencies ( f , 10 Hz), the capacitance seems
to saturate at a value independent of the bias. To study
the bias dependence in more detail, the applied bias was
varied at a fixed frequency of 10 Hz. This frequency is in
most cases low enough to monitor the saturation value of
the capacitance at low frequencies and still gives a good
signal-to-noise ratio. The curves shown in Figure 3(b)
were taken from 25 to 3 V in steps of 25 mV, with an
additional delay of 10 s between the individual data
points. No difference was observed for the opposite
sweep direction. Whereas there is only a very weak bias
dependence in the negative direction, the capacitance
increases significantly for positive bias at about 0.2 V and
reaches a maximum at 2.1 V, which coincides with the
onset of EL. Above this voltage the capacitance decreases
sharply to a value of about 2 nF before it finally drops
further as the bias exceeds 2.5 V. It is important to note
that in the regime of double carrier injection accompanied
by recombination, the capacitance is not well defined;
thus, no measurements for voltages above 3 V have been
performed.

To determine the low-frequency saturation value of the
device capacitance, we have performed static discharge
measurements. Figure 4 shows the measured charge Q
for different charging voltages V and the calculated
capacitance using the relation

C 5
DQ

DV
. (1)

Although the scattering of data is considerable, it is clear
that the capacitance in the positive bias direction increases
and reaches a maximum at 2 V with a value about twice as
high as in the negative direction. At 2 V, the maximum
value of 5 nF is slightly higher than that obtained in
frequency-dependent measurements, indicating that in the
latter the capacitance has not reached its saturation value
at the frequency of 10 Hz used here. In the negative
bias direction, the capacitance has approximately the
same constant value of 2 nF as in the ac measurement.
The slight decrease for increasing negative bias can be
explained as a consequence of leakage currents leading to
a partial discharge during the time of switching between
the voltage source and the Coulomb meter. Consequently,
the measuring error increases with higher negative voltage.

Transient electroluminescence (TEL)
In TEL measurements one is interested in the time-
resolved EL response to a pulse excitation, usually a
rectangular voltage pulse. Figure 5 shows typical current
and EL signals upon excitation with a rectangular voltage
pulse (4 V). The EL signal is characterized by a finite
delay time between the application of the voltage pulse

and the first appearance of EL, an extrapolated rise time
to reach a steady-state value, and finally the plateau value
itself. The time-dependent behavior of the current is
characterized by a fast initial decrease from a high starting
point (the cutoff in Figure 5 is caused by the limited
dynamic range of the oscilloscope) to the steady-state
value, which corresponds to the current in the I–V
characteristics at the given voltage. The initial decrease
of the current also contains the charging current of the
device. However, this process is expected to be much
faster than the displayed decay, because with the given
device capacitance of 2 nF and a series resistor of 100 V

(to measure the current), the resulting charging current
should have decayed after roughly 5 RC time constants,
yielding about 1 ms for this process.

The observation of delayed EL has been used to extract
charge-carrier mobilities and their field dependence in
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polymeric and organic LEDs [16 –20]. Additional
information about the kinetics of charge-carrier
recombination and trapping can be obtained from the
rise to the steady state and the decay of the EL signal
after the voltage pulse has been switched off. However,
especially in multilayer structures, the interpretation of
these transient experiments is not as straightforward as
in a single-layer device because the injection of both
types of carriers may not occur simultaneously [21].

Figure 6 shows normalized TEL traces for voltage
pulses with different amplitudes and durations on a
logarithmic time scale. The high sensitivity of the setup
allows us to detect TEL with a reasonably good signal-to-
noise ratio at a pulse amplitude as low as 2.5 V, which is
only 0.4 V higher than the onset voltage detected in dc
measurements. At this voltage the delay time is almost
10 ms. It rapidly becomes shorter with increasing pulse
amplitude, and at a voltage of 5 V the delay time is only
3 ms, i.e., about three orders of magnitude lower. At 14.2 V
(the highest voltage accessible with the pulse generator
used), the delay time is less than 500 ns. Figure 7 shows
the dependence on the applied voltage of the determined
delay times as defined in Figure 5. Remarkably, the delay
times vary over more than three orders of magnitude in a
narrow voltage range between 2.5 and 5 V.

Figure 8 shows the transient response of the EL signal,
and the inset shows the device current at a 5-V pulse
amplitude on a logarithmic time scale extending from 1 ms
to 300 ms. After reaching a first plateau value in the time
range from about 40 to 400 ms, the EL signal and the
current increase further—it takes more than 10 ms before
they finally achieve a stationary value. The small bump in
the EL signal at about 10 ms has no corresponding feature
in the current. Detailed investigations have shown that this
is an artifact of the photomultiplier system.

4. Discussion
Because electron– hole recombination in a multilayer
device takes place at the interface between the hole-
transporting and emitting layers, the NPB/Alq3 interface is
of crucial importance for device operation. To enhance
device reliability and long-term stability, however, we
inserted an additional CuPc hole-injecting/buffer layer.
For the sake of simplicity we treat these devices as two-
layer systems composed of a hole and an electron-
conducting compartment having only one organic hetero-
interface. Where necessary, we mention the peculiarities
of the CuPc/NPB interface.

Steady-state device characteristics of organic light-
emitting devices
From the I–V and EL–V characteristics shown in Figure 2,
it is immediately obvious that the operating voltage range
of the OLEDs investigated can be divided into two
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regimes; in the forward bias regime V . 2 V, light
emission is observed, and current flow is orders of
magnitude higher than in the second regime, the region
V , 2 V, where no light is emitted. The voltage in the
forward direction, where the onset of significant current
flow is detected, is commonly considered to be the built-in
potential VBI, which is to a first approximation given by
the difference between the work functions of the anode
and cathode metals. In a system of one or more organic
materials without free carriers sandwiched between two
metal electrodes having different work functions, the
external voltage must overcome the resulting built-in
voltage before a net drift current can flow through the
device. Therefore, the relevant quantity is not the applied
voltage V but the corrected effective value V 2 VBI [22].
For our experiment, we estimated a built-in potential VBI

of about 2 V by measuring the maximum open-circuit
voltage of illuminated samples.

The observed dependence of the current on sweep
speed and direction indicates that extremely slow
processes are involved. Numerical simulations on NPB
single-layer devices by Nguyen et al. show that the
hysteresis observed in the I–V characteristics can
qualitatively be explained by the presence of deep traps,
which require large time constants to reach thermal
equilibrium after a variation of the voltage across the
device.2

A crucial point for a more quantitative understanding of
the device characteristics is therefore the knowledge of
the electric field distribution inside the individual layers.
This is of overall importance because the hole-conducting
(NPB) and electron-conducting materials (Alq3) of this
device show quite different charge-carrier transport
properties. Whereas NPB and related triphenyl-amines are
purely hole-conducting materials with relatively high hole
mobilities and very weak dependence of the mobility on
the electric field F [mh,NPB 5 6.1 3 1024 cm2/Vs z exp (1.5 3

1023 =cm/V z =F)], Alq3 shows predominantly electron
transport with lower carrier mobilities and a strong
electric field dependence [me,Alq3

5 7.1 3 10210 cm2/Vs z

exp (1.2 3 1022 =cm/V z =F)] [23, 24]. On the other
hand, recent time-of-flight and TEL measurements have
shown that hole transport in Alq3 cannot be neglected,
although the low-field hole mobility is considerably lower
than the electron mobility [mh,Alq3

5 6 3 10211 cm2/Vs z

exp (9 3 1023 =cm/V z =F)] [25, 26]. Owing to the strong
field dependence of the charge-carrier mobility of holes
and electrons in the Alq3 layer, the time scale to reach a
stationary charge distribution depends strongly on the
electric field distribution in this layer. A further point
concerns the injection of carriers from the electrodes into
the organic and from one organic layer into the adjacent

one, where the electric field in the individual layers
and at the interfaces also plays an important role.

To a first approximation, one can assume from the
energy-level diagram of the OLED device shown in Figure 1
that the voltage drops homogeneously over the entire
device. Since NPB and Alq3 have similar dielectric
constants, the electric field in the hole- and electron-
conducting layers is given by F (a) 5 (V 2 VBI)/dtot, where
dtot is the total thickness of both organic layers. The2 P. H. Nguyen, S. Scheinert, S. Berleb, W. Brütting, and G. Paasch (preprint).
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capacitance in this case would be C (a) 5 «r«0 A/dtot, where
A is the device area and «r is the permittivity. However,
such a situation is not very realistic for the OLED
operated under forward bias conditions, because from the
large difference in hole and electron mobility in NPB and
Alq3, respectively, one has to expect that the Alq3 layer
limits the current, where consequently most of the applied
voltage will drop. Indeed, recent electroabsorption
measurements by Rohlfing et al. have shown that the
voltage drop at the Alq3 layer for positive bias is almost
ten times larger than that at the NPB layer [27]. Thus, the
electric field in the NPB layer is to a first approximation
negligible compared to the field in the Alq3 layer; in the
extreme example, FNPB

(b) 5 0, and in the Alq3 layer,
FAlq

(b) 5 (V 2 VBI)/dAlq, which is larger than F (a) . Such a
discontinuity in the electric field must be accompanied by
an accumulation of charge carriers at the interface (the
simplest case being in an infinitely thin layer) via

DF 5
s

«r«0

, (2)

where s is the number of charges per unit area sitting at
the interface, and equal dielectric constants «r in both
materials have been assumed. The capacitance is now
determined by the Alq3 thickness alone and is, with
C (b) 5 «r«0 A/dAlq, larger than C (a) .

From our capacitance–voltage (C–V) measurements
(Figure 3) we can indeed see that there is a transition
from a situation similar to case (a), with the capacitance
equal to the geometrical capacitance of the device for
V , 0 V, to the situation in case (b) for V approaching
2 V, where the capacitance is now about twice as large as
in the reverse bias direction. This corresponds well to
the thickness of the Alq3 layer of 65 nm compared to
about 70 nm for the sum of the CuPc and NPB layer
thicknesses. By a systematic variation of both organic layer
thicknesses on ITO/NPB/Alq3/Ca devices, Berleb et al. have
recently found that the value of the capacitance in the
reverse bias direction always corresponds to the total
thicknesses of all organic layers, while the value at 2 V is
determined solely by the thickness of the Alq3 layer [28].
Moreover, the increase in the capacitance at a voltage well
below the built-in voltage was explained by the presence
of negative interfacial charges at the NPB/Alq3 interface,
resulting in a discontinuity of the electric field as
discussed above. Our C–V measurements also prove that
under a sufficiently large negative bias, the device actually
behaves like a dielectric with no mobile charges inside
the organic layers. The weak voltage dependence of the
capacitance observed in this range can be attributed to the
presence of the CuPc layer (presumably some residual
doping) and is not seen if this layer is omitted. When the
bias voltage is increased above 0 V, the capacitance

increases, indicating that the NPB layer has reached the
flat-band condition, and its resistance drops drastically [28].
With increasing bias, holes are injected from the anode,
gradually reducing immobile negative charges at the
NPB/Alq3 interface until at VBI the negative interfacial
charge is fully compensated and the device is in the flat-
band condition. The additional positive charges inside the
device are directly measured in the discharge experiments
shown in Figure 4. The crossover from the dielectric to
the charged state of the device is observed at a voltage Vc,
which is given by the magnitude of the negative interfacial
charges s and the thickness of the Alq3 layer via

DF 5
Vc 2 VBI

dAlq3

5
s

«r«0

. (3)

Using Vc ' 0 V, VBI ' 2 V, and «r ' 3.5, the interfacial
charge density can be estimated to be s ' 25.9 3 1011

e/cm2, which is in good agreement with the value of
s ' 26.8 3 1011 e/cm2 obtained on ITO/NPB/Alq3/Ca
devices [28].

Transient response of organic light-emitting devices
The scenario described above has important consequences
for the transient response of OLEDs, because the
compensation of the negative interfacial charges cannot be
expected a priori to occur instantaneously. This is directly
seen in the frequency dependence of the capacitance,
which shows that the enhanced capacitance between 0 and
2 V resulting from the redistribution of the electric field
can only be monitored up to frequencies of '200 Hz.
Furthermore, in the forward direction (V . VBI), the
electric field inside the Alq3 layer and at the Alq3/cathode
interface is enhanced by the presence of the positive space
charge at the NPB/Alq3 interface [29]. From this field
enhancement at the cathode side, one must expect a
strong influence on the electron-injecting properties of the
cathode into Alq3, even if the injection barrier is assumed
to be small, as in the case of Ca as cathode.

Transferring the scenario described above to TEL
experiments, several processes must occur following the
application of a positive voltage pulse with V . VBI

before light emission can take place: injection of holes,
compensation of negative charges, and buildup of positive
space charge at the NPB/Alq3 interface; injection of
electrons at the cathode; and transport of electrons to the
NPB/Alq3 interface, where they can ultimately recombine
radiatively with holes injected from NPB into Alq3.
Therefore, it is not as straightforward to obtain charge-
carrier mobilities from the delayed onset of EL observed
in a time-resolved EL experiment in these OLEDs, as has
been reported for single-layer devices. The important
question here is whether the observed delay times (as
defined in Figure 5) originate from electron transport
through the Alq3 layer to the recombination zone, or from
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the buildup of the internal space charge and the
concomitant redistribution of the electric field inside the
device. A direct check whether the buildup of space
charges contributes to the observed temporal response of
the OLED can be obtained by superimposing a dc offset
bias on the applied voltage pulse. Figure 9 compares two
EL traces obtained with the same voltage amplitude of
4 V but different offset biases: 0 and 2 V. The bias value
of 2 V is chosen just below the onset of double carrier
injection in order to guarantee the compensation of
negative charges at the NPB/Alq3 interface, as has been
proved by capacitance–voltage measurements. Figure 9
clearly shows that the delay times of the EL signal to a
steady-state value are at least a factor of 2 shorter if a
positive bias of 2 V is applied prior to the application of
the 4-V voltage pulse; this directly proves that the buildup
of space charge at the NPB/Alq3 interface has a significant
influence on the temporal response of light emission in
this OLED structure. Also, the decay of the current to the
steady state is much faster in the presence of the positive
bias, which in turn shows that the initial high current and
its temporal decay after the application of a voltage pulse
are not given by the RC time constant of the setup, as
discussed in Section 3. Instead, this temporal behavior of
the current directly reflects the buildup of the internal
space charge in the device. As the existence of positive
space charge in the NPB layer reduces the electric field in
the vicinity of the hole-injecting contact, the initial current
at t 5 0 in the absence of space charges is much higher
than the steady-state current for V . VBI. By taking the
integral of the current over time, one can directly estimate
the accumulated charge injected into the device. The
integration from t 5 0 to 100 ms yields a charge of 7.3 nC
for zero offset bias and only 4.5 nC for 2 V positive bias.
The difference of almost 3 nC is a crude estimate for the
space charge built up by the positive bias of 2 V prior to
the voltage pulse. This is in the same range as the values
measured directly from the discharge experiments
[Figure 4(a)].

Bearing in mind that the buildup of space charges has a
non-negligible influence on TEL, one can nevertheless use
the delay times obtained from the EL transients displayed
in Figure 6 to calculate charge-carrier mobilities in Alq3.
In our device structure, EL first occurs when the leading
charge carriers of each polarity meet in the Alq3 layer
close to the NPB/Alq3 interface. At a given electrical field
F and layer thickness d, the delay time td depends on the
mobility m as

td 5
d

mF
. (4)

If the mobilities of both charge-carrier types in Alq3 are
very different, the higher drift mobility rather than the

ambipolar mobility m 5 mh 1 me determines the delay
time. From the delay time of the EL signal, one can
calculate the mobility by taking into account the built-in
voltage as

m 5
d

td F
with F 5

V 2 VBI

d
. (5)

Because the mobility of holes in NPB is approximately
three orders of magnitude higher than that of electrons in
Alq3 (mh,NPB .. me,Alq3

) and because most of the applied
voltage drops at the Alq3 layer as discussed above, it is
reasonable to consider only the thickness of the Alq3

layer in the calculation of an electric field. Owing to the
higher mobility of electrons compared to holes in Alq3

(me,Alq3
.. mh,Alq3

), recombination takes place in the Alq3

layer close to the NPB/Alq3 interface; thus, the delay
of EL is determined by the transit time of electrons
in the Alq3 layer [23, 25, 26].

Figure 9
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(a) Transient electroluminescence and (b) current at a pulse height of
4 V for two different offset bias values. The inset shows the applied
rectangular voltage pulse for the two cases. Adapted from [9].
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Using the measured delay times (Figure 7), one can
calculate a field-dependent electron mobility in Alq3, as
shown in Figure 10. A plot of the logarithm of the mobility
vs. the square root of the electric field has been chosen
because these amorphous materials are known to show
a field-dependent mobility of the form m } exp(b=F)
[30], which is explained by a disorder formalism [31, 32]
or the phenomenological Poole–Frenkel model [33].
In the logarithmic plot of the mobility versus =F (see
Figure 10), two different slopes can be observed, with
a crossover at about =F 5 700=V/cm. In the low-field
regime, a pronounced field dependence is observed, in
which the calculated mobility seems to vary over more
than two orders of magnitude; this is followed by the
second regime, in which the determined mobility changes
by only a factor of 2. This crossover between regions
with different field dependences indicates that various
processes are involved in the temporal EL response of
these multilayer devices. In calculating the mobility from
the experimental data, we have so far neglected the
influence of the internal interface on the transient
response. As discussed above, space charges build up
with time at the NPB/Alq3 interface, leading to an
enhancement of the electric field in the Alq3 layer and
facilitating electron injection at the cathode. The time
required for building up the space charge depends on the
applied voltage pulse (i.e., the amount of current flow).
Consequently, if the buildup of the internal space charge
takes significantly longer than the transit of electrons
through the Alq3 layer, the delay time will be determined
by the time required to build up the space charge and will
then contain no information about the electron mobility in

Alq3. Therefore, we attribute the strong increase of the
calculated mobility in the low-field region to a charging
effect at internal interfaces rather than to a real field-
dependent behavior of the mobility.

The control of the TEL response in heterolayer OLEDs
by the buildup of an internal space charge inside the
device has been observed experimentally and verified by
numerical simulations on polymeric bilayer OLEDs by
Nikitenko et al. [21]. They have shown that the temporal
response (delay time of EL) depends very sensitively on
the injection barriers of electrons and holes at the cathode
and anode sides, respectively. For sufficiently large
injection barriers, the buildup of the internal space charge
can eventually fully control the transient response of the
device.

Finally, we note that the delay time of the TEL signal
does not contain all of the information about the time-
dependent response of these OLED devices. As seen in
Figure 8 after a first plateau in the time range of some 10
to 100 ms has been reached, there is a further increase of
EL and current on a much longer time scale up to about
10 ms. At present there is no definite explanation for the
observed behavior. A possible origin could be dispersive
transport of charge carriers leading to a spread of transit
times over many orders of magnitude in time. However,
if this is the dominant factor, one would expect to
see a continuous rise of EL and current rather than
the relatively distinct two steps observed. Probably the
complex interplay among the buildup of the internal space
charge, the concomitant redistribution of the electric
field, and their feedback on charge-carrier injection and
transport is responsible for this behavior. A possible shift
or broadening of the recombination zone due to a non-
negligible hole mobility in Alq3 [25, 26] may also
contribute. Thus, further experiments coupled with
numerical simulations are required in order to clarify
the origin of the long-term response.

5. Conclusion
Our experimental results show that the electrical
characteristics of organic light-emitting devices
incorporating the hetero-interface between hole-
conducting triphenyl-amine derivatives (e.g., NPB) and
aluminum hydroxy-quinoline (Alq3) can be separated
into three regimes. First, the built-in potential VBI of
approximately 2 V caused by the contact potential
difference of the metal electrodes separates the voltage
range into the forward bias regime (V . VBI), where
double carrier injection, transport, and radiative
recombination in the Alq3 layer close to the NPB interface
occur. Second, for high reverse bias (V ,, VBI), the
devices behave like a dielectric, with insulating material
sandwiched between two metal electrodes. In particular,
our capacitance–voltage measurements show that between
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Calculated mobility values according to Equation (5) from the delay
times displayed in Figure 7. A built-in voltage VBI � 2 V was used to
calculate the field.
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these two regimes there is a third regime between a
critical value Vc depending on the Alq3 thickness (Vc ' 0 V
for a 65-nm-thick Alq3 layer) and the built-in voltage.
The observation of an enhanced device capacitance
indicates the presence of negative interfacial charges at
the NPB/Alq3 interface, which are gradually compensated
by injected holes as the built-in voltage is approached.
The important consequences of this process are seen
in the TEL response, which at low forward voltages is
completely governed by the buildup of the internal space
charge rather than by the transport of carriers through the
Alq3 layer.
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8803 Rüschlikon, Switzerland (pmu@zurich.ibm.com). Mr.
Müller is a Research Staff Member at the IBM Zurich
Research Laboratory. He is currently involved in the OLED
project, where his main interests are electrified interfaces.
He joined IBM in 1987 after having received a degree in
computer science from the Brugg–Windisch Polytechnical
Institute in Switzerland. From 1994 to 1996, he was a guest
scientist at the Exploratory Research and Technology
Organization (ERATO) at Tohoku University, Japan.

Paul F. Seidler IBM Research, Zurich Research Laboratory,
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