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The influence of trapped and interfacial charges on the device characteristics of organic multilayer
light-emitting devices is investigated. We have studied devices consisting of 20 nm copper
phthalocyanine as buffer and hole-injection layer, 50 nmN,N8-di~naphthalene-1-yl!-N,N8-
diphenyl-benzidine~NPB! as hole-transport layer, and 65 nm tris~8-hydroxyquinolinato!aluminum
~Alq3! as 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 negative bias direction and at low positive bias are influenced by charges trapped within the
organic layers. This is manifested by a strong dependence of the current on the direction and speed
of the voltage sweep in this range. Low-frequency capacitance–voltage and static charge
measurements reveal a voltage-independent capacitance in negative bias direction and a significant
increase between 0 and 2 V, indicating the presence of negative interfacial charges at the NPB/Alq3

interface. Transient experiments show that the delay time of electroluminescence under forward bias
conditions is controlled by the buildup of internal space charges rather than by charge-carrier
transport through the organic layers. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1332088#

I. INTRODUCTION
Electroluminescence~EL! in organic solids requires sev-

eral steps, including the injection, transport, capture, and ra-
diative recombination of positive and negative charge carri-
ers inside an organic layer with suitable energy gap, to yield
visible light output. A very successful approach to optimize
these individual steps separately is the concept of organic
multilayer light-emitting devices~OLEDs! with heterostruc-
tures between different organic materials.1,2 The simplest
OLED of this kind consists of a heterostructure between a
hole-conducting material~usually a triphenyl-amine deriva-
tive! and an electron-conducting aluminum chelate complex
~Alq3!, where light emission is generated in the Alq3 layer
close to the organic–organic interface. As shown by the
early work on molecular crystals, the relevant mechanism of
EL in organic solids is injection-type luminescence, which
has the consequence that the optimization of the yield in
these devices requires high and equal densities of positive
and negative carriers at the internal interface.3–5

A common starting point for device optimization is to
consider molecular energy levels, namely the highest occu-
pied and lowest unoccupied molecular orbitals, which are
relevant for the magnitude of the energy barriers at the in-
jecting contacts and at the organic–organic interface~see
also Fig. 1!. Although the knowledge of these energy levels
is a prerequisite for choosing the right combination of or-
ganic materials and electrodes, it does not necessarily tell

enough about the energetic situation in an operating device
with high densities of injected charge carriers. This is be-
cause the accumulation of charge carriers as space charges
can significantly modify the electrical potential inside the
device. In the device under consideration, we can indeed
expect to have space charges for several reasons. First of all,
space charges can arise in the bulk of a single layer of a
material if a contact is able to inject more carriers than the
material has in thermal equilibrium.6 This leads to space-
charge-limited currents, which have been observed in vari-
ous types of OLEDs.7–10 In the presence of an organic–
organic interface in a heterolayer device, the energetic level
offset at the interface can be another source of the buildup of
interfacial space charges. Even in the absence of these ener-
getic barriers, the significant differences of charge-carrier
mobilities for majority and minority carriers in the respective
layers~see Sec. IV B! leads to the presence of mobility bar-
riers at the internal interface, which in turn can be the source
of interfacial space-charge formation. Clearly, knowledge of
the charge and field distribution inside a device and of also
its variation with the applied voltage is crucial for the physi-
cal understanding of device operation. Also, from the appli-
cation perspective, knowledge of space charges is important
for device optimization with respect to efficiency, temporal
response, and long-term stability.

We present experimental evidence of the presence
of space charges in metal anode/copper phthalocya-
nine ~CuPc!/N,N8-di~naphthalene-1-yl!-N,N8-diphenyl-ben-
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zidine ~NPB!/tris~8-hydroxyquinolato!aluminum ~Alq3!/Ca
devices by current–voltage (I –V), capacitance–voltage
(C–V), and transient EL measurements.

II. DEVICE PREPARATION AND EXPERIMENTAL
METHODS

The devices were fabricated on glass substrates~Schott
AF 45! precoated with a high-work-function anode such as
indium–tin–oxide~ITO!, Pt, Ir, Ni, or Pd (>75 nm thick-
ness!. The organic multilayer structure consists of 20 nm
CuPc as buffer layer, 50 nm NPB as hole-transport layer, and
65 nm Alq3 as electron-transporting and -emitting layer~see
Fig. 1!. In the case of a metal anode, EL was observed
through a semitransparent 20-nm-thick Ca cathode. The ac-
tive area of our devices was 233 mm2. Prior to use, all
organic materials were purified by vacuum train sublimation.
Deposition of the organic materials was carried out in a high-
vacuum system~Leybold! by thermal evaporation from re-
sistively heated tantalum and tungsten boats. The base pres-
sure in the chamber ranged between 431027 and 131026

mbar. Typical deposition rates were 1 Å/s. The evaporation
chamber was attached directly to an argon glove-box system,
which allowed devices to be fabricated, characterized, and
encapsulated under inert conditions.I –V and luminance–
voltage characteristics were measured with a Hewlett Pack-
ard parameter analyzer~HP 4145B! and a Si photodiode
~Hamamatsu S2281!. The luminance calibration of the pho-
todiode was obtained with a Photo Research PR704 spectro-
radiometer. Transient electroluminescence~TEL! was mea-
sured in a setup that allows the simultaneous detection of
time-dependent EL as well as current and voltage across the
device. The OLEDs were characterized in a customized HP
16 058 A 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. A HP 8116 A
pulse/function generator~50 MHz, rise time>7 ns, decay
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 0.1%–1%. Additionally, a dc offset
voltage could be applied before the rectangular voltage
pulse. The photomultiplier was connected to the 50V input

resistance of a digital oscilloscope~Tektronix 2440! to
record the EL signal. A second digital oscilloscope~Tek-
tronix 2440! allowed the voltage pulse and the time-
dependent current flow through the device to be monitored
simultaneously with the EL signal.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 averaged over 100 cycles of
the respective frequencies. Static discharge measurements
were performed with a Keithley electrometer EM 617.
Charging of the OLED was performed for a duration of 1
min by the built-in voltage source of the electrometer. Di-
rectly after charging, the device was separated from the
source and connected to the Coulomb input of the electrom-
eter to measure the total stored charge of the OLED. Switch-
ing was done manually, and care was taken to achieve high
electrical isolation. All measurements were performed with
encapsulated devices at room temperature.

III. EXPERIMENTAL RESULTS

A. I – V characteristics

Figure 2 shows the dependence ofI –V and luminance–
voltage characteristics on sweep direction and speed for a
metal anode/CuPc/NPB/Alq3/Ca device. In Fig. 2~a! the volt-
age was incremented in steps of 50 mV from23 to 7 V and
back again. Current and luminance were detected with the
parameter analyzer set to medium integration time and the
delay time between individual data points set to 0. In this
mode the time required to acquire a single data point de-
pends on the magnitude of the detected current and ranges
from 10 to 100 ms for the given device. Figure 2~b! was
measured with long integration time and an additional delay
of 10 s between individual data points. In both cases the
current increases significantly in the forward bias direction
above a threshold voltage of 2 V and is virtually unaffected
at higher voltages by sweep direction and speed. The onset
of EL determined at 1024 cd/m2 is 2.1 V and is not 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 corresponds instead to the built-in voltage
~i.e., the difference in work function! of the two electrodes.
Remarkable differences in the current flow are observed be-
low 2 V, where no detectable EL and thus no double carrier
injection takes place. The fast measurement shows a strong
hysteresis between up and down sweeps@see Fig. 2~a!#. Im-
portantly, the voltage where the current passes through zero
is not at zero bias but at about21.4 V for increasing voltage
and about11.9 V for the other sweep direction. Further-
more, under these measuring conditions, a step-like structure
at about 0.5 V is observed in both sweep directions, which is
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@see Fig. 2~b!#. In addition the structure
at about 0.5 V disappears. During these measurements we
observe a higher current for decreasing voltage between 2
and 0.5 V and below21 V. In these regimes the current is

FIG. 1. Schematic energy-level diagram and chemical structures of the or-
ganic materials used for OLEDs.
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also relatively noisy. This is most likely caused by leakage
currents, which can occur after operation of the device for
longer times at higher positive bias.

The observation of such hysteresis effects in theI –V
characteristics is a hint of the presence of trapped charges in
the device, which can require high time constants for the
device to reach equilibrium after the voltage has been
changed, especially in the bias regime below 2 V, where the
device resistance (R5V/I ) is extremely great.

B. Bias-dependent capacitance

The measurement of bias- and frequency-dependent de-
vice capacitance is a well-established technique for the in-
vestigation of conductivity, doping concentration, and trap

states in organic semiconductors. For some polymeric semi-
conductors this method has been used to prove the existence
of p-type doping leading to Schottky junctions with low-
work-function metals.11–13Furthermore, in combination with
temperature-dependent measurements, the energy of shallow
acceptor states and deep trap states has been determined.14

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 oxy-
gen leading top-type conducting behavior.15 Thus, in the
absence of free or trapped charges inside the device, we ex-
pect to measure a bias- and frequency-independent device
capacitance corresponding to a series of three dielectric me-
dia with dielectric constants« r ,i , thicknessdi , and areaA.
Given the active device area and the thickness of the indi-
vidual layers together with the dielectric constants of the
materials in the range from 3.5 to 4, one can estimate the
device capacitance to be about 1.5–2 nF.

Figure 3 shows the differential capacitanceC5dQ/dV
as a function of frequency of the same device as in Fig. 2 for
a different applied bias and as a function of bias for a fixed
frequency of 10 Hz. The frequency-dependent measurements
in Fig. 3~a! show that at zero and negative bias the capaci-
tance is essentially frequency-independent up to 104 Hz with
a value close to 2 nF as estimated above. Above 105 Hz, the
capacitance drops rapidly to a value much lower than the one
corresponding to the materials’ dielectric constants. This can
be ascribed to parasitic effects due to lead/contact resistances
and capacitances, which will not be discussed further here.

FIG. 2. Current–voltage and luminance–voltage characteristics of a metal
anode/CuPc~20 nm!/NPB ~50 nm!/Alq3 ~65 nm!/Ca device measured in
different sweep directions and with different delay and integration times
between individual voltage steps:~a! medium integration time and no delay
time, ~b! long integration time and 10 s delay time.

FIG. 3. Dependence of the capacitance on frequency and applied bias of the
same device as in Fig. 2. The inset shows the frequency dependence of an
ITO/NPB/Alq3/Ca device for two bias values~from Ref. 34!.
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The frequency dependence of the capacitance is almost iden-
tical for all applied bias values above about 200 Hz. Below
200 Hz and for positive bias~1 and 2 V!, an increase in the
capacitance is observed. At low frequencies (f ,10 Hz! the
capacitance appears to saturate at a value depending on 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 yield a good
signal-to-noise ratio. The curves shown in Fig. 3~b! were
taken from25 to 3 V in steps of 25 mV with an additional
delay of 10 s between the data points. No difference was
observed for the opposite sweep direction. Whereas there is
only a very weak bias dependence in the negative bias range,
the capacitance increases significantly for positive bias at
about 0.2 V and reaches a maximum at 2.1 V, which coin-
cides with the onset of EL. Above this voltage the capaci-
tance decreases sharply to a value of about 2 nF before it
finally drops further as the bias exceeds 2.5 V. Note that in
the regime of double carrier injection accompanied by re-
combination, the capacitance is not well defined, and 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 mea-
surements. Figure 4 shows the measured chargeQ for vari-
ous charging voltagesV and the capacitance calculated using
the relationC5Q/V. Although the scattering of data is con-
siderable, it is clear that the capacitance in positive bias di-
rection increases and reaches a maximum at 2 V with a value
about twice as high as for negative bias. At 2 V, the maxi-
mum value of 5 nF is slightly higher than that obtained in ac
measurements, indicating that in the latter the capacitance
has not reached its saturation value at the frequency of 10 Hz

used here. In negative bias direction the capacitance has ap-
proximately the same constant value of 2 nF as in the ac
measurement. The slight decrease with increasing negative
bias can be explained as resulting from leakage currents that
lead to a partial discharge while we switched between the
voltage source and the Coulomb meter. Consequently, the
measuring error increases with increasing negative voltage.

C. Transient EL

In TEL measurements one is interested in the time-
resolved EL response to a pulse excitation, usually a rectan-
gular 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 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 be-
havior of the current is characterized by a fast initial decrease
from a high starting point to the steady-state value, which
corresponds to the current in theI –V characteristics at the
given voltage.~The cutoff in Fig. 5 is caused by the limited
dynamic range of the oscilloscope.! 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
observed decay. Given the device capacitance of 2 nF and a
series resistor of 100V for V<5 V ~and 10V for V.5 V!
to measure the current, the resulting charging current should
have decayed after roughly 5RC time constants, yielding
only about 1ms ~or 0.1ms! for this process.

The observation of delayed EL has been used to extract
charge-carrier mobilities and their field dependence in poly-
meric 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.

FIG. 4. Measured charge and calculated capacitance of the same device as
in Fig. 2 after applying a different voltage for about 1 min.

FIG. 5. Typical signals obtained in transient electroluminescence and cur-
rent measurements after application of a rectangular voltage pulse. The
method used to determine the delay and rise time is indicated.
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However, especially for multilayer structures, the interpreta-
tion of these transient experiments is not as straightforward
as for 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 amplitude and duration 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 of 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 becomes rapidly
shorter with increasing pulse amplitude and is only 3ms at a
voltage of 5 V, i.e., about three orders of magnitude lower.
At 14.2 V ~the highest voltage accessible with the pulse gen-
erator used!, the delay time is less than 500 ns. The depen-
dence of the delay and rise times determined as defined in
Fig. 5 on the applied voltage is shown in Fig. 7. It is remark-
able that the delay and rise times vary over more than 3
orders of magnitude in a narrow voltage range between 2.5
and 5 V.

IV. DISCUSSION

In the following discussion we are mainly interested in
the role of the NPB/Alq3 interface for the electrical charac-
teristics of a large family of OLEDs incorporating both of
these materials or derivatives thereof. Therefore we will treat
the devices under investigation as bilayer systems composed
of a hole-conducting and an electron-conducting compart-
ment and having only one organic–organic interface, which
is the NPB/Alq3 interface. Thus we do not explicitly take
into account the fact that, for reasons of device reliability and
lifetime, the hole-transporting layer actually consists of two
layers, namely CuPc and NPB, and therefore has another
organic–organic interface. Where necessary, we will men-
tion the peculiarities of this second interface separately.

A. Steady-state characteristics

From the I –V and luminance–voltage characteristics
shown in Fig. 2 it is immediately obvious that the operating
voltage range of the OLEDs of interest can be divided into
two regimes. These are the forward-bias regime (V.2 V!,
where light emission is observed and current flow is orders
of magnitude higher than in the second region (V,2 V!,
where no light is emitted. The threshold voltage of 2 V is
determined by the built-in voltageVBI , which is the contact
potential difference of anode and cathode~ignoring interface
dipoles at the electrodes!. In a fully depleted device the ex-
ternal voltage must overcome the resulting built-in voltage
before a net drift current can flow. Therefore the relevant
quantity is not the applied voltageV but rather the corrected
effective valueV2VBI .

22 In our case we independently es-
timated aVBI 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 in-
volved. Numerical simulations on NPB single-layer devices
by Nguyenet al. show that the hysteresis observed in the
I –V characteristics can be explained qualitatively by the
presence of deep traps, which require high time constants for
reaching thermal equilibrium after a variation of the voltage
across the device.23

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 have
quite different charge-carrier-transport properties. NPB and
related triphenyl-amines are purely hole-conducting ma-
terials with relatively high hole mobilities and very
weak dependence of the mobility on the electric field
F @mh,NPB56.131024 cm2/V s•exp(1.531023(cm/V)1/2

•AF)#, whereas Alq3 exhibits predominantly electron trans-
port with lower carrier mobilities and a strong electric field
dependence @me,Alq3

57.1310210cm2/V s•exp(1.2

31022(cm/V)1/2
•AF)#.24,25On the other hand, recent inves-

tigations by time-of-flight and TEL have shown that hole
transport in Alq3 is also not negligible, although its low-field
hole mobility is considerably lower than the values for elec-
trons @mh,Alq3

56310211cm2/V s•exp(931023(cm/V)1/2

FIG. 6. Normalized transient electroluminescence signals for a metal anode/
CuPc~20 nm!/NPB ~50 nm!/Alq3 ~65 nm!/Ca device for voltage pulses with
different amplitudes and lengths.

FIG. 7. Delay and rise time vs applied bias obtained from transient elec-
troluminescence signals shown in Fig. 6.
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•AF)#.26,27 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 layer 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 shown in Fig. 1 that the
voltage drops homogeneously over the entire device. As
NPB and Alq3 have similar dielectric constants, the electric
field in the hole- and electron-conducting layers is given by
F (a)5(V2VBI)/dtot , wheredtot is the total thickness of both
organic layers. The capacitance in this case isC(a)

5« r«0A/dtot , whereA is the device area. However, such a
situation is not very realistic for the OLED operated under a
forward bias condition, because from the large difference in
hole and electron mobility in NPB and Alq3 , respectively,
one has to expect that most of the applied voltage will drop
at the Alq3 layer. Indeed, recent electroabsorption measure-
ments by Rohlfinget al. have shown that the voltage drop at
the Alq3 layer for positive bias is almost ten times greater
than at the NPB layer.28 Thus the electric field in the NPB
layer is virtually negligible as compared to the field in the
Alq3 layer:FNPB

(b) 50 andFAlq
(b) 5(V2VBI)/dAlq.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

DF5
s

« r«0
, ~1!

wheres is the interfacial charge density, and equal dielectric
constants« r in both materials are assumed. The capacitance
is now determined by the Alq3 thickness alone and, atC(b)

5« r«0A/dAlq , is greater thanC(a).
From ourC–V measurements~see Fig. 3! we can indeed

see that there is a transition from a situation similar to case
~a!, where the capacitance is equal to the geometrical capaci-
tance of the device forV,0 V, to the situation in case~b!
for V approaching 2 V. In the latter case the capacitance is
about twice as high as in the reverse bias direction, which
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 systematically varying the thickness of
both organic layers in ITO/NPB/Alq3/Ca devices, Berleb
et al.have recently found that the value of the capacitance in
reverse bias direction always corresponds to the total thick-
ness of all organic layers, whereas the value at 2 V is deter-
mined solely by the thickness of the Alq3 layer.29 The in-
crease in the capacitance at a voltage well below the built-in
voltage was attributed to the presence of negative charges at
the NPB/Alq3 interface, resulting in a discontinuity of the
electric field as discussed above. OurC–V measurements
also prove that under sufficiently large negative bias the de-
vice behaves like a dielectric with no mobile charges inside
the organic layers. The weak voltage dependence of the ca-
pacitance observed in this range can be attributed to the pres-

ence 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 flatband condition and its
resistance drops drastically.29 With increasing bias, holes are
injected from the anode and gradually reduce the immobile
negative charges at the NPB/Alq3 interface. AtVBI the nega-
tive interfacial charge is fully compensated and the device is
in the flatband condition. The additional positive charges in-
side the device for 0,V<VBI are directly measured in the
discharge experiments shown in Fig. 4. An interesting point
to mention is the critical voltageVc at which the crossover
from the dielectric to the charged state of the device is ob-
served. This crossover occurs at a value ofVc that is given
by the magnitude of the interfacial charge densitys and the
thickness of the Alq3 layer via29

Vc2VBI

dAlq3
5

s

« r«0
. ~2!

Using Vc'0 V, VBI'2 V, and « r'3.5, the interfacial
charge density can be estimated to bes'25.931011

e/cm2, which is in good agreement with the value of
s'26.831011 e/cm2 obtained on ITO/NPB/Alq3/Ca
devices.29

B. Transient response

The scenario described above has important conse-
quences for the transient response of OLEDs, because the
compensation of the negative interfacial charges cannot be
expecteda 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 about 200 Hz. Further-
more, in 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. From this field enhancement at the cathode side
one has to 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.

Transferring the scenario described above to TEL ex-
periments, several processes have to occur subsequent to the
application of a positive voltage pulse withV.VBI before
light emission can take place: First the injection of holes,
leading to a compensation of negative interfacial charges and
the buildup of a positive space charge at the NPB/Alq3 in-
terface, and then the injection of electrons at the cathode and
their transport 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 ob-
tain charge-carrier mobilities from the delayed onset of EL in
these OLEDs as reported for single-layer devices~see, e.g.,
the detailed discussion of this issue in Ref. 20, where the
transient response of Alq3-based single- and multilayer de-
vices is compared!. The important question here is whether
the observed delay and rise times~as defined in Fig. 5! origi-
nate from electron transport through the Alq3 layer to the
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recombination zone or from 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 to the applied voltage pulse. Figure 8 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 to
guarantee the compensation of negative charges at the
NPB/Alq3 interface, as has been proved byC–V measure-
ments. Figure 8 clearly shows that the delay and rise 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 application
of the 4 V pulse. This directly proves that the buildup of a
space charge at the NPB/Alq3 interface has a significant in-
fluence on the transient 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 decay
with time after the application of a voltage pulse are not
given by theRC time constant of the setup. Instead, this
temporal behavior of the current directly reflects the buildup
of the internal space charge in the device. As the buildup of
a positive space charge in the NPB layer reduces the electric
field in the vicinity of the hole-injecting contact, the initial
current at t50 in the absence of space charges is much
higher than the steady-state current forV.VBI . By taking
the integral of the current over time, one can directly esti-
mate the accumulated charge injected into the device. The
integration fromt50 to 100ms 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 builtup by the positive bias of 2 V prior to the voltage

pulse. This is in the same range as the values measured di-
rectly in the discharge experiments@see Fig. 4~a!#.

Bearing in mind that the buildup of space charges has a
non-negligible influence on TEL, one can nevertheless use
the delay and rise times obtained from the EL transients dis-
played in Fig. 6 to calculate charge-carrier mobilities in
Alq3 . In our device structure, EL occurs when the leading
fronts of opposite carrier packages meet in the Alq3 layer
close to the NPB/Alq3 interface. At a given electrical fieldF
and layer thicknessd, the delay timetd depends on the mo-
bility m as

td5
d

m•F
. ~3!

If the mobilities of both charge-carrier types in Alq3 are very
different, instead of the ambipolar mobilitym5mh1me , the
higher drift mobility will determine 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

m5
d

td•F

with

F5
V2VBI

d
. ~4!

As the mobility of holes in NPB is approximately 3 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 the
electrical field. Furthermore, owing to the higher mobility of
electrons compared to that of holes in Alq3 (me,Alq3

@mh,Alq3
),24,26,27recombination takes place in the Alq3 layer

close to the NPB/Alq3 interface. Thus the delay of EL will
be determined by the transit time of electrons in the Alq3

layer.
Using the measured delay and rise times~see Fig. 7! one

can calculate a field-dependent electron mobility in Alq3 as
shown in Fig. 9. A plot of the logarithm of the mobility
versus the square root of the electric field has been chosen
because these disordered materials are known to show a
field-dependent mobility of the formm}exp(bAF).30 This is
explained by a disorder formalism31,32 or the phenomeno-
logical Poole–Frenkel model.33 The data in Fig. 9 show two
regions with a significantly different behavior of logm ver-
susAF with a crossover at aboutAF5700 (V/cm)1/2. In the
low-field regime, a pronounced field dependence is observed
and the calculated mobility varies over more than 2 orders of
magnitude. This is followed by the second regime, where the
determined mobility changes by a factor of only 2. The ex-
istence of two regions with different field dependences indi-
cates that two limiting processes are involved in the temporal
EL response of these multilayer devices.

By calculating the mobility from the experimental data
we have so far neglected the influence of the internal inter-
face on the transient response. As discussed above, space
charges build up with time at the NPB/Alq3 interface, which

FIG. 8. Transient electroluminescence and current at a pulse height of 4 V
for two different offset bias values.
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leads to an enhancement of the electric field in the Alq3 layer
and facilitates electron injection at the cathode. The time
required for the space charge to build up depends on the
applied voltage pulse~i.e., the amount of current flow!. Con-
sequently, 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 former
process and will hence contain no information about the
electron mobility in Alq3 . Therefore, we attribute the
marked 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.

This interpretation is supported by recent time-of-flight
~TOF! measurements on thin~150 nm! Alq3 layers, where
data shown as open triangles in Fig. 9 were obtained. The
values of the electron mobility from TOF are only weakly
field dependent and are higher than the data from TEL in the
entire range of the applied electric fields. Whereas the differ-
ence is only about a factor of 2 aboveAF5700 (V/cm)1/2,
the mobility from TEL drops drastically below this value,
and atAF5200 (V/cm)1/2 is about 3 orders of magnitude
lower than the extrapolated TOF data. This again confirms
that in the low-field regime the behavior is completely domi-
nated by the buildup of the internal charge distribution rather
than by charge-carrier transport.

The fact that the TEL response in heterolayer OLEDs
can be controlled by the buildup of an internal space charge
inside the device has been found experimentally and verified
by numerical simulations on polymeric bilayer OLEDs by
Nikitenko et al.21 They have shown that the temporal re-
sponse~delay and rise time of EL! depends very sensitively
on the injection barriers of electrons and holes at the cathode
and anode side, respectively. For sufficiently large injection
barriers the buildup of the internal space charge can actually
fully control the transient response of the device.

In the discussion so far we have neglected the presence
of the CuPc layer as an additional hole-injection and buffer
layer. However from a comparison of the work described
here and investigations on ITO/NPB/Alq3/Ca devices with-

out a CuPc layer one can find characteristic differences in the
frequency dependence of the capacitance34 and the TEL re-
sponse at low fields.26 The corresponding curves are in-
cluded in Figs. 3~a! and 9. In the bilayer device the enhanced
capacitance for positive bias can be observed up to a relax-
ation frequency of about 50 kHz, whereas in the device dis-
cussed here it drops already at about 50 Hz@see Fig. 3~a!#. In
TEL the low-field response is also considerably faster with-
out the CuPc layer~see Fig. 9!. Both observations indicate
that the usage of CuPc as a buffer layer—although it im-
proves device reliability and lifetime—deteriorates hole in-
jection, at least at low forward bias. An explanation could be
found in an additional energy barrier at the interface to NPB,
as well as the possibility ofp doping in CuPc by oxygen.
Both issues could lead to an accumulation of positive carriers
in the vicinity of the hole-injecting electrode, which would
reduce the electric field at the anode and thus impede hole
injection and transport to the NPB/Alq3 interface. This inter-
pretation is consistent with work by Azizet al. and Mat-
sumura and Miyamae, where a deterioration of hole injection
from oxygen–plasma-treated ITO into NPB upon introduc-
tion of a CuPc buffer layer has been found.35,36

V. CONCLUSION

Our experimental results show that the electrical charac-
teristics of organic light-emitting devices that incorporate
hole-conducting triphenyl-amine derivatives~e.g., NPB! and
aluminum hydroxy-quinoline~Alq3) can be separated into
three regimes. First, there is the forward-bias regime above
the built-in voltageVBI of approximately 2 V, 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 an insu-
lating dielectric sandwiched between two metal electrodes.
Our C–V measurements show that there is a third regime
between a critical valueVc that depends on the Alq3 thick-
ness (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 become gradually compensated
by injected holes as the built-in voltage is approached. The
consequences of this 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
electrons through the Alq3 layer.
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