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ABSTRACT

The influence of interfacial charges on the device characteristics of multilayer organic light-emitting diodes (OLEDs) is
investigated, and a concept to improve device performance is presented. We studied devices consisting of copper
phthalocyanine (CuPc) as hole injection and buffer layer, N, N'-di(naphthalene-1-y1)-N,N’-diphenyl-benzidine (NPB) as
hole transport layer, and tris(8-hydroxyquinolinato)aluminum (Alqs) as electron transport and emitting layer sandwiched
between a high-work-function metal and a semi-transparent calcium electrode. Detailed current-voltage measurements
show that the device characteristics in negative bias direction and at low positive bias below the built-in voltage depend
strongly on the bias sweep direction, indicating that interfacial charges have a pronounced influence on the device
characteristics. Low-frequency capacitance—voltage experiments reveal a voltage-independent capacitance in negative bias
direction and a significant increase between 0 and 2 V, evidence of a redistribution of the internal electric field in this device
configuration. Time-resolved electroluminescence (EL) measurements proved that also the EL response time at low
voltages is governed by the accumulation of charge carriers inside the device rather than by their transport. Optimizing the
device structure by grading the organic-organic interfaces results in an enhanced current flow, an improved brightness, and
a faster EL response time. Our investigations clearly indicate that the abrupt CuPc-NPB as well as the NPB-Alq; interface
significantly influence the performance of our multilayer OLED.
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1. INTRODUCTION

The fabrication of efficient heterolayer organic light-emitting diodes (OLEDs) in 1987" has triggered substantial research
activities worldwide in the field of organic electroluminescence (EL).” This huge interest is based on the fact that OLEDs
fulfill all essential criteria for a flat-panel display (FPD): that they be lightweight, thin, have a wide viewing angle, high
contrast ratio, low power consumption, video-rate response time, and full color availability. Owing to these intense
experimental and also theoretical investigations, great progress has been achieved in fabricating more efficient and long-
term-stable OLED devices. In the mean time, green-emitting OLEDs with luminous efficiencies of greater than 38 Im/W @
100 cd/m* have been reported.® Similar progress has been achieved with regard to device lifetime, and various companies
have demonstrated lifetimes exceeding 10,000 h to half brightness @ 100 cd/m’ under constant current drive.* The best
extrapolated values reported so far were by Eastman Kodak Co. with more than 90,000 h @ 100 cd/m? (Ref. 5). The
temperature stability of the organic materials—also a crucial parameter in achieving long-term-stable OLEDs—has
significantly improved, and materials with a glass temperature of > 130 ‘C have become commercially available.® Moreover,
passively and even actively driven organic EL displays with impressive device performance have been presented.’

For display applications, especially for active matrix addressing, the operating voltage should be as low as possible. In the
past years tremendous progress has been achieved in reducing the voltage mainly by optimizing and modifying the
electrodes®’® and by using new concepts for charge-carrier injection, such as inorganic injection layers"™* and
inorganic/organic multilayer device structures.'”> Besides the energy barriers at the charge-carrier-injecting electrodes, also
the barriers between adjacent organic layers of a multilayer OLED may influence the device characteristics. These internal
barriers, together with the different charge carrier mobilities in contiguous organic layers, lead to interfacial space charge
formation. Consequently, the applied electrical field is screened, resulting in a flatter device characteristic and a reduced
current flow at a given voltage. On the other hand, space charges may also lead to an enhanced degradation of the OLED.
Therefore it is essential to understand the critical interfaces and to reduce or even prevent space charges by thorough device
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design. Recently we introduced a simple concept of graded interfaces between adjacent organic layers to improve the
performance of multilayer OLEDs.'®

Here we will present further, detailed investigations of the influence of interfacial charges on the device characteristics of
multilayer OLEDs, including low-frequency capacitance-voltage and transient EL. measurements, and prove that the
grading concept is appropriate. The graded interfaces significantly enhance current flow and brightness, and result in a
faster EL response time compared to conventional OLED structures at the same voltage.

2. EXPERIMENTAL AND DEVICE STRUCTURES
The OLEDs were built on glass substrates (Schott AF 45) precoated with an opaque high-work-function metal anode. The
organic multilayer structure consists of copper phthalocyanine (CuPc), N,N'-di(naphthalene-1-yl)-N,N'-diphenyl-benzidine
(NPB), and tris(8-hydroxy-quinolinato) aluminum (Alqs;) with typical thicknesses of 20, 45, and 60 nm, respectively, and a
thin calcium (Ca) cathode on top. In this device configuration the EL is observed through the semitransparent cathode. The

active area of our devices was 2x3 mm’. The schematic energy level diagram and the molecular structure of the organic
materials used are shown in Figure 1.
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Figure 1. Schematic energy-level diagrams and molecular structures of the organic materials used: (a) of a conventional OLED, and (b) of
an OLED with graded interfaces (typical width of grading zone: 10 nm).

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 x 107 and 1 x 107 mbar. A typical deposition rate for the organic compounds and the metal was
=1 A/s. Graded interfaces of the various organic layers were obtained by coevaporation. Deposition rates were individually
controlled by calibrated quartz-crystal monitors. As the evaporation system is equipped with a rotating sample holder and a
specially designed shutter mechanism, three devices can be fabricated simultaneously and controlled independently. This
enables side-by-side comparison of OLEDs differing in only one parameter, whereby uncertainties as would result from
different evaporation processes are avoided. The growth chamber is attached directly to a glovebox system filled with
argon, which allows devices to be fabricated, characterized, and encapsulated under inert conditions.

Current-voltage (/~V) and brightness—voltage (EL-V) characteristics were measured with a Hewlett Packard parameter
analyzer (HP 4145B) and a sensitive silicon photodiode (Hamamatsu S2281). The luminance calibration of the photodiode
was obtained with a Photo Research PR704 spectroradiometer. Transient EL. was measured in a specially designed 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 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. A HP 8116A DC 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 150 and 800 ps 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-Q input resistance of a digital oscilloscope (Tektronix 2440) to record the EL signal. A second digital oscilloscope
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(Tektronix 2440) allows the voltage pulse and the time-dependent current flow through the device to be monitored
simultaneously with the EL signal. 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 averaged
over 100 cycles of the respective frequencies. All measurements were carried out with encapsulated devices at room
temperature.

3. RESULTS AND DISCUSSION

Figure 2 presents the dependence of the I-V and EL-V characteristics on the bias sweep direction for a multilayer OLED
consisting of a metal anode/CuPc (20 nm)/NPB (45 nm)/Alg; (65 nm)/Ca cathode. To reveal the influence of different
sweep directions on the device characteristics, the data are presented in a semi-logarithmic plot. The voltage sweep was
from -5 to 10 V and back again, in steps of 50 mV. Current and brightness were detected with the parameter analyzer set to
medium integration time and the delay time between individual data points to O s. In this mode the acquisition time for a
single data point depends on the magnitude of the detected current, and ranges from 10 to 100 ms for the given device. In
forward bias direction the current increases strongly above a threshold voltage of 2.0 V, and is virtually unaffected by the
sweep direction (Figure 2). The onset of EL determined at 0.1 med/m® is 2.1 V, and it is not affected by external, i.e.
measurement, parameters. We note that the onset voltage for detectable EL is significantly lower than the optical gap of
Algs (2.7 eV) and corresponds approximately to the built-in voltage (i.e. the difference in work function) of the two
electrodes. Remarkable differences in the current flow are observed below 2.0 V. In this voltage range only one type of
charge carriers (holes) is injected and thus no EL is detectable. In addition a strong dependence on the measurement
direction is observed. Specifically, the voltage at which the current passes through zero is not at zero bias but at about —0.8
V for increasing voltage and at about +1.9 V for the other sweep direction. This hysteresis of the I~V characteristics is a
clear indication of the presence of space charges in the device, which may result from the existence of deep traps in these
materials'” and/or an accumulation of charge carriers at internal energy barriers. As the observed phenomena occur mainly
in the voltage range where only holes are injected into our multilayer OLED, the energy barriers between CuPc and NPB as
well as between NPB and Alq; can be responsible for these effects. Furthermore, under the above measurement conditions,
a step-like structure is observed at =1.0 V in the “~” to “+” sweep direction, which we found to be characteristic for a
multilayer structure containing CuPc. We do not observe this feature if the CuPc layer is omitted.
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Figure 2. Current-voltage and brightness—voltage characteristics of an anode/CuPc (20 nm)/NPB (45 nm)/Alqs (60 nm)/Ca OLED
measured in different sweep directions with identical data acquisition time.

Figure 3 shows the capacitance as a function of frequency for various applied bias values (Figure 3a) and as a function of
bias for a fixed frequency of 10 Hz (Figure 3b). The frequency-dependent measurements reveal that at zero and negative
bias the capacitance is essentially frequency-independent up to some 10* Hz, having a value of about 2 nF. This value
corresponds to the geometrical capacitance of the device when taking into account a dielectric constant for the organic
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Figure 3. Dependence of the capacitance on (a) the frequency and (b) the voltage of the OLED in Figure 2.

materials of 3.5. Above 10° 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. The frequency dependence of the capacitance is almost identical 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 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 (Figure 3b). This frequency is in most
cases sufficiently low to monitor the saturation value of the capacitance, and still yields a good signal-to-noise ratio. The
data shown in Figure 3b were taken from -5 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 (Figure 2). 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. Note that in the regime of double carrier
injection accompanied by recombination, the capacitance is not well-defined and thus no measurements for voltages above
3V have been performed. From the C-V measurements in Figure 3b we can see that there is a transition from a situation in
which the capacitance is equal to the geometrical capacitance of the device for V< 0 V to one for V approaching 2 V (in this
device configuration) where the capacitance is now about twice as large as in reverse bias direction. This corresponds well
to the thickness of the Algs layer of 60 nm compared to about 65 nm for the sum of the CuPc and NPB layer thicknesses. By
systematic variation of both organic layer thicknesses on ITO/NPB/Algs/Ca devices'® it was found that the value of the
capacitance in reverse bias direction always corresponds to the total thickness of all organic layers, whereas the value at 2 V
is solely determined by the thickness of the Alqgs layer. Moreover, the increase in the capacitance at a voltage well below the
built-in voltage (V}; = 2 V) was explained by the presence of negative interfacial charges at the NPB/Alq; interface resulting
in a discontinuity of the electric field. Our C-V measurements also prove that under a sufficiently large negative bias the
OLED 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.'® With increasing bias,
holes are injected from the anode and gradually reduce immobile negative charges at the NPB/Alg; interface until at V; the
negative interfacial charge is fully compensated, and the device is in the flat-band condition.

Figure 4 demonstrates the typical time-resolved EL response of our conventional OLED upon application of a rectangluar
voltage pulse with an amplitude of 4 V and two different offset voltages of 0 and 2 V. The EL signals are 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. It is common practice to interpret the onset of EL in single-
layer devices as the transit time of the majority charge carriers.'® However, the mobility values obtained via the EL response
time from single-, double- as well as multi-layer OLEDs have been found to be orders of magnitudes lower than those
determined from time-of-flight (TOF) measurements, especially at low voltages.”**? After the application of a rectangular
voltage pulse, several processes have to occur before light emission can be observed from multilayer OLEDs: injection of
holes at the anode and buildup of positive space charges at the NPB/Alqs interface, injection of electrons at the cathode and
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Figure 4. Comparison of the time response of EL from an anode/CuPc (20 nm)/NPB (45 nm)/Alq; (60 nm)/Ca device upon application of
two different offset voltages (0 and 2 V) before application of an 800-us-long rectangular voltage pulse with an amplitude of 4 V and a
duty cycle of 10%.

transport of electrons to the NPB/Alq; interface, where they can ultimately recombine radiatively with holes injected from
the NPB into the Alq; layer. Therefore it is not quite that straightforward to obtain charge-carrier mobilities from the
delayed onset of EL observed in the time-resolved EL experiment of our multilayer OLED. An important question is
whether the observed EL response times are dominated by electron transport through the Alqgs layer to the recombination
zone or result 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 4 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 that negative charges at the NPB/Alqs interface are compensated, as has been
proved by the C-V measurements (Figure 3). Figure 4 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 voltage
pulse, which directly proves that in this OLED structure the buildup of space charges has a significant influence on the
temporal response of light emission.

To monitor the influence of the internal energy barriers on the device characteristics of our OLEDs, we prepared devices
with graded interfaces and compared them with the conventional diode structure (Figure 5). The I-V and EL-V curves were
detected with identical parameters starting at =5 V. Apart from slight variations in the zero crossing of the current, the
devices show almost identical behavior in reverse direction. Moreover, their onset voltages for EL (2.1 V) are more or less
identical. However, above this threshold voltage the OLEDs with graded interfaces show much steeper characteristics and
therefore a higher current flow accompanied by an enhanced brightness at a given voltage. For example, whereas the
conventional structure requires 6.0 V to obtain 100 cd/m? the CuPc-NPB graded device needs only 5.0 V. The steeper
characteristics of the OLEDs with mixed interfaces can result from several effects. First, the regions where charge carriers
can accumulate are smeared out, and therefore the internal space charge is redistributed, leading to a modified internal
electrical field distribution and thus to an enhanced probability for holes to enter the adjacent layer. Additionally, owing to
the disorder in the graded regions, the density of states of both organic materials is broadened, facilitating charge-carrier
injection. Consequently the influence of the internal energy barriers is reduced, resulting in significantly steeper /-V and
EL-V characteristics. When comparing the two graded OLEDs, it is conspicuous that the CuPc-NPB graded device shows
the steeper /-V characteristic and the higher brightness. Moreover, whereas the pronounced structure between O and 2 V is
observed in both the conventional and the NPB-Alq; graded OLED, it is clearly reduced in the CuPc-NPB graded device.

This pronounced influence of the CuPc-NPB graded interface is also noticeable on the EL response, see Figure 6. The
comparison between the conventional OLED and the graded CuPc-NPB device clearly proves the faster EL response and
rise times of the latter. Obviously the grading of the interface leads to an improved injection and transport through the
various organic layers and interfaces, and concomitantly to a higher brightness at a given voltage.
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Figure 5. Comparison of the current-voltage and brightness—voltage characteristics of three multilayer OLEDs that differ in only one
parameter. Their structures are anode/CuPc (20 nm)/NPB (45 nm)/Alqs (60 nm)/Ca, anode/CuPc/NPB/NPB:Alqsy/Algs/Ca, and
anode/CuPc/CuPc:NPB/NPB/ Alqs/Ca. The sweep direction was the same for all three devices (“=” to “+7).
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Figure 6. Comparison of the transient EL signal from an conventional OLED (anode/CuPc (20 nm)/ NPB (45 nm)/Alqs; (60 nm)/Ca) and
an CuPc-NPB graded device (anode/CuPc/CuPc:NPB/NPB/Alqg;/Ca) upon application of a rectangular voltage pulse with an amplitude of
4V and a pulse width of 150 and 800 ps, respectively. The duty cycle was 10% in both cases.

Finally, it is expected that graded interfaces stabilize OLEDs, i.e. lead to doping of the hole-transport layer™ or to mixed

o L. . 2 . . - . . . .
emitting layers of hole- and electron-transporting molecules,”** resulting in a reduced intrinsic device degradation and
hence in an improved device lifetime. Such lifetime measurements are currently under way.

4. CONCLUSION

We have presented a brief overview of our current studies on the influence of interfacial charges on the device
characteristics of conventional multilayer (anode/CuPc/NPB/Alqs/Ca) OLEDs. These experiments include current-voltage,
current-brightness, low-frequency capacitance—voltage as well as time-resolved electroluminescence measurements. We
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were able to establish the concept of graded interfaces as an excellent method to improve device performance in multilayer
devices. Additionally, the EL response and rise times are dramatically shortened by grading the interfaces. Our
investigations have especially shown that positive space charges at the CuPc-NPB interface limit injection into the adjacent
NPB layer. Therefore internal barriers rather than charge-carrier transport restrict the current flow and determine the device
characteristics of our OLED multilayer structure at low voltages.
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