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Investigation of the Electronic Properties of Organic
Light-Emitting Devices by Impedance Spectroscopy
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A key for the understanding of the electronic properties of organic light-emitting devices
(OLED:s) is the frequency dependent investigation of their complex resistance. We report
impedance spectroscopy measurements of electroluminescent (EL) single-layer and double-
layer systems. It is shown that there are important differences found in the corresponding
equivalent electrical circuits. In EL single-layer devices the electrical field decreases
homogeneously over the entire layer thickness, resulting in an equivalent circuit of one RC
component. In contrast, for the EL two-layer devices two RC components are necessary for
the description. In both systems no indications of an insulating layer or a depletion region
are found. During the measurements of the impedances of operated EL single-layer and EL
two-layer systems, both under inert gas and in air, an increase of the resistance is observed.
However, there are no signs for an insulating layer covering the entire contact area, through
which the transport of charge carriers has to occur.

1. Introduction

Research efforts on organic light emitting devices
(OLEDS) are increasing since these systems can offer
options and advantages of high commercial interest in
the field of display technology. Due to the use of organic
materials it is possible, for instance, to employ well-
established and low-cost deposition methods, which
allow the fabrication of large-area displays and back-
lighting systems. Further advantages arise from the
independence of the viewing angle, the accessibility of
a broad range of colors, and the option to operate these
devices at dc voltages below 5 V.

Usually, OLEDs consist of an organic single-layer or
multilayer system sandwiched between two electrodes,
one of which has to be transparent to allow the emission
of light. Indium tin oxide (ITO) is typically employed
as the transparent anode material, whereas the cathode
consists of a low-work function metal or metal alloy.

It has already been reported that high luminances?
and efficiencies? can be obtained that are satisfactory
for technological applications. Among the main obstacles
still remain the insufficient lifetime and the necessity
for encapsulation of these devices. Furthermore, during
operation the electroluminescent intensity and the
efficiency decrease, in addition to the appearance of
nonemitting areas ("dark spots”) accompanied by the
increase of the resistance of the devices.®*
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The results obtained by impedance spectroscopy are
an important basis for the detailed description and
interpretation of the electrical properties of the systems.
From the information gained by impedance spectros-
copy, equivalent circuits for EL single-layer and EL two-
layer systems can be devised. In addition, important
conclusions on the distribution of the field strength
within a sample can be drawn.

The goal of the impedance spectroscopical investiga-
tions was to find the qualitative differences between the
EL single-layer and the EL two-layer systems with
respect to their equivalent circuit and the distribution
of the field strength. Furthermore, in this work imped-
ance spectroscopical investigations were performed for
several OLEDs in order to clarify to what extent possible
oxide intermediate layers influence the course of the
electrical field strength.

For the EL single-layer systems, only one organic
layer is deposited, which also includes the electron-
transporting and emitting molecules, besides the matrix
polymer and the hole-transporting materials. For the
EL two-layer systems a second separate layer is depos-
ited onto the hole-transporting layer. This second layer
possesses both electron-transporting and emitting prop-
erties. Since this design does not change the composition
of the hole-transporting layer, an option is given to
systematically compare the effects of the respective hole-
transporting systems on the electrical properties and
the electroluminescence behavior of the OLEDs.

Usually, a parallel connection of a resistor (R) and a
capacitor (C) or, if necessary, a series connection of
several of such RC components is employed as a total
equivalent circuit for OLEDs.5~7 The resistance de-
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scribes the conductance of the layer, and the capacity
reflects the layer thickness and the displacement cur-
rent through the layer.8 If the real and imaginary part
are plotted in the complex plane, the impedance spec-
trum consists of the ideal case of one or several
semicircles, whose diameters correspond to the respec-
tive resistances. The capacitance (C) can be calculated
from the frequencies belonging to the respective zenith
according to C = 1/2afR (with f = frequency, R =
resistance). From the capacitance the layer thickness
(d) can be estimated according to C = e, /A/d (with A =
contact area, ¢, = electric field constant, ¢, = relative
dielectric constant).?

Additional impedance spectroscopical measurements
were performed after operation of the OLEDs. This can
clarify how the complex resistance is changed by the
current flow, and whether and to what extent any
changes in the equivalent circuit, such as additional RC
components, will result.

2. Experimental Section

2.1. Materials. The glass substrates coated with ITO of
about 100 nm thickness were obtained from Balzers. Poly-
(vinylcarbazole) (PVK) was used as the matrix polymer and
was purchased from Aldrich. For some experiments polysty-
rene (PS) or polycarbonate (PC) was employed as the matrix
polymer. 1,3,5-tris[4-(di-4-methoxyphenylamino)phenyl]ben-
zene (TDAPB-1, supplied by Bayer) or 1,3,5-tris[4-(di-4-eth-
ylphenylamino)phenyl]benzene (TDAPB-4, supplied by Bayer)
were employed as the hole-transporting materials. Aluminum
tris(8-hydroxyquinoline) (Algs) was synthesized by the reaction
of aluminum trichloride (AICls, Merck) with 8-hydroxyquino-
line (Merck).

2.2. Device Fabrication. The ITO substrates were thor-
oughly cleaned by a detergent solution and deionized water,
in combination with ultrasonification in the respective baths
and a plasma-etching treatment prior to use. For the EL two-
layer systems the polymeric, hole-transporting blend systems
were deposited under nitrogen by spin coating from a filtered
1 wt % solution of PVK + TDAPB-1 or PVK + TDAPB-4 (mass
ratio 1:1) in 1,2-dichloroethane. The monomeric Algs was
vacuum deposited by thermal evaporation in a vacuum below
1075 mbar. Typically, the deposition rate was between 0.1 and
0.5 nm/s. For the EL single-layer systems a blend of PVK +
TDAPB-1 + Alqgs or PVK + TDAPB-4 + Alqgs (mass ratio 4:1:
1) was deposited under nitrogen by spin coating from a filtered
1 wt % solution in dichloroethane. For several further experi-
ments PS or PC was employed instead of PVK as the matrix
polymer. The magnesium—silver cathode (Mg:Ag = 10:1 atom
%) was vapor deposited in a vacuum below 5 x 107° mbar at
room temperature by simultaneous codeposition from two
separate sources.

2.3. Physical Measurements Impedance Spectroscopy.
The frequency-dependent investigation of the complex alter-
nating-current resistance allows the description of the OLEDs
by an equivalent circuit, which allows the conversion of the
measured magnitudes (real and imaginary part of the imped-
ance) into other magnitudes. A parallel connection of a
capacitor and a resistance was employed as an equivalent
circuit (resulting experimental magnitudes: capacitance C,
resistance R). For the impedance spectroscopical investigations
a programmable impedance analyzer (Hewlett-Packard, HP
4284A) was used. This instrument supplies a frequency range
from 20 Hz to 1 MHz and offers the possibility to superimpose
direct voltages of £40 V to the signal of the alternating voltage.
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Figure 1. Real part of the impedance Re(Z) of an EL single-
layer system (PVK + TDAPB-4 + Algs (4:1:1)) as a function of
the frequency f at different voltages.
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Figure 2. Imaginary part of the impedance Im(Z) of an EL
single-layer system (PVK + TDAPB-4 + Alg; (4:1:1)) as a
function of the frequency f at different voltages.

All impedance measurements of this work were performed at
room temperature and in air. The ac signal was 0.1 V for all
measurements. Between 100 Hz and 1 MHz, 10 measurement
values were recorded per frequency decade.

3. Results and Discussion

3.1. EL Single-Layer Systems. The goal of the
impedance spectroscopical investigations with EL single-
layer systems was to additionally elucidate the differ-
ences with regard to the spectra of EL two-layer
systems. Some typical characteristics of the impedance
spectra of single-layer systems are described below for
the example ITO/PVK + TDAPB-4 + Alqs (4:1:1)/Mg:
Ag (10:1).

The real part of the impedance, Re(Z), of an EL single-
layer system as a function of the frequency f is shown
in Figure 1. For voltages =10 V and small frequencies,
the real part is almost independent of the frequency.
With increasing voltage this region expands toward
larger frequencies. At U < 10 V such a region could not
be detected, due to the limited measurement range.
Adjoining this plateau the Re(Z) values strongly de-
crease, with the decrease occurring at higher frequen-
cies for increasing voltages. This is followed by a second
frequency-independent and only weakly voltage-de-
pendent spectral range. Starting from ~5 x 10* Hz the
course of all experimental curves is almost identical.

With increasing frequency the value of the imaginary
part, Im(Z) (Figure 2), first increases, passes through a
maximum, subsequently decreases again, and reaches
a minimum at high frequencies (>3 x 10° Hz). At 0 V
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Figure 3. Real and imaginary part of the impedance in the
complex plane (Cole—Cole plot) of an EL single-layer system
(PVK + TDAPB-4 + Algs (4:1:1)) as a function of the frequency
f at different voltages.
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Figure 4. Real and imaginary part of the impedance in the
complex plane (Cole—Cole plot) of an EL single-layer system
(ITO/PVK + TDAPB-1 + Algs (4:1:1)/Mg:Ag (10:1)) with
different layer thicknesses at different voltages. The same
symbol denotes the same voltage, the open symbols denote the
smaller thickness (110 nm), and the solid symbols the larger
(150 nm).

the maximum cannot be resolved, and the value of the
maximum decreases with increasing voltage. Also, with
increasing voltage the positions of the maxima shift to
higher frequencies. In the region of about 10° Hz the
course of all experimental curves is identical. In this
double-logarithmic plot the positions and values of the
minima show only a weak dependence on the voltage
and the frequency. For the Im(Z)/Re(Z) plot (Cole—Cole
plot, shown in Figure 3) semicircles result, whose
diameters and positions of the zenith decrease with
increasing voltage. In the spectra of EL single-layer
systems only one single semicircle is found.

For the description of EL single-layer systems by an
equivalent circuit, probably one single RC component
is sufficient. This assumption is supported by the
occurrence of one single structure resembling relaxation
in the Re(Z)/f and Im(Z)/f spectra and by the existence
of one single semicircle in the Cole—Cole plots. The
resulting equivalent circuit as well as the resulting
distribution of the field strength are discussed in detail
as follows for an example incorporating TDAPB-1 as the
hole-transporting component.

Figure 4 shows the real and imaginary parts in the
complex plane for two samples of an EL single-layer
system (ITO/PVK + TDAPB-1 + Alqgs (4:1:1)/Mg:Ag (10:
1)) with different layer thicknesses dependent on the
applied voltage. The open symbols denote the smaller
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Figure 5. Comparison of an experimental curve from Figure
7 (d =110 nm, 10 V) with the course of the curve according to
the model shown in the inset. The values for the resistances

R, =500 Q and R; = 23.5 kQ, as well as the capacitance value
Ci1 = 5.5 nF, were determined from the experimental curve.

organic layer thickness (110 nm), the solid symbols the
larger (150 nm) thickness, and the same symbol shapes
denote the same voltages, respectively. The frequency
region lies between 100 Hz and 1 MHz. In both cases
the Re(Z) and Im(Z) values initially decrease only to a
small extent with increasing voltage. Only at a voltage
for which also electroluminescence is observed (110 nm
sample, 8 V; 150 nm sample, 10 V) the diameters of the
semicircles strongly decrease. The frequency-dependent
measurements of the capacitance between —5 and 15
V, as well as the calculation of the capacitance (obtained
from the zeniths of the Im(Z)/Re(Z) diagrams) result in
agreeing values, namely 6.0 + 0.5 nF for the 110 nm
sample and 4.0 £ 0.5 nF for the 150 nm sample. A
voltage dependence cannot be found. From the layer
thicknesses determined by the profilometer (Tencor
P-10) (110 or 150 nm) the relative dielectric constant ¢,
= 3 is calculated according to ¢, = Cd/e,A. This value
correlates well with the data found in the literature, for
instance, ¢ (OPPV) = 3.0 (OPPV = dialkoxy-substituted
poly(p-phenylenevinylene)),0 ¢,(PSIMSA(4:1)) = 2.5 (PS,
polystyrene; MSA, tris(4-methoxystilbene)amine),!! and
er(Algs) = 4.12

Both samples can be described by a single semicircle;
therefore, for the analogous equivalent circuit, one
single RC component with a resistance R and a constant
capacitance C is sufficient. Since the semicircles do not
intercept the Re(Z)-axis at the origin, a resistance
caused by the experimental setup (R.) still has to be
connected in series. Ro summarizes the influences of the
electrodes and of the contacts between the electrodes
and the electric circuit. Figure 5 compares the course
of the curve which results from this simple model (inset
in Figure 5), with the measurement from Figure 7 (d =
110 nm, 10 V). The employed values R, = 500 Q, R; =
23.5 kQ, and C; = 5.5 nF were determined from the
experimental curve. In the region of high frequencies
(small real part) a very good agreement between the
experimental curve and the model is achieved. The
deviations at small frequencies could be caused by the
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E. G. J.; Demandt, R. Synth. Met. 1994, 7, 115.
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Figure 6. Real part of the impedance Re(Z) of an EL two-
layer system (PVK + TDAPB-4 (1:1)/Alqgs) as a function of the
frequency f at different voltages.
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Figure 7. Imaginary part of the impedance Im(2Z) of an EL
two-layer system (PVK + TDAPB-4 (1:1)/Algs) as a function
of the frequency f at different voltages.

frequency dependence of the relative dielectric constant
and of the charge carrier mobility.5

The measurements were performed in air using a Mg:
Ag (10:1) contact which is sensitive to corrosion. There-
fore, the existence of a thin insulating oxide layer,
through which the transport of charge carriers has to
occur, cannot be excluded. As a consequence, the Cole—
Cole plot could have been explained also in such a way;
i.e., the field strength largely decreases over the oxide
layer, and the remaining bulk resistance is too small to
be detected. In this case, however, no change of the
dependence of resistance on the layer thickness should
have been found (Figure 4), or for the sample with the
larger layer thickness, a second semicircle for the larger
bulk resistance should have been at least indicated. The
dependence on the layer thickness of the impedance
spectra shows that the electric field decreases homoge-
neously over the entire organic layer. No sign for a
depletion region or an insulating layer can be found.
These measurements and their interpretation cor-
respond well to investigations for the system ITO/MEH-
PPV/AI (MEH-PPV, poly(2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene)) already described in the liter-
ature.®

Additional comparative measurements for further EL
single-layer systems were performed (with Algs and Mg:
Ag (10:1) cathodes, respectively) in order to confirm
these results. With the variation of the hole-transport-
ing molecule (TDAPB-4 instead of TDAPB-1), no change
in the spectra could be observed. The influence of the
matrix polymer (PS or PC instead of PVK) for the two
hole-transporting materials on the experimental curves
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Figure 8. Real and imaginary part of the impedance in the
complex plane (Cole—Cole plot) of an EL two-layer system

(PVK + TDAPB-4 (1:1)/Algs) as a function of the frequency f
at different voltages.

was similarly small. Therefore, it can be assumed that
the results discussed above for the example of the
system PVK + TDAPB-1 + Alqgs (4:1:1) are transferable
to further EL single-layer systems incorporating Mg:
Ag (10:1) contacts.

3.2. EL Two-Layer Systems. Several characteristics
for the impedance spectra of electroluminescent two-
layer systems are shown as follows for the example ITO/
PVK + TDAPB-4 (1:1)/Algs/Mg:Ag (10:1).

Figure 6 shows the real part Re(Z) of this EL two-
layer system in a double-logarithmic plot as a function
of the frequency f at different voltages. In the region of
low frequencies the spectra typically show a frequency-
independent behavior for voltages >4 V. Possibly this
behavior also occurs for voltages <4 V at frequencies
<100 Hz. This frequency region, however, was not
accessible with the employed instrument. With increas-
ing voltages this plateau extends to larger frequencies
(4 V, 102 Hz — 8 V, 10* Hz), with the value of Re(2Z)
decreasing for more than one magnitude (4 V, 4 x 10*
Q—8YV, 2 x 108 Q, for 100 Hz, respectively). A region
adjoins, where the real part decreases with increasing
frequency, before a second plateau is reached. The
frequency of the transition into the second frequency-
independent region shifts from ~5 x 103 Hz at 3 V to
~2 x 10% Hz at 8 V, and the value of the real part in
this region is smaller for higher voltages. Between 2 x
10% and 5 x 10°% Hz again a decrease of the Re(Z) values
occurs.

The imaginary part Im(Z) (see Figure 7) also turns
out to be strongly dependent on the voltage and shows
an undulating behavior in this double-logarithmic plot.
Starting from small frequencies the imaginary part first
increases and reaches a maximum, subsequently de-
creases, passes through a minimum, and then decreases
again after a second increase at high frequencies. With
increasing voltage both the maximum and the minimum
(even though less clear in this double-logarithmic plot)
shift to higher frequencies, and the respective Im(Z)
values decrease. Because of the limited measurement
range the first maximum could only be detected starting
from 4 V, and the second one only up to 5 V.

A more clear hint for a possible equivalent circuit in
the form of a parallel connection of a capacitor and a
resistor results from the plot of the real and imaginary
parts in the complex plane (Cole—Cole plot, shown in
Figure 8). Here the frequency f is contained as an
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Figure 9. Real and imaginary part of the impedance in the
complex plane (Cole—Cole plot) at different voltages for two
EL two-layer systems (ITO/PVK + TDAPB-1 (1:1)/Algs/Mg:
Ag (10:1)) with hole-transporting blend systems of different
thickness. The same symbol denotes the same voltage, the
open symboles denote the smaller thickness (70 nm), and the
solid symbols denote the larger thickness (100 nm) of the hole-
transporting blend system. The layer thickness of the Alqgs
layer is 50 nm, respectively.

implicit variable and increases from the right (100 Hz)
to the left (1 MHz). In contrast to the single-layer
devices, for the two-layer systems two semicircles ap-
pear. For clarification, the small semicircle is shown
enlarged in the inset.

For both the Re(Z)/f and the Im(Z)/f spectra of this
EL two-layer system two structures resembling relax-
ation are found for voltages =4 V. In addition, the
Im(Z)/Re(Z) plots show two semicircles. These results
show that for the description of this system at least two
RC components are necessary. A more detailed discus-
sion of the equivalent circuit and the resulting distribu-
tion of the field strength follows for further examples
incorporating TDAPB-1 in the hole-conducting blend
system.

In Figure 9 the real and imaginary parts in the
complex plane for two EL two-layer systems (ITO/PVK
+ TDAPB-1 (1:1)/Algs/Mg:Ag (10:1)) are shown. The
samples only differ in the layer thickness of the hole-
transporting blend system (70 and 100 nm). The same
symbol shapes denote the same voltages, and open
symbols denote the smaller thickness, while the solid
symbols denote the larger one. The frequency as implicit
variable increases from the right to the left from 100
Hz to 1 MHz. In comparison to the EL single-layer
systems, a second, additional semicircle appears for
small Re(Z) values, whose diameter increases with the
layer thickness of the hole-transporting blend system
(see the inset of Figure 9). As soon as electrolumines-
cence is observed both semicircles show a strong voltage
dependence. Starting from U > 5 V the ratio of both
diameters is about 1:2.5. From this value the distribu-
tion of the field strength can be estimated. The capaci-
tances of the samples at U = 0 V are 6 nF for 70 nm
and 5 nF for the 100 nm layer thickness of the hole-
transporting blend system. With increasing voltage both
values decrease continuously to 5 and 4 nF, respectively,
atu=8V.

For the EL single-layer systems with Mg:Ag (10:1)
as the cathode material the existence of an insulating
layer could not be shown. This result is most probably
transferable to the EL two-layer systems, since the
same materials and identical measurement conditions
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Figure 10. Comparison of an experimental curve from Figure
9 (ShOWﬂ (dhole—transporting blend system — 70nm,U =4 V) with the
course of the curve according to the model shown in the inset.
The values R, = 100 Q, R; = 2.5 kQ, C; = 0.08 nF, R, = 39.5
kQ, and C, = 6.0 nF were determined from the experimental
curve.

were employed. Therefore, the small semicircle in
Figure 9 can be assigned to the hole-transporting blend
system (R1, C1), and the larger semicircle is due to the
Algs layer (Rz, C,). The differences in diameter can be
explained by the probably much smaller conductivity
of the Algs layer.’314 In comparison to the EL single-
layer systems, the equivalent circuit for an EL two-layer
system has to be extended by a second RC component
with possible resistances caused by the experimental
setup or contact resistances R, being taken into consid-
eration. Figure 10 shows both the equivalent circuit and
the resulting course of the curve. The employed R and
C values (R, =100 Q, R; = 2.5 kQ, C; =0.08 nF, R, =
39.5 kQ, C, = 6.0 nF) were determined from the
experimental curve in Figure 9, which is shown as well
(dhole—transporting blend system = 70 nm, U =4 V). With these
values a very good agreement is obtained for frequencies
f <300 Hz, starting from f > 5 kHz. Only in the regions
between these two frequencies the experimental curve
is more flat due to the frequency dependence of ¢ and
of unp (un = electron mobility, 4, = hole mobility).

To our knowledge, impedance spectroscopical inves-
tigations for EL two-layer systems could not be found
in the literature. However, similar spectra containing
two semicircles were measured for ITO/PPV/AI diodes
(PPV = poly(p-phenylenevinylene)).815 In this case the
small semicircle at high frequencies is interpreted as
bulk resistance, whereas the large semicircle at low
frequencies is caused by the depletion region of the
Schottky contact. Especially the large semicircle turns
out to be strongly dependent on the voltage. At higher
voltages, however, and as soon as electroluminescence
occurs, it cannot be resolved anymore, due to the
disappearance of the depletion region. Within a certain
voltage range the PPV systems thus can also be re-
garded as “two-layer systems” (bulk and depletion
region). This interpretation, however, cannot be applied
for the organic LEDs investigated in this work, because
neither any signs for the existence of a Schottky contact

(13) Nakamura, H.; Hosokama, C.; Kusumoto, T. In Inorganic and
Organic Electroluminescence/EL 96 Berlin; Mauch, R. H., Gumlich,
H.-E., Eds.; Wissenschaft und Technik Verlag Dr. Jurgen Gross:
Berlin, 1996.

(14) Hosokawa, C.; Tokailin, H.; Higashi, H.; Kusumoto, T. Appl.
Phys. Lett. 1992, 60 (10), 1220.

(15) Karg, S.; Riess, W.; Dyakonov, V.; Schwoerer, M. Synth. Met.
1993, 54, 427.
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Figure 11. Voltage dependence of the real and imaginary part
of the impedance (Cole—Cole plot) of an EL two-layer system
(PVK + TDAPB-1 (1:1)/Algs) before and after operation (18 h,
jeonst = 8 MA/cm?). The same symbol shapes correspond to the
same voltages, the open symbols denote the nonoperated
contact, and the solid symbols the operated contact.

(insufficient diode behavior with rectification ratios of
102—108, too small dependence of the capacitance on the
voltage) are present nor the blending together of the two
semicircles in the impedance spectra is observed.

The explanations discussed in this section were
confirmed by further measurements for EL two-layer
systems with different hole-transporting blend systems
(TDAPB-1 in a PS or PC matrix, and TDAPB-4 in a
PVK, PS, and PC matrix; mass ratio 1:1, respectively).
The results show that the assumptions with respect to
the distribution of the field strength and the equivalent
circuit can be applied to further EL two-layer systems
incorporating this design.

3.3. Impedance Spectroscopy of Samples after
Operation. The investigation of the impedance of
samples after operation can clarify how the complex
resistance is altered by the current flow and whether
any changes in the equivalent circuit, such as additional
RC components, result.

3.3.1. EL Two-Layer Systems after Operation. A
standard EL two-layer system (PVK + TDAPB-1 (1:1)/
Alqgs) was operated for 18 h at a constant current density
of 8 mA/cm? in a nitrogen atmosphere. In the course of
operation the voltage increased from 7.6 to 9.9 V. Figure
11 shows the dependence of the Im(Z)/Re(Z) experimen-
tal curves of the contact before (open symbols) and after
operation (solid symbols) on the voltage (the same
symbol shapes correspond to the same voltages). For
clarity the experimental values for the higher voltages
are shown in the inset. Also after operation two semi-
circles still appear, however, the minimum is shifted to
smaller Re(Z) values. Therefore, the second, smaller
semicircle in the used contact can only be resolved
rudimentary. However, in analogy to the nonoperated
systems two RC components suffice for the description
of the equivalent circuit. In the large semicircles the
increase of the complex resistance can be clearly seen,
since both the diameters and the positions of the zenith
reach larger values. A comparison of the experimental
curves of the nonoperated contact starting from 4 V with
the Im(Z)/Re(Z) curves of the operated contact, which
are increased by 2 V, reflects very well the increase of
the voltage which was measured during operation.

3.3.2. EL Single-Layer Systems after Operation.
The changes in the Im(Z)/Re(Z) diagrams of an EL
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Figure 12. Voltage dependence of the real and imaginary part
of the impedance (Cole—Cole plot) of an EL single-layer system
(PVK + TDAPB-4 + Alqs (4:1:1) before and after operation (2
h in air, Uenst = 16 V). The same symbol shapes correspond
to the same voltages, the open symbols denote the nonoperated
contact, and the solid symbols the operated contact.

single-layer system (PVK + TDAPB-4 + Alqgs (4:1:1))
after operation for 2 h in air at a constant voltage of 16
V is shown in Figure 12. Open symbols denote the
nonoperated contact, solid ones the operated contact,
and the same symbol shapes correspond to the same
values for the voltage. Again, the shape of the experi-
mental curve in the Cole—Cole plot did not change;
merely a strong increase of the complex resistance at
the same voltages is observed. This sample was operated
in air in order to additionally investigate how the
appearance of “dark spots” (which are formed especially
fast in air) influence the impedance spectra. One as-
sumption was that parts of the magnesium—silver
contact oxidize, and a thin insulating layer is formed
in these areas of the interface organic layer/cathode,
which appear as dark spots. As a consequence, an
inhomogeneus distribution of the field strength would
result in these oxidized areas, where the electric field
mainly decreases over the thin insulating layer at the
interface and only to a small extent over the remaining
organic layer. In the impedance spectra such a distribu-
tion would result in two semicircles, analogous to the
spectra for the EL two-layer systems. The larger semi-
circle would have to be assigned to the contact and the
smaller semicircle to the organic layer. The measure-
ments show, however, that still one single RC compo-
nent is sufficient for the description of the equivalent
circuit.

The measured impedance spectra can be brought into
agreement with the observed “dark spots”, with the
assumption that initially only small regions of the
contact area are oxidized. These are observed as non-
emitting regions in the active area, since no injection
of electrons occurs. The transport of the charge carriers
still proceeds through the nonoxidized regions in the
contact area. Therefore, in the Cole—Cole plots no
second semicircle is observed. With the increase of the
“dark spots” in the course of operation, however, the
effective contact area through which the charge trans-
port can occur is reduced, which results in a higher
necessary voltage.

4. Conclusions

The results of the impedance spectroscopical inves-
tigations for EL single-layer and EL two-layer systems
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can be summarized as follows: EL single-layer systems
can be described by an equivalent circuit with one RC
component and a resistance caused by the experimental
setup. The field strength decreases homogeneously over
the entire layer thickness. No signs for the existence of
an insulating layer or a depletion region are found. For
EL two-layer systems two RC components and one
resistance caused by the experimental setup are neces-
sary for the description of the equivalent circuit. The
electric field decreases mainly over the vapor-deposited
Alqgs layer.

The measurements of the impedances of operated EL
single-layer and EL two-layer systems both under inert
gas and in air gave no indication of an insulating layer
covering the entire contact area, through which the
transport of charge carriers has to occur. The observed
increase of the resistance can be explained by the
thermally induced rearrangement of the molecules, such
as dimerization or crystallization. These sites can act
as traps for the charge carriers and lead to space charge
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effects, which again hinder the injection of charge
carriers.’® One further mechanism which may cause the
increase of the voltage is the reduction of the effective
contact area through which the transport of the charge
carriers can proceed, e.g., by the partial oxidation of the
cathode.
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