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Abstract

We have investigated the field dependence of the electron and hole drift mobility in tris-(8-hydroxyquinoline) aluminium (Alg,) in
organic multi layer light emitting diodes (LEDs) using transient electroluminescence measurements. The electron transport in thin films of
Alq; can be understood in terms of hopping processes. We obtain a full set of parameters for a modified Poole—Frenkel equation
describing the temperature and field dependence of the electron drift mobility. For the measurement of the hole drift mobility, a special
device structure was designed. We were able to determine the hole drift mobility in Alq; and found good agreement with the data

obtained from previous time-of-flight (TOF) measurements.
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1. Introduction

Since the first efficient devices were demonstrated in
1987 [1], organic light emitting diodes (LEDs) gained
increasing interest due to their possible application in
displays. Considerable efforts were made to improve the
performance of organic LEDs. Even though many new
substances were developed and investigated tris-(8-hy-
droxyquinoline) aluminium (Alg,), as used in the so-called
Kodak structure, is still one of the most favored electron
transports and /or light emitting materials. Following early
time-of-flight (TOF) measurements by Kepler et al. [2]
Alq, is widely regarded as a purely electron conduction
material with negligible hole drift mobility. On the other
hand, TOF experiments on multi layer structures with Alq,
films indicate that the hole drift mobility in Alq; may be
comparable to the values for electrons [3]. Therefore, it is
not clear whether the hole transport in Alq, thin films can
be neglected as done in some cases interpreting experimen-
tal data.

We went further into the question if this assumption is
legitimate even at high electric fields. To the best of our
knowledge, there are still scarce data on charge carrier
mobility in Alq; thin films in the range of electric fields
where organic LEDs are typically operated [4]. In this
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work, we present results of time resolved electrolumines-
cence (EL) measurements on single hetero structure (SHS)
organic LEDs based on the aromatic triphenyldiamine
(TPD) and Alq, at various temperatures. Using a modified
Poole—Frenkel law, we obtain a full set of parameters for
the description of the temperature and field dependence of
electron drift mobility in Alqs;.

It will be further shown that the transient behavior of
electroluminescence upon application of a rectangular pulse
to a double hetero structure (DHS) device is determined by
the hole drift mobility in Alq;. We quantify the depen-
dence of the hole drift mobility in Alq, on the electric
field.

2. Experimental details

The temperature dependent measurements of the elec-
tron drift mobility in Alq, were performed on a TPD /Alq,
SHS device as shown in Fig. 1a. The sample was mounted
in a liquid nitrogen cryostat. After achieving the desired
temperature, single rectangular voltage pulses (pulse width
1 ms) were applied to the device using a pulse generator.
The voltage pulse and electroluminescence signal obtained
from a photomultiplier were sampled by a digital storage
oscilloscope.

The hole drift mobility in Alq; was measured using
DHS devices (see Fig. 1b) consisting of two TPD/Alq;
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Fig. 1. (a) SHS: device used for transient measurements of electron drift
mobility in Alq;. (b) DHS: device used for transient measurements of
hole drift mobility in Alqs. The upper Alq; layer is partially doped with
2% DCM. The doped region is indicated by the hatching.

double layers. To verify that the delay time of the electro-
luminescence signal is determined by the hole transit time
in the Alq, layer sandwiched between the two TPD layers,
samples with three different layer thicknesses d = 50, 100,
200 nm were investigated. The upper Alq, layer was
partially doped with 2% DCM laser dye to identify this as
emission layer. To determine the delay time, either single
pulse measurements or an average over 10 to 40 pulses at
a repetition frequency of 0.3 to 0.05 Hz were taken
depending on the signal obtained from the photomultiplier.
These measurements were performed at room temperature.

3. Electron mobility in Alq,

A simple model of transient electroluminescence as-
sumes that holes and electrons are injected simultaneously
at the electrodes when a rectangular pulse is applied to the
device (the possibility of delayed injection of one carrier
species due to finite injection barriers [5] will not be
discussed here). The velocity of the charge carriers moving
through the organic layer is determined by the mobility
and the electric field. Electroluminescence first occurs
when the leading edge of the carrier packages meet. At a
given electrical field F and layer thickness d, the delay
time ¢; depends on the mobility as

lgy=d/pk. (1)

If the mobilities of both charge carrier types are very
different, instead of the ambipolar mobility u = u, + u,
the higher drift mobility determines the delay time.

Measuring the time lag between the leading edge of an
applied rectangular pulse with amplitude /" and the onset
of electroluminescence (see Fig. 2) one can calculate the
mobility as

w=d/(t,-F)with F= (V= V,,)/d. (2)

At low voltages, the built-in field V,; has to be considered
as the electrode materials used in organic LEDs have
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Fig. 2. Delay of electroluminescence intensity after application of a single
voltage pulse with an amplitude of 5 V at 240 K. The delay time ¢, is
approximately 21 ws.

different work functions. For the used ITO and Ca elec-
trodes we have determined V,; = 1.8-2.0 V.

As the mobility of holes in TPD is higher by approxi-
mately three orders of magnitude than the mobility of
electrons in Alq; (py, rpp > i oq,) Most of the applied
voltage drops at the Alq, layer. For this reason, only the
thickness of the Alq, layer has to be considered in the
calculation of the electrical field. Thus, the delay of elec-
troluminescence is determined by the transit time of elec-
trons in the Alq, layer as holes and electrons recombine in
the Alq; layer near the TPD /Alq, interface due to the
higher mobility of electrons as compared to holes in Alq,
(e atq, = M alg,):

We have measured the delay times in transient electro-
luminescence measurements for different applied voltages
from 2 to 14 V and in the temperature range between 300
K and 120 K. The obtained mobilities according to equa-
tion (2) are plotted vs. the square root of the electric field
in Fig. 3.
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Fig. 3. Temperature and field dependence of electron drift mobility in
Alq;.



The drift mobility of electrons in Alq, can be described
in terms of hopping processes following a modified
Poole—Frenkel law [6,7] as

AE - BPF‘/F
kg Tess

1 1 1

y————— 3
I;ff T TO ()

M= MoeXp

where E is the activation energy at zero electric field, T
the temperature, 7, an empirical parameter and k; Boltz-
mann’s constant. The Poole—Frenkel factor is given by

Ber = Vq3/(778r80) (4)

where ¢ is the elementary charge, ¢, the permittivity in
vacuum and &, the dielectric constant.

From the experimental data shown in Fig. 3, we obtain
a full set of parameters for Eqs. 3 and 4: u, =6.77 - 107>
em?/Vs, AE=0.58+0.03 eV, T,=357+53 K, and
&, =4.0 £ 0.6. Blom and Vissenberg found a similar tem-
perature and field dependence of the hole drift mobility in
a soluble poly( p-phenylene vinylene) derivative [8] with a
zero field mobility and a characteristic energy AE in the
same range as we determine in the case of Alq;.

4. Hole mobility in Alq,

For the measurement of the hole drift mobility in Alq,,
a special DHS device was designed (see Fig. 1b). The
upper Alq, layer serves as electron injection and emission
layer. To identify the recombination zone this Alq, layer
is partially doped with 2% DCM. The 50 nm thick TPD
layer blocks electrons injected at the cathode. The thick-
ness of the Alq; layer enclosed between two TPD layers
was varied from 50 to 200 nm to verify that the measured
delay time is determined by the hole drift mobility in this
Alq, layer. The lower 10 nm thick TPD layer serves as
hole injecting layer.
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Fig. 4. Electroluminescence characteristic of the DHS device with a 50
nm Alq; layer sandwiched between two TPD layers as shown in Fig. 1.
The inset shows the emission spectrum of the DHS sample.
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Fig. 5. Field dependence of charge carrier drift mobilities in Alq; at 300
K and comparison to TOF data by Kepler et al. [2] and Tsutsui et al. [9]
or data of transient EL measurements by Nakamura et al. [4].

As measurements of electroluminescence—voltage char-
acteristics show EL intensity at voltages higher than ap-
proximately 4 V (see Fig. 4), one has to conclude that
either holes migrate through the Alq, sandwiched between
two TPD layers or electrons drift through the 50 nm thick
TPD layer. However, the emission spectrum (see inset in
Fig. 4) gives unique evidence that charge carrier recom-
bination occurs only in the DCM doped Alq, layer be-
cause no EL intensity was measured below wavelengths of
520 nm where one would expect the maximum of Alq,
emission.

From TOF measurements, the drift mobilities of holes
in TPD and electrons in Alq, are supposed to be higher by
orders of magnitude than the hole drift mobility in Alq,.
For this reason, the transit time of electrons in the upper
Alq, layer and the transit time of the holes through both
TPD layers can be neglected. The delay times observed for
the DHS device are longer by more than one order of
magnitude as compared to the SHS device. The assump-
tion that these long transit times originate from the lower
hole drift mobility in Alq, can be verified by measure-
ments on devices with different thickness of the Alq, layer
sandwiched between the two TPD layers, since the data for
all three thicknesses fall on the same line (see Fig. 5).

For the calculation of the electric field within the Alq,
layer sandwiched between the two TPD layers, we assume
the applied voltage to drop homogeneously over this Alq,
layer and the upper 50 nm thick TPD layer. With the
thickness of this Alq, layer varied from 50 to 200 nm and
the upper TPD layer of thickness 50 nm, we obtain an
electric field of

F:(V_Vbi)/(dAlq3+dTPD)' (5)

With respect to the higher drift mobilities of electrons in
Alq; and holes in TPD this estimation is reasonable as the
time for the injected charge carriers to traverse the first
organic layer can be neglected. As a consequence, the
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space charges within both organic layers next to the elec-
trodes are built up immediately leading to a negligible
voltage drop over these layers.

Then the hole drift mobility in Alq, can be calculated
as

P alg, = daig,/ (1 F). (6)

Fig. 5 shows the hole drift mobility in Alq; measured at a
temperature of 300 K using DHS devices with d,, = 50,
100, 200 nm. From the linear fit in the Poole—Frenkel plot,
we obtain a dependence of the hole drift mobility on the
electric field according to

P alg, = (6 £ 1)107 em?/ Vs

X exp[VF X (9.0 £0.2)1073 Jem/V]. (7)

We find good agreement with results of Kepler et al. [2]
who measured field dependent hole drift mobility in thick
Alq; films using the TOF method.

5. Discussion

Fig. 5 also shows the field dependence of the electron
mobility at room temperature obtained by TOF experi-
ments and transient electroluminescence. Compared to TOF
measurements by Kepler et al. [2] and Tsutsui et al. [9] or
transient EL measurements by Nakamura et al. [4], our
data of the electron drift mobility in Alq; show a higher
zero field mobility and a weaker field dependence. A
possible reason for the deviations of TOF data and tran-
sient EL. measurements may be found in the different
sample thickness used for TOF and transient EL, since for
dispersive transport, the effective mobilities are often ob-
served to be thickness dependent. On the other hand, the
determination of electron mobilities from transient electro-
luminescence on multilayer devices also relies on certain
assumptions mentioned above, which need not be fulfilled
equally well in different devices. In the calculation of the
electron drift mobility from transient electroluminescence
by Nakamura et al., a homogeneous voltage drop over all

organic layers and no built-in potential was assumed.
However, if the latter is considered and the voltage drop
over the hole transporting layers is neglected (as discussed
above) the data by Nakamura et al. yield a similar field
dependence and slightly lower absolute values of the elec-
tron mobility as compared to our data.

The comparison of the electron and hole drift mobility
in Alq, at 300 K obtained from transient electrolumines-
cence shows that the hole mobility at low fields is lower
by almost three orders of magnitude. However, with in-
creasing electric field, the difference of the mobilities of
both charge carrier types becomes smaller due to the
stronger dependence of the hole drift mobility on the
electric field. From this point of view, the hole transport in
Alq; cannot be neglected generally in organic LEDs.
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