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Abstract

Electrical transport in organic light-emitting devices (OLEDs) based on tris(8-hydroxyquinolato)aluminium (Alq) is investigated as a
function of temperature and organic layer thickness. It is shown that the thickness dependence of the current provides a unique criterion to
discriminate between (1) injection limited behavior, (2) trap-charge limited conduction with an exponential trap distribution and a field
independent mobility, and (3) trap-free space charge limited conduction with a field and temperature dependent mobility. The observed
thickness and temperature dependent current—voltage characteristics are found to be in excellent agreement with trap-free SCLC with a

hopping type charge carrier mobility.
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1. Introduction

Tris(8-hydroxyquinolato)aluminium (Alq) is one of the
most widely used materials in organic light-emitting devices
(OLEDs) based on molecular materials. The current—voltage
(I-V) characteristics of Alq devices have been investigated
by several groups before, however, their interpretation has
been controversial ranging from injection limited to bulk
limited conduction. Burrows et al. have reported the first
extended studies of temperature and thickness dependent -V
characteristics in ITO/TPD/Alq/Mg:Ag devices [1]. From the
experimentally observed power law dependence of the cur-
rent j oc V/*! with I > 1 they concluded that conduction is
trap-charge limited with an exponential distribution of traps
having a characteristic energy E; = 0.15 eV. Based on these
findings Shen et al. performed numerical studies of trap-
charge limited currents (TCLC) in single and double carrier
devices [2]. StoB3el et al. also reported TCLC in their Mg/Alg/
LiF/Al devices with E; = 0.11 eV [3]. We have previously
also used this model to derive a trap energy of 200 meV,
however, it was noticed already that the observed thickness
dependence of the current does not agree with the predictions
of TCLC [4]. The TCLC model can be criticized as being not
applicable to these materials since it was developed for band
transport rather than hopping transport [5]. Furthermore, a
constant charge carrier mobility is required, which is also not
fulfilled here — on the contrary, Alq displays a pronounced
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field and temperature dependence of the mobility typical for
the whole class of disordered molecular solids and polymers
[6-8]. As pointed out by loannidis et al. [9] the obtained
values of the trap energy in the range of 110-150 meV could
evenly well be assigned to a distribution of transport states
which is usually taken to be a Gaussian with typical width of
100 meV. Thus, they described the /-V characteristics of Al/
Alg/LiF/Al devices simply by using trap-free SCLC with a
field-dependent charge carrier mobility [9]. On the other
hand, Barth et al. found that their /-V characteristics on Al/
Alg/Mg:Ag devices are injection limited with an injection
barrier of 0.5 eV [10]. Injection limitation was also reported
by Campbell et al. on Ca/Alq/Ca devices with a barrier of
0.6 eV [11]. This brief and by far not complete overview of
experimental investigations and description of electrical
transport in Alq devices shows that it is obviously quite
difficult to uniquely assign only one mechanism for the
experimentally observed behavior. Such an assignment
becomes in general more difficult if the range of experi-
mental data is too limited or if important parameters like the
thickness dependence [3,10], the temperature dependence
[9,11], the field and temperature dependent mobility [1-4],
the built-in voltage [1,9] or the influence of recombination in
a bipolar device [1,4] are not considered.

2. Basic concepts

There are two limiting regimes of device operation,
namely space-charge and injection limitation of the current.
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The occurrence of space-charge limited currents (SCLC)
requires that at least one contact has good injecting proper-
ties to provide an inexhaustible carrier reservoir. Injection
limitation by contrast occurs if the injection barrier is large
such that the injection current from the contact into the
organic is much less than the SCLC.

Carrier injection into a semiconductor is treated in terms
of either Fowler—Nordheim tunneling or Richardson—
Schottky (RS) thermionic emission [12]. Both concepts
are appropriate in inorganic semiconductors with extended
band states and large mean free path, yet one can not expect
that they hold in organic semiconductors, where the average
mean free path is of the order of the molecular distances. The
process of injection into a disordered hopping system has
been studied analytically [13] and by Monte Carlo simula-
tions [14,15]. The simulations by Wolf et al. show that,
although this injection mechanism resembles RS thermionic
emission, yet quantitative differences exist concerning the
field and temperature dependence as well as the absolute
value of the current, which is found to be orders of magni-
tude lower than predicted by the Richardson constant [15].

SCLC in a device can occur if at least one contact is able
to inject more carriers than the material has in thermal
equilibrium without carrier injection. The problem of SCLC
in insulators has been extensively treated by Lampert and
Mark [5]. In the case of a perfect insulator without intrinsic
carriers and traps having a charge carrier mobility u inde-
pendent of the electric field and neglecting diffusion, the
SCLC obeys the Mott—Gurney equation:

_ 9 V2
JscLe = géh—z 1)

If the assumption of a field-independent charge carrier
mobility is dropped, an approximate analytic solution in
the absence of traps has been given for a Poole-Frenkel like
field dependence of the mobility (u(F) = uyexp(BVF)).
The current density in this case is approximately the trap-
free SCL current multiplied with the Poole—Frenkel mobility
[16]:
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In the presence of traps the current is in general lower and
the quadratic field dependence is retained in the case of a
discrete trap level only (or when all traps are filled). If traps
are distributed in energy they will be gradually filled with
increasing electric field and the current will increase faster
than quadratic until all traps are filled. The problem has been
solved analytically for an exponential trap distribution
N(E) = (Ny/kgT)exp[(E — Ec/kgT;)] with a constant
charge carrier mobility. In this case the so-called trap-charge
limited current (TCLC) is given by
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with the parameter [ = T;/T derived from the trap distribu-
tion. If both the presence of traps and a field dependent
mobility are included, in general, only numerical solutions
of the problem are possible.

A central question in this paper is whether the current in a
device is injection or space-charge limited, and if the latter is
the case, whether TCLC with an exponential trap distribu-
tion or trap-free SCLC with a field and temperature depen-
dent charge carrier mobility play the dominant role. We will
show that apart from the dependence of the current on
voltage and temperature, which have already been investi-
gated in these devices, the dependence on the thickness of
the organic layer provides a unique criterion to distinguish
between these cases. For this it is important to consider the
thickness dependence at constant applied field for these
three situations:

1. For purely injection limited behavior (regardless what
the actual mechanism is in detail) the current has no
explicit thickness dependence: j = j(F) # j(d).

2. For trap-free space-charge limited conduction with (or
without) a field dependent mobility the current at
constant field scales with d~': j = j(F)/d.

3. For space-charge limited conduction with an exponen-
tial trap distribution and a constant mobility the current
at constant field scales with d~! with I > 1: j = j(F)/d'.

3. Experimental results and discussion

From the above said it is obvious that experiments have to
cover a large range of organic layer thickness and tempera-
ture and probably different electrodes in order to be able to
distinguish between different models. In the following we
will show experimental data for Al/Alg/Ca single layer
electron-only devices as a function of organic layer thick-
ness and temperature and will discuss these data in the
framework of the above mentioned competing models. We
will demonstrate that especially the thickness dependence
provides a unique criterion to decide which mechanism
prevails. We will also present simulations of /-V character-
istics based on numerical solutions of the transport equa-
tions.

The thickness dependence of the /-V characteristics has
been investigated in a series of nine devices with thickness
ranging from about 100 to 350 nm all fabricated in one
vacuum cycle, especially the electrodes were evaporated
simultaneously. Commercially available Alq was purified by
sublimation and deposited on patterned Al electrodes in a
high vacuum system (10~ mbar) at a deposition rate of
about 1 A/s. Fig. 1 shows the /-V characteristics of three
selected thicknesses in different representations. For purely
injection limited behavior the current plotted versus the
electric field should be identical for different organic layer
thickness and should according to the simulations by Wolf
et al. follow a Richardson—Schottky-like linear dependence
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Fig. 1. Current—voltage characteristics of Al/Alq/Ca electron-only devices with difterent Alq layer thickness: (a) Richardson—Schottky plot; (b) double
logarithmic representation with power laws (a built-in voltage Vi; = 0.8 V was taken into account in all analyses).

of log(j) on the square root of the electric field. As is clearly
seen in Fig. 1(a) the current does not obey such a linear
dependence on V/F and the curves are not on top of each
other but differ by a factor of 3 between 100 and 300 nm.
From the double-logarithmic plot (Fig. 1(b)) one can see that
the current approximately obeys a power law j oc V7! with
I+ 1 between 3.4 and 4.4 for different thickness. This
behavior could be taken as an indication for trap-charge
limited conduction, which would require a correspondingly
strong thickness dependence of the current.

In order to investigate the thickness dependence in more
detail we have plotted in Fig. 2(a) the current at a constant
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field of 0.5 MV/cm versus the Alq thickness. If the current
were purely injection limited, it could be expressed as a
function of the field alone without an explicit thickness
dependence. On the other hand, if it were space-charge
limited with an exponential trap distribution, it should obey
a power law of the form j oc VIFY/@?+! = F*l/dl. With
[+ 1 between 3.4 and 4.4 from the voltage dependence j
should vary as d 2% to d—>4. Thus, by plotting the current at
constant electric field versus the thickness should allow to
discriminate between different situations. It is clear from
Fig. 2(a) that none of the two above mentioned models can
account for the observed thickness dependence. It seems that
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Fig. 2. (a) Thickness dependence of the current at a constant electric field of 0.5 MV/cm for Al/Alg/Ca electron-only devices with nine different values of the
Alq layer thickness. (b) Current—voltage characteristics of the same devices as in Fig. 1 with simulated currents for SCLC with a field dependent mobility.
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the current at constant field rather is proportional to d~!. As
discussed before this is exactly the behavior which is
expected for trap-free SCLC with a field dependent carrier
mobility. Thus, it should be possible to describe the -V
characteristics for different organic layer thickness using the
same mobility parameters. This is shown in Fig. 2(b), where
the experimental data for d ~ 100, 200 and 300 nm are
compared with numerical simulations of the SCLC includ-
ing a Poole-Frenkel type mobility u(F) = u,exp(fvF)
with gy =2x10"°cm?Vs and f=0.008 (cm/V)'/2.
While for the thinnest device the agreement is fairly good
in the whole voltage range, there are noticeable deviations in
the voltage range below 3 V for d = 200 nm which become
more pronounced for the 300 nm device. However, this
behavior is not unexpected and can be explained by trap
filling. It is known that for a given trap density the crossover
voltage VgL between the trap-dominated regime and the
trap-filled SCL regime scales with the square of the device
thickness [5]. Thus, one can expect to see an increasing
influence of traps for thicker organic films. On the other
hand, reducing the thickness by a factor of 3 will decrease
VreL by almost an order of magnitude, which means that
for a device with 100 nm thickness virtually all traps could
be filled at a relatively small voltage above the built-in
voltage.

The second important parameter for analyzing current—
voltage characteristics is their temperature dependence.
Fig. 3(a) shows a set of data for the 300 nm thick device
between room temperature and 100 K in a double logarith-
mic plot. In this representation the curves seem to nicely
follow power laws j oc V**! with increasing exponent [ for
decreasing temperature. This behavior is predicted in the
TCLC model with an exponential trap distribution and has

| = T/T. According to this relation a plot of the temperature
dependent exponent from the power laws in the /-V char-
acteristics versus the reciprocal temperature should yield a
straight line through the origin. The corresponding plot
(Fig. 3(b)) shows indeed a linear dependence with a slope
yielding a trap energy of about 0.16 eV very similar to
values reported earlier by other groups [1,3], however, it
does not go through the origin. More severe is the fact that
this model requires a mobility independent of the electric
field to arrive at the used equations. As it is known from
mobility measurements this is not fulfilled for Alq [6-8].
Moreover, the field dependence of the mobility becomes
increasingly more pronounced for lower temperatures [8] so
that there is also a strong effect of the mobility on j(T). So
we have analyzed the temperature dependent /-V charac-
teristics in the framework of trap-free SCLC including a
field dependent mobility of the Poole-Frenkel type with
parameters y, and f§ to be determined for each temperature.
In order to minimize the influence of trap filling the analysis
has been performed on the 100 nm thick device. Fig. 4(a)
shows the experimental data together with numerically
calculated -V curves using adjusted p, and f values to
obtain the best agreement between experiment and simula-
tion. It is seen that reasonable fits can be obtained for all
temperatures, especially the characteristic upward curvature
of the I-V curves is reproduced well by the simulations.
There is a strong temperature dependence of y, typical for
disordered molecular solids [17]. The analysis of such data
can be performed using the modified Poole-Frenkel model.
Then the temperature and field dependent mobility is given
by [18]
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Fig. 3. (a) Temperature dependence of current—voltage characteristics of an Al/Alg/Ca electron-only device with an Alq layer thickness of 300 nm in double
logarithmic representation with fits to power laws j oc V/*!. (b) Temperature dependence of the power law exponents 1.
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Fig. 4. (a) Temperature dependence of current—voltage characteristics of an Al/Alg/Ca electron-only device with an Alq layer thickness of 100 nm in double
logarithmic representation with simulated currents for SCLC with a field and temperature dependent mobility. (b) Temperature dependence of the mobility

parameters.

where AE is the activation energy at zero electric field, fipp
the so-called Poole-Frenkel factor, T an empirical para-
meter and pp the mobility at T = T;. From a plot of log ()
and f§ versus 1/T one should obtain two linear dependencies
from which it is possible to determine the parameters in
the Poole-Frenkel equation. The corresponding graph is
shown in Fig. 4(b). From the linear behavior of log()
and f observed between room temperature and about
200 K the following parameters have been obtained:
Upp = 5.4 x 1075 cm?/Vs, Ty =500K, AE=0.52¢eV
and fpr = 5.8 x 1072 J(cm/V)"/2. The deviations of
log(1y) and B from the linear dependence on 7! below
200 K indicate that at low temperature other transport
mechanisms like, e.g. tunneling may come into play. These
values are in a typical range for a whole class of disordered
molecular solids. Blom et al. have previously derived very
similar parameters for hole transport in a soluble PPV
derivative [19]. In [8] we have analyzed results on the
temperature and field dependent mobility in Alq obtained
by transient electroluminescence within this model and
obtained comparable parameters. Thus, we can say that
the dominant factor that determines the observed behavior
of the current in Alq single layer devices is a hopping-type
field and temperature dependent charge carrier mobility.
Of course this does not rule out an influence of traps on the
device current. On the contrary, as we have seen from the
thickness dependence the current can be lowered signifi-
cantly by trapping at low voltage as long as the trap-filled
limit is not reached. This effect is more pronounced for thick
organic layers (300 nm or more) and for low temperature. To
include trapping in numerical calculations information on
the underlying trap distribution (concentration and energy)
is needed. This issue has been addressed by measurements of

thermally stimulated luminescence and currents on Alq
[20,21]. Although, traps were detected in a wide energy
range up to 0.5 eV, it was not possible to reconstruct the trap
distribution from these data. In spite of the advantage that
calculations become much easier with an exponential dis-
tribution, the huge amount of work on molecular crystals has
revealed that a Gaussian distribution of traps centered
around some maximum value lying in the energy gap is
physically more realistic than an exponential distribution
falling off from the band edge [22,23]. Thus, as long as there
is no other independent information about the energetic
distribution of traps in a material, the usage of an exponen-
tial trap distribution seems rather arbitrary. Certainly, more
work is needed to determine trap distributions in molecular
organic films.

Another aspect is also important to mention, namely the
influence of charge carrier injection. The fact that the /-V
characteristics can be sufficiently well described by SCLC
with a field and temperature dependent mobility does not
mean that the barrier for charge carrier injection is com-
pletely negligible. Looking at the thickness dependence of
the current at constant field (Fig. 2(a)) one can see that for
thin layers (around 100 nm) the dependence becomes
weaker than j oc d~!, indicating an increasing influence of
the injection barrier for thin layers. This means that the
electric field at the injecting contact may no longer vanish as
required for SCLC, nevertheless, it is still different from
F = V/d as it were for pure injection limitation. As has been
demonstrated by Wolf et al. there is an interdependence of
the tolerable injection barrier to achieve SCLC and the
mobility of the organic material. Thus, the differences in
device characteristics reported in the literature may be partly
due to different material and preparation conditions leading
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to variations in the mobility of Alq and different boundary
conditions for SCLC.

4. Conclusion

It has been demonstrated that the thickness dependence of
the current provides a unique criterion to distinguish
between different conduction mechanisms in OLEDs. The
thickness and temperature dependent /-V characteristics of
Alq electron-only single layer devices can be well described
by trap-free SCLC with a hopping-type field and tempera-
ture dependent charge carrier mobility. To include the
influence of trapping further independent information about
trap distributions in the organic materials is required.
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