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Electrical transport in single- and hetero-layer organic light-emitting diodes (OLEDs)
based on aromatic amines like TPD (N,N'-diphenyl-N,N'-bis(3-methylphenyl)-1,1'biphenyl-4,4'-diamine) or NPB (N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-biphenyl-4,4'diamine) and the aluminium chelate complex Alq (tris(8-hydroxyquinolato)aluminium)
has been investigated as a function of temperature and organic layer thickness. It is shown
that the thickness dependence of the current-voltage (I ; V ) characteristics provides a
unique criterion to discriminate between (1) injection limited behaviour, (2) trap-charge
limited conduction with an exponential trap distribution and a eld-independent mobility,
and (3) trap-free space-charge limited conduction (SCLC) with a eld and temperature
dependent mobility.
The I ;V characteristics of NPB-based hole-only devices with indium-tin oxide anodes
are neither purely injection nor purely space-charge limited, although the current shows
a square-law dependence on the applied voltage. In Al/Alq/Ca electron-only devices with
Alq thickness in the range 100 to 350nm the observed thickness and temperature dependent I ; V characteristics can be described by SCLC with a hopping-type charge carrier
mobility. Additionally, trapping in energetically distributed trap states is involved at low
voltages and for thick layers. The electric eld and temperature dependence of the charge
carrier mobility in Alq has been independently determined from transient electroluminescence. The obtained values of the electron mobility are consistent with temperature
dependent I ;V characteristics and can be described by both the phenomenological PooleFrenkel model with a zero- eld activation energy E = 0:4 ; 0:5eV and the Gaussian disorder model with a disorder parameter  = 100meV. Measurements of the bias-dependent
capacitance in NPB/Alq hetero-layer devices give clear evidence for the presence of negative charges with a density of about 6:8  1011 cm;2 at the organic-organic interface
under large reverse bias. This leads to a non-uniform electric eld distribution in the
hetero-layer device, which has to be considered in device description.
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I. INTRODUCTION

could achieve astonishingly high light output, eciency and life-time at low operating voltage. This
breakthrough initiated great e orts in the development of new molecular materials and device structures, especially in Japan [13{15]. Since the end of
the 1990s OLEDs have entered the stage of commercialization [16] and are considered as promising candidates for the next generation of large
area at-panel displays [17,18]. In addition, since
the discovery of EL in conjugated polymers by
the Cambridge group in 1990 [19] these materials have also been widely examined and are going
to be commercialized with equally good prospects
for display and lighting applications as the lowmolecular weight materials [20,21].
It was shown already in the early work on
molecular crystals that the relevant mechanism
of EL in organic solids is recombination luminescence of injected carriers. As mentioned above, a
very successful approach to separately optimize
the individual steps involved in organic EL is the
concept of multi-layer light-emitting devices using interfaces between di erent organic materials.
The simplest OLED of this kind, which is still
widely used for light-emission in the spectral range
from the green to the red, incorporates the interface between a hole conducting material (usually
a triphenyl-amine derivative) and an electron conducting aluminium chelate complex (Alq), where
light-emission is generated in the Alq layer close
to the organic-organic interface [11]. (For colour
tuning and to achieve higher eciency and lifetime
the Alq layer is frequently doped with uorescent
dyes [12]). The optimization of the yield in these
devices requires high and equal densities of positive
and negative carriers at the interface. The achievement of this goal necessitates detailed knowledge
of the injection process at the electrodes, of the parameters controlling transport through the organic
layers and of the energetics at the interfaces.
The organization of this paper is as follows.
We will rst give a brief survey of device physics
of organic light-emitting diodes with the emphasis
on the electrical behaviour, especially charge carrier injection and transport. Then we will describe
our experimental techniques for device preparation
and characterization, and present our experimental
results. We will separately discuss current-voltage
characteristics of single and hetero-layer devices,
extract data on the eld and temperature dependent charge carrier mobilities and discuss the electric eld distribution in hetero-layer devices.

Electroluminescence (EL), that is the generation of light (other than black-body radiation)
from condensed matter by electrical excitation,
has been investigated in organic molecular solids
since the 1950s [1]. Especially the work of Pope
et al. and Helfrich et al. [2,3] on single crystals of
anthracene in the early 1960s initiated considerable e orts to achieve light-emitting devices from
molecular crystals. In spite of the principal demonstration of an operating organic electroluminescent display incorporating even an encapsulation
scheme similar to the ones used in nowadays commercial display applications [4], there were several
draw-backs preventing practical use of these early
devices. For example, neither high enough current
densities and light output nor sucient stability
could be achieved. The main obstacles were the
high operating voltage as a consequence of the
crystal thickness in the micrometer range together
with the diculties in reproducible crystal growth
as well as preparing stable and suciently wellinjecting contacts to them. Nevertheless, these investigations have established the basic processes
involved in organic injection-type EL, namely injection, transport, capture and radiative recombination of oppositely charged carriers inside the organic material (for a review see e.g. [5,6]).
A further step towards applicable organic electroluminescent devices was made in the 1970s by
the usage of thin organic lms prepared by vacuum
vapor deposition or the Langmuir-Blodgett technique instead of single crystals [7{9]. The reduction
of the organic layer thickness well below 1m allowed to achieve electric elds comparable to those
which were applied to single crystals but now at
considerably lower voltage. Apart from the morphological instability of these polycrystalline lms
there arose the problem of fabricating pin-holefree thin lms from these materials. These problems could be overcome in the early 1980s by the
usage of morphologically stable amorphous lms,
as demonstrated e.g. by Partridge's work on lms
of polyvinylcarbazole doped with uorescent dye
molecules [10].
The development of organic multi-layer structures considerably improved the eciency of lightemission by achieving a better balance of the number of charge carriers of opposite sign and further
lowered the operating voltage by reducing the mismatch of energy levels between the organic materials and the electrodes. The consequence of this development was the demonstration of organic lightemitting devices (OLEDs) by Tang et al. with the
true potential for lighting and display applications
[11,12]. By using a hetero-layer structure of a hole
conducting aromatic amine and an electron conducting aluminium chelate complex, each a few
ten nanometers thick, sandwiched between indiumtin oxide (ITO) and Mg:Ag-alloy electrodes, they

II. BASIC CONCEPTS
A. Electroluminescence in organic solids
Although it is common to use many concepts
derived from inorganic semiconductor physics, one
should be aware of the peculiarities and di er2
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ences of organic semiconductors to their inorganic counterparts. Additionally, since most polymeric or low-molecular weight materials used in
OLEDs form disordered amorphous lms without
a macroscopic crystal lattice, it is also not possible to simply adopt mechanisms developed for
molecular crystals. Because of the absence of extended delocalized states, charge transport is usually not a coherent motion in well-de ned bands
but rather a stochastic process of hopping between
localized states, which leads to the typically observed low carrier mobilities (  1cm2 =Vs). Consequently, excitations are localized on either individual molecules or a few monomeric units only of
a polymer chain and usually have a large exciton
binding energy of some tenths of an eV. Additionally, many of the materials in OLEDs are wide-gap
materials with energy gaps of 2 to 3eV, sometimes
even more. Therefore the intrinsic concentration of
thermally generated free carriers is generally negligible (less than 1010cm;3 ) and from this viewpoint
the materials can be considered more as insulators
than as semiconductors. Unlike in inorganic semiconductors, impurities usually act as traps rather
than as sources of extrinsic mobile charge carriers. There are exceptions, however, one example
being the polymer polyphenylenevinylene (PPV)
prepared by a precursor route, where doping by
a chemical reaction with ITO substrates has been
found to be responsible for the observed Schottky
diode behaviour [22{25]. Controlled doping, mostly
by chemical or electrochemical means, has been
studied extensively in polymeric semiconductors
[26], but not yet to a large extend in low-molecular
weight materials [27,28]. Sources of traps in organic
semiconductors can be residual impurities from the
synthesis of the material, but also structural traps
due to disorder of the molecules or the polymer
conformation (see e.g. [29]). In many cases also the
environmental conditions, e.g. oxygen or moisture,
have been found to alter the properties of these materials or devices made from them. This requires a
great deal of care in preparing the substances and
devices and sometimes makes the comparison of
results obtained by di erent groups problematic.
As shown schematically in Fig. 1, electroluminescence in organic solids requires several steps including the injection, transport, capture and radiative recombination of positive and negative charge
carriers inside an organic layer with suitable energy
gap to yield visible light output. For simplicity we
have drawn the spatial variation of the molecular energy levels in a band-like fashion, however,
we have to bare in mind again that these organic
semiconductors are disordered materials without a
well-de ned band structure. Also not included in
this picture are polaronic e ects, i.e. the fact that
due to a structural relaxation the energy levels of
charged molecules are di erent from the neutral
state levels.
In the absence of doping, interface dipoles and

other interfacial e ects and assuming vacuum level
alignment the energy barrier for charge carrier injection is in rst approximation given by the energetic o set between the work functions of the
used metals and the energy levels of the organic
material. However, care has to be taken when using the work functions of pure metals measured in
ultra-high vacuum (UHV) and the energy levels of
organic molecules measured by cyclic voltammetry in solution or by photoelectron spectroscopy
on nominally pure lms in UHV. A rst reason is
that the preparation conditions of OLEDs are usually not clean enough to exclude the oxidation of
low work function metals or the formation of adsorbate layers even on noble metals. A second reason is that chemical reactions between the organic
layer and the metals can lead to the formation of
an interfacial layer with di erent properties than
the bulk materials which in turn signi cantly modi es the energetics at the injecting contact [30,31].
Furthermore, the disordered nature of the organic
material causes additional peculiarities which have
to be taken into account in describing the injection
process [32,33].
Once carriers are injected into the organic material these are transported in the applied eld towards the counter electrode. Due to the disorder
charge carrier transport in organic materials is to
be described by hopping between sites with di erent energy and distance. Additionally, carriers can
be intermittently trapped in gap states originating
from impurities or structural traps. This results in
low carrier mobilities, which are typically between
10;3 and 10;7cm2 =Vs at room temperature and in
many cases strongly depend on temperature and
the magnitude of the applied electric eld (see e.g.
[34]). With these low carrier mobilities and negligible free carrier densities even in the presence of
non-vanishing injection barriers the metal-organic
contact may be able to inject more carriers than
the organic bulk material has in thermal equilibrium. This will then lead to the formation of space
charges, which reduce the electric eld at the injecting contact and thus impede further charge carrier injection [35,36].
Finally, for electroluminescence, charge carriers of opposite sign have to recombine and form
an exciton, which then decays radiatively. It has
been shown that again as a consequence of low
carrier mobilities the process of electron-hole capture is di usion-controlled and is therefore of the
Langevin type [37,38]. Moreover, the exciton can
not only decay radiatively but also radiation-less.
Like under optical excitation the ratio of radiative
decay depends on the photoluminescence quantum
yield, however with the di erence that the total
spin of the excitons generated by carrier recombination of non-geminate pairs can be a triplet or
a singlet state with a branching ratio of 3:1, setting an upper limit of 25% for the internal eciency of the conversion of injected carriers into
3
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photons via singlet excitons. It has been demonstrated only recently that by choosing materials
with a high yield of short-lived phosphorescence,
triplet emission can be harvested for making very
ecient organic electroluminescent devices [39,40].
We note that the necessity to use contacts with
di erent work function (usually a high work function metal, like e.g. Au, or a transparent conducting oxide is used as anode and a low work function metal, such as Ca, as cathode) in order to
obtain double-carrier injection in OLEDs leads to
the presence of a non-negligible built-in voltage Vbi
(= bi =q in Fig. 1) across the organic layer. (We
will use the term built-in voltage although it is also
common for the di usion voltage at semiconductor
p-n junctions). Neglecting energy level shifts due to
interface dipoles, the built-in voltage is equal to the
contact-potential di erence of the two metal electrodes. The physical importance of Vbi is that it
reduces the applied external voltage V such that a
net drift current in forward bias direction can only
be achieved if V exceeds Vbi . Thus the knowledge
of Vbi is crucial and it has to be considered in all
equations describing injection and transport in the
devices. In the following we will denote V  V ; Vbi
as the e ective voltage across the organic layer under forward bias conditions.
In this paper we will focus on charge carrier injection and transport, because these are the dominant factors to explain the experimentally observed variation of the device current over many orders of magnitude. The recombination step will be
discussed subsequently when the results obtained
on single and double-carrier devices are compared.

function of the eld is then given by:
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Both concepts are under certain conditions 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 existence of disorder in organic semiconductors poses
an additional obstacle to be overcome by the injected carrier: to move away from the contact into
the bulk the carrier has to overcome random energy barriers caused by disorder. This leads to an
enhanced back ow of injected carriers into the electrode. This process of injection into a disordered
hopping system has been studied analytically [42]
and by Monte Carlo simulations [32,33]. The simulations by Wolf et al. show that, although this injection mechanism resembles RS thermionic emission, quantitative di erences exist concerning the
eld and temperature dependence as well as the
absolute value of the current, which is found by
orders of magnitude lower than predicted by the
Richardson constant [33].
Space-charge limited currents (SCLC) in a device can occur if at least one contact is able to
inject locally higher carrier densities than the material has in thermal equilibrium without carrier
injection. The problem of SCLC in insulators has
been extensively treated by Lampert and Mark
[35]. Therefore we will list only brie y the basic
equations that govern the steady-state behaviour
of unipolar space-charge limited current ow (here
given for electrons). These are the drift-di usion
equation (3), the Poisson equation (4), the continuity equation (5) together with the boundary
condition (6) and the equations relating free and
trapped charge carrier densities (7, 8). Due to the
device geometry a one-dimensional treatment is
sucient. Furthermore, we will use the convention
~j = ;j~ex and F~ = ;F~ex where ~ex is a unit vector
in x-direction and the injecting contact is at the
position x = 0.

B. Charge carrier injection and transport
There are two limiting regimes of device operation, namely space-charge limitation and injection limitation of the current. Both have been realized experimentally in OLED structures. The occurrence of space-charge limited currents requires
that at least one contact has good injecting properties to provide an inexhaustible carrier reservoir.
Injection limitation, by contrast, occurs if the injection barrier is so large that the injection current from the contact into the organic is insucient
to deliver the maximum possible space-charge limited current in the material. At present, even for
a given system, there is still an ongoing debate
which mechanism prevails: injection limitation at
the contacts or transport limitation in the bulk. We
will therefore brie y give an overview on some basic concepts for the description of these processes.
Carrier injection into a semiconductor is usually treated either in terms of Fowler-Nordheim
(FN) tunneling or Richardson-Schottky (RS)
thermionic emission [41]. The latter is based on
lowering of the image charge potential by the external eld F = V =d. The current density jRS as a
4
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j = qnF ; qD ddnx
""0 dF = (n ; n ) + X(n ; n )
0
tj
tj ;0
q dx
j
dj
dx = 0

trap-free SCL current is that it is the maximum
possible unipolar current a sample can sustain at
a given applied potential di erence. A current in
excess of this value is only possible in the case of
double-carrier injection where charges of opposite
sign are mutually able to compensate part of the
space-charge.
In the presence of traps the current is in general lower and the quadratic eld dependence is
retained in the case of discrete trap levels only
(or when all traps are lled). Then Eq. (11) has
to be modi ed by a factor  = n=(n + nt ) equal
to the ratio of free carriers to the total number
of carriers. If traps are distributed in energy they
will be gradually lled with increasing electric eld
(i.e.  depends on the electric eld) and the current will increase faster than quadratic until all
traps are lled. The problem has been solved analytically for the above given exponential trap distribution Ht (E ). In this case the so-called trapcharge limited current (TCLC) with the parameter l = Et =kB T derived from the trap distribution
is given by [35,36]:

(3)
(4)
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Zd
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 is the carrier mobility, D the di usion coecient,
d the device thickness, NC the density of states in
the conduction band, EC the conduction band energy and EF the position of the quasi-Fermi level.
n and nt;j denote the spatially varying free and
trapped electron concentration in the j th set of
traps with energy Etj and degeneracy gj (in most
cases gj = 1), respectively, and n0 and ntj ;0 are the

l 
l+1 l+1
2
l
+
1
V
""
l
0
jTCLC = NC q N q(l + 1)
l+1
d2l+1
t


corresponding thermal equilibrium values. If traps
are distributed in energy rather than in discrete
levels then the sum has to be replaced by an integral over the energy. A frequently used distribution
in the context of organic semiconductors is an exponential one with a total trap density Nt and a
characteristic decay energy Et :

E ; EC
t
Ht (E ) = N
E exp E
t

(E  EC )

t

(12)
If the assumption of a eld-independent charge
carrier mobility is dropped, an analytic solution
for arbitrary (F ) dependence is still possible in
the absence of traps, however, j (V ) can then be
given in parametric form only [45]. An approximate analytical solution has been derived by Murgatroyd [46] for the so-called Poole-Frenkel eld
dependence of the mobility:

(9)

Then instead of Eq. (8) one has:
Z EC

p

Ht (E )
;
1
1
+
g
exp
[(E ; EF )=kB T ] dE (10)
;1
This set of di erential equations has analytical
solutions only for some special cases. In the case of
a perfect insulator without intrinsic carriers and
traps and for a charge carrier mobility independent of the electric eld, the SCL current obeys
the Mott-Gurney equation [43]:
nt =

2

jSCLC = 89 ""0 Vd3

(F ) = 0 exp( F )

(13)
which is very frequently observed in amorphous
molecular materials, molecularly doped polymers
and also most conjugated polymers [34]. The current density in this case is approximately the trapfree SCL current multiplied with the Poole-Frenkel
mobility [46]:
(PF )  9 ""  V 2 exp 0:89 pV =d (14)
jSCLC
8 0 0 d3
Another analytic expression has been given for a
mobility following a power law (F ) = 0 (F=F0 )n
[47]:
(PL) = ""  [1=(n + 3)]n+2 V n+2
jSCLC
(15)
0 0 F n (n + 2) dn+3
0
which also yields a power law behaviour of the
current like the TCLC expression, however, the
thickness dependence at a given exponent (n respectively l) is di erent. If both the presence of
traps and a eld-dependent mobility are included,
in general, only numerical solutions of the problem
are possible.

(11)

This equation is derived neglecting di usion and
with the boundary condition that the electric eld
at the injecting contact vanishes, which leads to an
in nitely high carrier density at the contact. The
inclusion of the di usion term resolves the problem
of the in nite carrier concentration, but makes an
analytic solution of the system of di erential equations impossible (see [5] for a discussion of numerical solutions). However, the treatment of di usion
is not straightforward since the validity of the Einstein relation between the di usion coecient and
the mobility has not been established yet in disordered organic solids [44]. The importance of the
5

Organic Electronics 2, 1-36 (2001)

The situation becomes even more complicated
in real OLEDs where double-carrier injection and
recombination occurs. It has been demonstrated
that recombination in organic LEDs is a bimolecular process following the Langevin theory
[6,37,38,48,49], because it is based on a di usive
motion of positive and negative carriers in the attractive mutual Coulomb eld. This implies that
the recombination constant R is proportional to
the carrier mobility:

R = ""q (h + e )
0

(ii)

(iii)

(16)

for trap-free space-charge limited conduction
with (or without) a eld-dependent mobility
the current at constant eld scales with d;1
(Eqs. 11, 14, 15):
j = ~j (F )=d
(19)
for trap-charge limited conduction with an
exponential trap distribution and a eldindependent mobility the current at constant
eld scales with d;l with l > 1 (Eq. 12):

j = ~j (F )=dl

The inclusion of double-carrier injection and recombination couples the respective sets of transport equations for electrons and holes, since the
Poisson equation now contains both the densities
of electrons (n) and holes (p) and the continuity
equation becomes
dje = ; djh = qRnp
(17)
dx
dx
Therefore analytical solutions for the electron, hole
and recombination currents as a function of voltage are only possible under simplifying assumptions like a mobility independent of the electric
eld and the absence of di usion and trapping. E.g.
Scott et al. have extended the Parmenter-Ruppel
solution [35] by including Langevin recombination
[50]. Numerical solutions for di erent cases have
also been obtained on OLEDs by various authors
[48,51{53], however due to the complexity of the
numeric procedures the application to the analysis
of experimental data is not straightforward.
In the following we will analyze our experimental results which were mainly obtained on singlecarrier devices using approximate analytic equations or simple numeric integration of the abovementioned transport equations, neglecting di usion, but including a eld-dependent carrier mobility and distributed trap states. A central question
thereby will be whether the current in a device is
injection or space-charge limited, and, if the latter
case applies, whether TCLC with an exponential
trap distribution or a eld and temperature dependent 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 investigated in these devices, the
dependence on the thickness of the organic layer
provides a unique criterion to distinguish between
the underlying mechanism. For clarity we therefore brie y list the functional dependence of the
current on the thickness at constant electric eld
for these three situations:
(i) for purely injection limited behaviour (regardless what the actual mechanism is in detail)
the current at constant eld has no explicit
thickness dependence (Eqs. 1,2):
j = j (F )
(18)

(20)

In order to prove that Eq. (19) also holds for
a strongly eld-dependent carrier mobility, where
the Murgatroyd approximation becomes less accurate, we have shown in Fig. 2 numerically simulated j ; V characteristics forptrap-free SCLC with
a mobility (F ) = 0 exp( F ) for two di erent
parameter sets of 0 and . It is clearly seen that
the dependence j (F = const:) / d;1 is ful lled
even for large values of where the current is far
from being quadratic in the voltage.

III. MATERIALS, DEVICE FABRICATION
AND EXPERIMENTAL METHODS
As already mentioned in the introduction, the
characteristic feature of OLEDs based on molecular materials is the usage of a hetero junction between a hole conducting and an electron conducting material sandwiched between an anode and a
cathode contact for hole and electron injection, respectively. Fig. 3 shows the typical device structure used here for the investigation of the electrical
characteristics of devices with one or more organic
layers. Our studies were focused on the common
combination of aromatic amines like TPD or NPB
as hole transporters and Alq as electron transport
and light-emitting material (see Fig. 4). The materials were commercially available: TPD and NPB
from Syntec, Alq from Dojindo and Aldrich. Di erent types of Alq have been used: Alq(1) was multiply sublimed, Alq(2) (98% Alq content) and Alq(3)
(99.995% Alq content) were used as obtained. Fig.
5 shows a schematic energy level diagram of such
a hetero-layer device with indium-tin oxide (ITO)
as transparent hole injecting and Ca as electron
injecting contact. However, we note that these energy values have to be taken with care since they
are usually obtained on the isolated compounds
under conditions di erent from those used for the
preparation of OLEDs. Furthermore, energetic details at the interfaces which depend on the amount
of inter-di usion, on possible chemical reactions
and on the extent of interface dipole formation are
not included in this drawing (see e.g. [30]). The
6
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Current-voltage (I ; V ) and luminance-voltage
(L ; V ) characteristics were measured inside the
glovebox with a Hewlett Packard semiconductor
parameter analyzer (HP 4155B) and a Si photodiode (Hamamatsu S2281) in front of the lightemitting pixel. The OLED was thereby kept in a
modi ed HP 16442A test xture. With this setup
currents as low as 10;13A can be reliably measured. The luminance calibration of the photodiode was obtained with a Minolta CS-100 luminance meter. Additionally we measured the total
amount of emitted light from OLEDs by using an
integrating sphere with a calibrated Si photodiode
coupled to a power meter (Gigahertz). From the
photodiode current together with the spectral sensitivity of the photodiode and with the EL spectrum of the OLED we obtained the total emitted light intensity and from this quantity the EL
quantum eciency EL. We note that this determination of the external quantum eciency yields
about a factor of 2 higher values than the ones obtained by using the forward emitted luminance values (for the calculation of EL from L see Ref. [61]).
The photoluminescence quantum eciency was determined on lms deposited on fused silica following a procedure suggested by de Mello et al. [62].
Thereby the absorption and emission spectra were
simultaneously measured in an integrating sphere
under excitation with a GaN LED (peak wavelength of 370nm) using a spectrograph coupled to
a CCD array. Transient electroluminescence was
measured using a pulse generator (Berkeley Nucleonics) as source of rectangular voltage pulses
and a photomultiplier (Hamamatsu 5783-01) for
detection of light-emission. Voltage, current and
EL traces were monitored by a digitizing oscilloscope (Tektronix TDS754C). To avoid an in uence
of trapped charges from the preceding pulse on the
transient response we used single voltage pulses
and sucient waiting time between subsequent
pulses. Additionally, in measurements at low temperature samples were short-circuited and warmed
up to room temperature after each pulse to accelerate discharging. Impedance measurements were
carried out with an impedance analyzer (Hewlett
Packard HP 4194A, 100Hz - 15MHz) or a frequency response analyzer (Solartron Instruments
SI1260A, 10Hz - 10MHz) using an oscillator amplitude of no more than 100mV. For temperature dependent characterization a liquid-nitrogen
cooled optical cryostat (Cryovac) with static heat
exchange gas was used in combination with the
setup described above.

charge carrier mobility of TPD (or similarly NPB)
and of Alq as determined by time-of- ight measurements is shown in Fig. 6. The hole transport
in TPD is well characterized [34] and displays relatively high mobility values with only a weak eld
dependence. For Alq the electron mobility is much
lower and exhibits a strong dependence on the
electric eld [54,55] typical for dispersive hopping
transport. As we will describe later, this strong
eld dependence of the mobility can be a source
of ambiguity in the interpretation of the electrical
device behaviour.
For our investigations we used two types of substrates. One type were ITO coated glass substrates
from Merck (20 ; 80 =2), where the ITO was patterned by a photoresist technique to de ne anode
contacts. These substrates were used for hole-only
and bipolar devices. The other type were glass substrates with evaporated stripes of Al for electrononly devices. The ITO substrates were thoroughly
cleaned in an ultrasonic bath with di erent solvents and thereafter exposed to an oxygen plasma
to remove residual solvents and to enhance the
work function of the ITO.
The importance of the plasma treatment on
the device performance can be seen from Fig. 7,
where current and luminance of otherwise identically treated devices are compared. The plasma
treatment not only reduces the drive voltage considerably, it also suppresses the occurrence of current anomalies at low voltage [56]. Although the
mechanism behind these e ects is not yet understood in detail, it is meanwhile generally accepted that some kind of oxidative treatment of
the ITO or other high work function anode materials is required to improve hole injection and
to arrive at reproducible device characteristics
[57{60]. Immediately after plasma treatment the
substrates were transferred via a nitrogen- lled
glovebox system into the evaporation chamber,
which can be equipped with up to 10 thermal
evaporation sources for the deposition of organic
materials and metals with low evaporation temperature. Depositions were carried out at a base
pressure of about 10;6mbar with rates of 1
A/s.
Via a rotating substrate holder with exchangable
shadow masks several devices with controlled variation of the layer thickness or layer sequence could
be fabricated in the same vacuum process. The
metal cathodes (Ca or Al) were deposited on top
of the organic layers without breaking the vacuum.
Ca cathodes were covered with a Mg:Al:Zn-alloy
to protect them from degradation under air during short-term transfer between di erent measurement systems. From the evaporator the samples
were then taken back to the glovebox system where
they were characterized and stored under inert atmosphere (less than 1ppm moisture and oxygen).
No detectable changes of the device characteristics
were observed after several months of storage under these conditions.
7
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I ; V characteristics can be simulated by taking

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

into account leakage currents together with deep
traps which require large time constants for charging and discharging in response to a change of the
external bias. This is in qualitative agreement with
transient studies of deep traps in polymer LEDs by
Campbell and Bradley [66]. An important consequence of this hysteresis is that useful information
from the reverse bias behaviour of the devices can
only be obtained if the measurement speed is extremely slow.
On the other hand the current in forward direction is virtually not a ected by the di erent measurement speed. The small increase at high voltages with increasing delay time may be ascribed to
slight heating of the device which has a noticeable
e ect due to the strong temperature dependence
of the I ; V characteristics. If the I ; V characteristics measured with 300s delay time (Fig. 9) is
taken as an equilibrium curve then one can derive
further properties of these devices. First the recti cation ratio between forward and reverse bias
is more than 7 orders of magnitude at jV j = 6V
and increases further at higher voltage. This is
among the highest values reported in the literature [67]. The current in reverse direction is very
low with only a few pA. We note that it is not
trivial to achieve such low currents in devices with
thin organic layers (d < 100nm) in view of the
ITO surface roughness which can amount up to a
few ten nanometers [68] and because of imperfections of the substrate cleaning process. As shown
in the inset of Fig. 9 the current in reverse direction varies almost linearly with the applied voltage.
Although it cannot be ruled out that the ohmic behaviour of the current may be due to leakage, it can
be used to estimate an upper limit of the intrinsic carrier concentration. Assuming ohmic conduction, from the obtained value of the conductivity
 = qn0   4:4  10;16( cm);1 in this bias range
and with a mobility  of about 10;4cm2 =Vs an
upper limit of the intrinsic carrier concentration
n0 < 3  107cm;3 can be calculated. Given the
large energy gap of about 3eV such a low value of
n0 is understandable. Thus these devices are fully
depleted and will not show band bending e ects
(apart from possible interfacial dipoles on a molecular length scale).
Looking at the forward bias behaviour one rst
notices that the steep increase of the current does
not begin at 0V but at a turn-on voltage of about
2V. As already discussed in section II this voltage can be identi ed with the built-in voltage Vbi
necessary to overcome the contact potential difference between the two electrodes. With respect
to the built-in voltage the device is e ectively forward biased when the applied voltage exceeds Vbi
and reverse biased for V < Vbi . We found that
within an uncertainty of 0.1 to 0.2eV the built-in
voltage is independent of the organic material (Alq
single-layer and also NPB/Alq hetero-layer devices

A. Injection vs. bulk limited conduction in
organic light-emitting devices
1. Hole transporting single-layer devices

The hole transport properties of aromatic diamines like TPD or NPB have been investigated
intensively in the past due to their application in
xerography (for a review see [34]). In this type
of application excess charge carriers are generated
by absorption of light in a charge carrier generation layer, a few microns thick, and a fast transport of the positive carriers through an insulating layer to a collecting electrode is required. For
high-speed copying, the most important material
parameter is the charge carrier mobility. This property has been well characterized by transient photocurrents (time-of- ight technique). Also dark injection currents have been studied in some diamines and consistent mobility values have been
achieved from d.c. or transient space-charge limited currents if suciently well injecting contacts,
like carbon- lled polymers, were used [47].
In OLEDs, however, the typical organic layer
thickness is much less (100nm or below), which
leads to much more stringent requirements for low
injection barriers at the injecting electrodes in order to prevent that the current is injection limited.
Given the need to use a transparent contact for
coupling out light in OLEDs, a very frequent choice
for the hole injecting anode material is indium-tin
oxide. It has been reported already by Giebeler et
al. and Campbell et al. that single-layer devices
of TPD on ITO su er from injection limitation
[63,64]. We will demonstrate here that orders of
magnitude higher current densities can be achieved
when oxygen-plasma treated ITO is used, but that,
nevertheless, the question of bulk or injection limitation deserves attention. Before addressing this
issue, however, we will discuss some general features of the I ; V characteristics.
Fig. 8 shows I ; V characteristics of an
ITO/NPB/Ca device (NPB thickness of about
430nm) measured in steps of 0.1V between -7V
and +7V and vice versa with di erent delay times.
Below the turn-on voltage at about 2V a large
hysteresis of the current is visible between both
sweep directions for short delay times. Especially
the voltage where the current passes through zero
is drastically a ected by the sweep direction. This
e ect can be gradually reduced if a longer delay
time between the voltage steps is chosen. With increasing delay time the current in reverse direction decreases and the hysteresis becomes smaller.
However, to achieve almost identical curves in both
sweep directions an extremely long delay time of
300s is required. We will show in a forthcoming
publication [65] that the transient behaviour of the
8
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with ITO and Ca electrodes yield the same value)
and the thickness of the respective organic layer.
It is therefore a quantity depending mainly on the
work function di erence of the electrode materials. Taking the work function of Ca as 3eV one
can estimate a value of about 5eV for ITO. This
indicates that the oxygen plasma treatment of ITO
enhances its work function signi cantly [69,70]. We
have also veri ed the agreement of the values of
Vbi obtained from I ; V characteristics with the
open circuit photovoltage under white-light illumination, which has been suggested as a measure of
the built-in voltage [71].

10. Therefore, another possibility has to be taken
into account, namely that the current is injection
limited. For pure contact limitation, however, regardless what the injection mechanism actually
is, it should be possible to express the current as
a function of the electric eld alone, without an
explicit thickness dependence. Thus when plotted
versus the e ective eld F = V =d all curves should
be identical. As shown in Fig. 10(c) this is not the
case, there is about a factor of 4 di erence between
the thickest and the thinnest sample.
These results suggest that NPB single-layer
devices on ITO are neither purely injection nor
purely space-charge limited. Depending on the organic layer thickness contact limitation for thin
layers or bulk limitation for thick layers seem to
play the more dominant role. This is consistent
with previous work in the literature, where trapfree space-charge limited currents could be obtained in lms with thickness of about 10m on
a carbon- lled polymer substrate [47]. With ITO
substrates SCLC has only been reported for several hundred nanometers thick layers of starburst
amines (m-MTDATA, naph-DATA) [63,75], which
on the other hand have considerably lower hole mobility (0  10;5cm2 =Vs,  0:003(cm=V)1=2)
and lower ionization potential, both factors facilitating the achievement of SCLC in these devices.
Recently, Wolf et al. suggested a criterion to discriminate between injection and space-charge limitation based on Monte Carlo simulations of the injection yield from a metal into a disordered molecular solid as a function of the injection barrier
[76]. They nd that at an electric eld of 106 V=cm
with a charge carrier mobility of 10;4 cm2 =Vs the
allowable injection barrier to achieve SCLC, i.e.
zero electric eld at the injecting contact, is only
about 0.12eV. If the barrier is 0.1eV higher the
eld at the injecting contact is already 105 V=cm
which results in so-called space-charge perturbed
injection limited currents. Given the ionization potential of about 5.4eV of NPB this would require
a work function of ITO signi cantly higher than
5eV, which has never been obtained, not even after di erent oxidative treatments [57,58,68].
Thus one has to conclude that in NPB singlelayer devices with thin NPB layers (d < 100nm)
charge carrier injection is the current limiting factor. However, since in hetero-layer devices with Alq
holes are blocked at the organic-organic interface
and since the electron mobility in Alq is much lower
than the hole mobility in NPB, the injection limited current from ITO into NPB may still be sucient to ful ll the demand of holes in these devices.

Above Vbi the current increases quasiexponentially over many orders of magnitude in
a narrow voltage range between 2 and 3V and
then continues growing with reduced slope. As
mentioned above, the important question in the
context of OLEDs is whether the current above
Vbi is injection or space-charge limited. The latter
means that the current should approximately follow the Mott-Gurney equation (11) for trap-free
space charge limited currents since NPB is known
to display trap-free hole transport with only very
weak dependence of the mobility on the electric
eld [72]. However, in previous work on OLEDs
it was found that NPB and TPD on ITO display purely injection limited behaviour [63,64]. In
a device with 100nm NPB sandwiched between
ITO and Ag electrodes current densities of only
10;5A=cm2 were reported at V = 6V [63], which
is more than 2 orders of magnitude lower than
the value obtained here for a much thicker organic
layer. Yet, this is not enough to conclude that the
behaviour in our devices is space-charge limited.
Another criterion is the thickness dependence of
the current, which is shown in Fig. 10. Here we
have chosen Al as cathode, therefore a built-in
voltage of about 0.9V was considered in the analysis. Already from the raw data (Fig. 10(a)) it can
be seen that the thickness dependence of the current is comparatively weak, which indicates that
a dependence of j / V 2 =d3 required for SCLC
may probably not apply. This becomes more clear
from the double-logarithmic representation in Fig.
10(b), where SCLC should lead to straight lines
with a slope of 2. If a peld-dependent mobility of
the form  = 0 exp( F ) is taken into account
the j ; V dependence of the thickest sample can
be simulated numerically above V  2V with trapfree SCLC and values of 0 = 10;4 cm2 =Vs and
= 0:0015(cm=V)1=2. Published mobility data of
NPB have the same value of however 0 is a factor of 3 to 6 larger [53,73]. Such a di erence in the
obtained 0 values could tentatively be explained
by slight di erences of the lm growth conditions,
which are known to have an in uence on the mobility [74]. However, using the same parameters
to simulate the j ; V dependence of the device
with a 68nm thick NPB layer leads to a di erence
to the experimental data of more than a factor of

2. Electron transporting single-layer devices

Although Alq is one of the most widely used
materials in OLEDs based on small molecules it
is still a relatively ill characterized material con9
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cerning electronic and optical properties as compared to the huge amount of work on polymers
or molecular hole transporters (for reviews see e.g.
[26,34,77]). Only recently, topics such as quantum
chemical calculations, crystal structure, and the inuence of lm growth conditions and purity on
the electrical properties have been addressed in
the literature [74,78,79]. Moreover, di erent groups
world-wide are working with material from di erent sources (commercial or academic) and it is
not yet clear that all of these materials show the
same properties especially concerning the electrical properties. Therefore we have compared I ; V
characteristics of di erent commercially available
Alq material. Fig. 11 shows data of electron-only
devices (Al/Alq/Ca) with Alq obtained from Dojindo (Alq(1)) and two di erent types from Aldrich
(Alq(2) and Alq(3)). Besides, we have also tested
other commercially available Alq and material synthesized or puri ed by other laboratories. They
were all found to be between the two extremes displayed in Fig. 11. The devices were built on Al anodes to avoid double-carrier injection, which was
veri ed by the absence of a detectable electroluminescence signal. Clearly, between the materials
huge di erences of the current with variations of
more than 3 orders of magnitude at 8V can be observed. The highest current density was achieved
with Alq(1). The values at 8V, equivalent to an
electric eld of 0.8MV/cm (taking into account a
built-in voltage of 0.7V), are comparable to published results [80]. Di erences also exist in the onset voltage which is only 0.7V for Alq(1) and increases above 1V for Alq(2) and Alq(3). Additionally, the tendency to develop leakage currents was
found to be closely correlated to the behaviour in
forward direction. While Alq(1) shows extremely
low reverse current comparable to the NPB devices discussed before, the other Alqs have considerably higher leakage currents below -1V. For
Alq(3) this is even true for the forward direction
since the bump in the current between 1 and 6V
has to be ascribed to leakage currents. The doublelogarithmic plot in Fig. 11(b) yields a power law
behaviour of the current j / V l+1 with di erent
exponents (l +1). Such power laws with exponents
larger than 2 have been interpreted as indication
for trap-charge limited conduction [81]. Based on
this interpretation the increase of (l + 1) would
then indicate that the trap depth and density increase from Alq(1) to Alq(3). However, as long as
no quantitative information about the content and
nature of impurities and traps in the materials and
the detailed morphology of the lms and its dependence on the lm growth conditions is available, it
is not possible to give the reasons for the largely
di erent behaviour. Therefore in the following we
will mainly discuss devices with Alq(1) where the
highest currents were achieved.

fore, however, their interpretations have been controversial, ranging from purely injection limited
to purely bulk limited conduction. Burrows et al.
have reported the rst extended studies of temperature and thickness dependent I ; V characteristics in ITO/TPD/Alq/Mg:Ag devices [81].
From the experimentally observed power law dependence of the current j / V l+1 with l > 1
they concluded that the device characteristics was
determined by the Alq layer and that the dominant mechanism was trap-charge limited conduction with an exponential distribution of traps (with
a characteristic energy Et = 0:15eV). Based on
these ndings Shen et al. performed numerical
studies of trap-charge limited currents (TCLC) in
single and double-carrier devices [52]. Stoel et al.
also reported TCLC in their Mg/Alq/LiF/Al devices with Et = 0:11eV [82]. Previously, we have
also used this model and derived a trap energy
of 200meV for devices with Alq(2). It was noticed, however, that the observed thickness dependence of the current did not agree with the predictions of TCLC [83]. The application of the TCLC
model to these materials can be criticized since
the analysis requires a constant charge carrier mobility, which is not ful lled here. Like many disordered molecular solids and polymers, Alq displays a pronounced eld and temperature dependence of the mobility (see also section IV B and
[54,55,84]). As pointed out by Ioannidis et al.
[85] the obtained values of the trap energy in the
range of 110 to 150meV could equally well be assigned to a distribution of transport states which
is usually described as a Gaussian with a typical
width of 100meV. Thus, these authors described
the room temperature I ; V characteristics of their
Al/Alq/LiF/Al devices simply by using trap-free
SCLC with a eld-dependent charge carrier mobility [85]. On the other hand, Barth et al. found that
the I ;V characteristics of their Al/Alq/Mg:Ag devices were injection limited with an injection barrier of 0.5eV [80]. The underlying concept of charge
carrier injection from a metal into a disordered
hopping system has been developed by Gartstein
and Conwell [32] and by Bassler's group [33,86],
who calculated the injection yield on the basis of
Monte-Carlo simulations. Although it was not possible to calculate the absolute value of the injection
current by this procedure, the eld dependence was
predicted to resemble Richardson-Schottky (RS)
thermionic emission, however, with a modi ed RS
coecient and temperature dependence. Injection
limitation was also reported by Campbell et al. on
Ca/Alq/Ca devices with a barrier of 0.6eV [87].
This brief and by far not complete overview of
experimental investigations and description of electrical transport in Alq devices given here, shows
that it is obviously not unambiguous to identify
the dominant current limiting mechanism (see also
Ref. [88] for a discussion of this issue in polymer
LEDs). Such an assignment becomes in general

The current-voltage characteristics of Alq devices have been investigated by several groups be10
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an exponential trap distribution, it should obey a
power law of the form j / V l+1 =d2l+1 = F l+1 =dl
(Eq. 20). Finally, if trap-free SCLC (with a elddependent mobility) prevails, the current should
be proportional to d;1 (Eq. 19). The high- eld
data (at F = 0:5MV/cm) in Fig. 13 show that
the latter case exactly holds for 6 devices with
thicknesses ranging from 350 to about 200nm. The
data points for the 3 thinnest devices (with thicknesses around 100nm) are below the tted curve,
which can be taken as an indication for an in uence of the injecting contact at these thicknesses.
The inset of Fig. 13 shows the current at lower
electric eld (F = 0:1MV/cm) plotted vs. d;3 ,
which is the behaviour expected for TCLC with
(l + 1) = 4 (cf. Fig. 12(b)). Again a linear dependence is observed in this representation for device
thicknesses larger than about 200nm. This observation implies that at low elds charge carrier traps
are involved, which become lled at higher electric elds. However, since the I ; V curves do not
show any step-like structures (expected for lling
of traps at discrete energy levels) these traps have
to be distributed in energy.

more dicult if the range of experimental data
is too limited or if important parameters like the
thickness dependence [80,82] or the temperature
dependence of the current [85,87], the eld and
temperature dependent mobility [52,81{83], the
built-in voltage [81,85] or the in uence of doublecarrier injection in a bipolar device [81,83] are not
taken into account.
From the above said it is obvious that experiments have to cover a large range of organic layer
thickness and temperature and probably di erent
electrode materials in order to be able to distinguish between di erent models. In the following
we will show experimental data for Al/Alq/Ca
single-layer electron-only devices as a function of
organic layer thickness 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 the I ; V
characteristics based on numerical solutions of the
transport equations in section II.
The thickness dependence of the I ; V characteristics has been investigated in a series of nine
devices made from Alq(1) with thicknesses ranging from about 100 to 350nm, all fabricated in one
evaporation run. Fig. 12 shows the I ; V characteristics of three selected devices in di erent representations. As compared to our former investigations
on ITO/Alq(2)/Ca devices [83] the currents with
Alq(1) are considerably higher and the thickness
dependence is much weaker. For purely injection
limited behaviour the current plotted versus the
electric eld should be identical for di erent organic layer thicknesses and should, according to
the simulations by Wolf et al., follow a RS-like linear dependence of log(j ) on the square root of the
electric eld. As is clearly seen in Fig. 12(a) the
current
does not obey such a linear dependence on
p
F and the curves are not identical but di er by
a factor of 3 between 100 and 300nm. From the
double-logarithmic plot (Fig. 12(b)) one can see
that the current approximately obeys a power law
j / V l+1 with (l +1) between 3.4 and 4.4 for di erent thickness. This behaviour could be taken as an
indication for trap-charge limited conduction (cf.
Eq. 12).
However, as already pointed out by Wolf et al.
[33], the voltage dependence of the diode current
alone is insucient to distinguish between di erent
mechanisms. As outlined in section II, the thickness dependence of the current at constant electric eld provides a much clearer criterion to make
such a distinction. In Fig. 13 we have therefore
plotted the current at two di erent values of the
electric eld versus the Alq thickness. If the current were purely injection limited, it could be expressed as a function of the electric eld alone without an explicit thickness dependence (Eq. 18). On
the other hand, if it were trap-charge limited with

The necessity to include traps is also seen
in Fig. 14 where we have compared experimental data of the current for d  100, 200 and
300nm with two di erent numerical simulations.
One is based on trap-free SCLC includingpa PooleFrenkel type mobility (F ) = 0 exp( F ) with
0 = 2  10;9cm2 =Vs and = 0:008(cm=V)1=2
(dashed lines). The second one uses the same mobility parameters, but in addition an exponential
trap distribution (Eq. (9)) with Et = 0:14eV and
Nt = 1:3  1017cm;3 is included (solid lines). For
the thinnest device there are only small di erences
between the two simulations and both agree to
within a factor of 2 with the experimental data.
Again, the lower experimental values indicate an
in uence of the injection current at a thickness of
100nm, but still SCLC is the dominant mechanism.
For a thickness of 200nm there are noticeable deviations of the trap-free simulation to the experimental data at low voltages, which become more
pronounced for the 300nm thick device. However,
when an exponential trap distribution is included
in the simulations, the data can be perfectly simulated even for the thick devices using the above
given parameters. This thickness dependence of the
I ; V characteristics can be explained by trap lling. It is known that for discrete trap levels with
a given trap density the crossover voltage VTFL
between the trap-dominated regime at low voltage and the trap- lled SCL regime at high voltage
scales with the square of the device thickness [35]:
VTFL / d2 . Although no sharp trap- lling voltage is observed for traps distributed in energy, the
behaviour of trap- lling with the device thickness
is qualitatively the same. Thus one can expect to
see an increasing in uence of traps for thicker organic lms. On the other hand, reducing the thick11
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ness by a factor of 3 (from 300 to 100nm) will
decrease VTFL by almost an order of magnitude,
which means that for a device with 100nm thickness virtually all traps could be lled already at a
relatively small voltage above the built-in voltage.
Thus from the thickness dependence of the current at room temperature one can come to the conclusion that the electron current in Alq devices is
predominantly space-charge limited with a elddependent charge carrier mobility and that trapping in energetically distributed trap states is additionally involved at low voltages and especially
for thick layers. However, in order to develop a
consistent device model, the second important parameter, namely the temperature dependence of
the current-voltage characteristics has to be investigated. But before performing the full numerical
analysis of the temperature dependent I ; V characteristics we will rst demonstrate that the TCLC
model used before by several groups [81{83] quantitatively fails, because the eld and temperature dependence of the charge carrier mobility is ignored,
although it can qualitatively explain several features observed in the temperature dependence of
the current.
Fig. 15(a) shows a set of data for the 300nm
thick device between 340 and 120K in a doublelogarithmic plot. In this representation the curves
seem to nicely follow power laws j / V l+1 with
increasing exponent (l + 1) for decreasing temperature. This behaviour is predicted in the TCLC
model with an exponential trap distribution (and
a eld-independent mobility) and has been used
to derive the characteristic trap energy Et from
the temperature dependence of l = Et =kB T . According to this relation a plot of the temperature
dependent exponent from the power laws in the
I ; V characteristics vs. the reciprocal temperature
should yield a straight line through the origin. The
corresponding plot (Fig. 15(b)) shows indeed a linear dependence with a slope yielding a trap energy
of about 0.16eV very similar to values reported earlier by other groups [81{83]. However, the straight
line does not go through the origin. More severe is
the fact that this model requires a mobility independent of the electric eld to arrive at the used
analytical power laws. However, this is not ful lled
for Alq (cf. section IV B). Moreover, we will show
below that the eld dependence of the mobility
becomes increasingly more pronounced for lower
temperatures so that there is also a strong e ect
of the mobility on j (T ).
Therefore, we have analyzed the temperature
dependent I ; V characteristics of our Al/Alq/Ca
devices using numerical simulations of SCLC
with an exponential trap distribution Ht (E ) =
(Nt =Et ) exp[(E ; EC )=Et ] and including a elddependent mobility of thep Poole-Frenkel type
(F; T ) = 0 (T ) exp[ (T ) F ] with parameters
0 and to be determined for each temperature. The analysis has been performed on three

devices with thicknesses of about 100, 200 and
300nm in the temperature range between 320 and
100K. Fig. 16(a) shows the experimental data of
the 300nm thick device together with numerically
calculated I ; V curves using a trap density Nt =
1:3  1017 cm;3 and a value of Et = 0:14eV characterizing the decay of the trap distribution with
energy from the transport level into the gap. Additional material parameters in the simulation are
the density of transport states NC = 5  1021cm;3
(corresponding to the density of molecules) and the
dielectric constant " = 3:5 of Alq. With these parameters the values of 0 and have been adjusted
at each temperature to obtain the best agreement
between experiment and simulation. It is seen that
reasonable agreement can be obtained for all temperatures, especially the characteristic curvature of
the I ; V curves is well reproduced by the simulations. The resulting values of 0 and are plotted in Fig. 16(b). There is a strong temperature
dependence of 0 typical of disordered molecular
solids [34]. The analysis of such data with di erent models will be discussed in more detail in the
following section IV B on transient electroluminescence. Here we anticipate that the temperature and
eld-dependent mobility can be described by the
modi ed Poole-Frenkel equation (cf. Eq. 28) [89]:

p

(F; T ) = PF exp ; E k; TPF F
B e

!

(21)

with T1 = T1 ; T1 :
e
0
According to this equation, from a plot of the tted data of log(0 ) and vs. 1=T one should obtain two linear dependencies from which it is possible to determine the parameters in the PooleFrenkel equation. From the data analysis between
320 and 180K the following values have been obtained: PF = 1:62  10;3cm2 =Vs, T0 = 795K,
E = 0:50eV and PF = 4:55  10;23J(cm=V)1=2 .
The deviations of log(0 ) and from the linear
dependence on T ;1 below about 180K indicate
that at low temperature other transport mechanisms like e.g. variable range hopping or tunneling
may come into play. These processes are known
to have a weaker temperature dependence than
a thermally activated one or can be even independent of temperature [90]. In section IV B we
will present results on the temperature and elddependent mobility in Alq from transient electroluminescence measurements, which have also been
analyzed with this model. The parameters obtained there are comparable although they were
achieved with Alq(2) from a di erent origin.
We emphasize that with these 6 parameters (2
for the trap distribution and 4 characterizing the
charge carrier mobility) it is possible to achieve
a good description of the temperature and thickness dependence of the I ; V characteristics. The
latter has been demonstrated already in Fig. 14
for the room temperature data. This gure also
12
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from F = V =d as it were for pure injection limitation. Therefore, even for a nite but not too large
injection barrier, the I ; V characteristics are still
dominated by the presence of space-charges and
will not change their shape signi cantly. The magnitude of the injection barrier primarily depends on
the choice of the injecting contact. While Stoel et
al. have recently demonstrated by transient SCLC
that for thick Alq layers (d > 200nm) an ohmic
contact for electron injection can be achieved using an ultra-thin (0.1 - 0.2nm) LiF layer between
Alq and an Al metal electrode [82], Barth et al.
have found that using a Mg:Ag cathode leads to
RS-type injection limited behaviour [80]. On the
other hand, 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 [76]. Thus the di erences
in device characteristics reported in the literature
may be partly due to di erent material and preparation conditions leading to variations in the mobility of Alq and di erent boundary conditions at
the injecting contacts.

nicely shows that trapping and the eld-dependent
charge carrier mobility come into play in di erent
parameter ranges of the applied voltage and the
device thickness. While trapping is important for
thick layers at low voltage, the eld dependence of
the mobility is the dominant factor at high voltage, when traps become lled, or for thin layers,
where the in uence of traps is almost negligible
(as we have noticed already in a previous publication [91]). Thus, the parameters for the traps and
the mobility can be determined independently by
focusing on di erent regions of the I ; V characteristics and by choosing suitable device thickness.
In spite of the good description of the I ; V
characteristics with a hopping-type eld and temperature dependent charge carrier mobility and an
exponential distribution of traps states below the
conduction level, some comments to the used trap
distribution are appropriate. As discussed already
in Refs. [5,94], it is dicult to distinguish between
an exponential and a Gaussian trap distribution
from the measurement of the I ; V characteristics
alone. The reason is that the shift of the Fermi
level, as the applied bias is varied, is usually too
small to probe an energy range of the trap distribution large enough to make a unique distinction. What can be concluded from the temperature dependence of our data is that the trap distribution must have its maximum at or only a little below the transport level and that the relevant
traps for the I ; V characteristics are shallow. A
numerical analysis using a Gaussian distribution
of trap states yields only marginally worse agreement between experiment and simulation. Thus,
from this point of view, an exponential trap distribution is not necessarily the only possibility to
describe the experiments. What is needed, is independent information about the energetic and spatial distribution of traps in the material. This issue has been addressed recently by measurements
of thermally stimulated luminescence and currents
on Alq [92,93]. Although traps were detected in a
wide energy range up to 0.5eV, it was not yet possible to reconstruct the trap distribution from these
data. So, there is certainly more work needed to
determine trap distributions in molecular organic
lms.
Another aspect is also important to mention,
namely the in uence of charge carrier injection.
The fact that the I ; V characteristics can be sufciently well described by SCLC with a eld and
temperature dependent mobility does not mean
that the barrier for charge carrier injection is completely negligible. Looking at the thickness dependence of the current at constant eld (Fig. 13) one
can see that for thin layers (around 100nm) the dependence becomes weaker than j / d;1 , indicating
an increasing in uence of the injection barrier for
thin layers. This means that the electric eld at the
injecting contact may no longer vanish as originally
required for SCLC, nevertheless, it is still di erent

3. Light-emitting single and hetero-layer devices

In order to obtain light emission from organic
lms by charge carrier recombination one has to
apply suitable contacts to achieve injection of both
positive and negative carriers. When going from
unipolar to bipolar currents two new phenomena
become important, namely charge neutralization
and recombination [35]. The former means that the
space-charges of electrons and holes can neutralize each other to a large extent so that a doublecarrier current can be signi cantly higher than either single-carrier current. This e ect can be even
more pronounced if charge carrier trapping is involved. Recombination in organic LEDs has been
found to be a bimolecular process following the
Langevin theory [6,37,38,48,49]. As already mentioned in section II an analytic solution of the
double-carrier transport equations is only possible
under certain assumptions like a mobility independent of the electric eld and the absence of traps.
In the general case numerical solutions are required, which however necessitates detailed knowledge about single-carrier transport for both carrier types together with the boundary conditions
for carrier injection at the contacts. At present we
do not have enough information to perform such
an analysis for our devices. Therefore we will only
give a qualitative discussion of light-emitting Alq
single-layer and NPB/Alq hetero-layer devices.
In Fig. 17 we show a comparison of current, luminance and EL quantum eciency of
ITO/Alq/Ca double-carrier devices made from different Alqs together with their single-carrier pendants with Al anodes. The respective Alq lms
were prepared in the same evaporation run on
13
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EL = PL  S   out

neighboring positions in the evaporator. Therefore
the layer thicknesses and the Ca cathodes are identical for the corresponding unipolar and bipolar devices. Also the ITO anode treatment was the same
for all double-carrier devices. As compared to the
electron-only devices in all cases an enhancement
of the current is seen, however by di erent factors.
At an e ective voltage V = 6V the enhancement
factor is 5 for Alq(1), 15 for Alq(2) and 300 for
Alq(3). This behaviour is indicative of an increasing trap concentration from Alq(1) to Alq(3) as
was already pointed out in the preceding discussion of single-carrier devices. An enhancement by
two orders of magnitude is also predicted in numerical simulations of bipolar trap-charge limited
conduction for an l-value of 7 [52]. This large di erence between unipolar and bipolar currents in the
presence of traps shows that it is problematic to derive the correct transport parameters from I ; V
characteristics under conditions of double-carrier
injection [81,83].
The luminance-voltage curves show that the
di erences in the bipolar device currents between
the materials is also re ected in the luminance,
which is proportional to the current. In Alq(2)
and Alq(3) with worse transport properties much
higher voltages are required to achieve the same
luminance values as with Alq(1). Looking at the
external quantum eciency, Alq(1) has the highest values of EL  0:5% being virtually independent of the applied voltage above 4V. The values
of EL are almost a factor of 2 lower for the other
materials and especially Alq(3) shows a continuous increase of EL with the applied voltage up
to 10V. Since measurements of the photoluminescence quantum eciency have, within the experimental error, yielded identical values of PL  20%
for all three materials, the di erent absolute values and voltage dependence of EL will largely result from the in uence of carrier trapping on the
recombination kinetics and the charge carrier balance. Owing to the short exciton di usion length
in most disordered organic lms the in uence of
traps on the exciton lifetime is probably of minor
importance.
A further improvement of device eciency and
light output can be achieved in hetero-layer devices combining the hole transporting NPB with
Alq(1). Fig. 18 shows current- and luminancevoltage curves of hetero-layer devices with di erent
cathode materials. A thickness of 60nm for the Alq
layer has been determined to yield the maximum
quantum eciency (in accordance with other work
[95]), whereas a thickness variation of the NPB
layer between 10 and 60nm had no measurable effect. It is seen that the external quantum eciency
for a Ca cathode shows a further increase as compared to the single-layer device and reaches values
of about 2%.
The external EL quantum eciency is given as
a product of several factors [96]:

(22)

with PL the photoluminescence quantum eciency, S the eciency for the production of singlet excitons, the charge balance factor and
out the extraction eciency. The de nition of the
charge balance factor is
= jr =j

(23)

with the recombination current

jr = jh ; jh0 = je ; je0

(24)

and the total current in the external circuit

j = jh + je0 = je + jh0

(25)

(je;h are the injected electron and hole currents,
respectively, and the primed quantities denote the
respective fractions reaching the counter electrode
without recombining.) With S = 0:25 from spin
statistics and the measured value of PL  0:2 it
follows that the product  out must be about
0.4 to yield EL = 0:02. Since the value of EL
has been derived from the measurement of the total light output in an integrating sphere (cf. section III) in our case out will be certainly larger
than the usual value of 1=(2n2)  1=6 [97] (n being
the refractive index of the emissive medium). Thus
we can conclude that the charge balance factor
is close to unity. According to Eqs. (23{25) this is
achieved if both jh0 and je0 vanish. Therefore, the
increase of the quantum eciency in the heterolayer device is mainly due to the excellent electron blocking properties of NPB (see also section
IV B). Other factors are the shift of the recombination zone away from the ITO contact, where luminescence quenching could happen, and the higher
supply of holes from an NPB layer into Alq as compared to an ITO contact with a much larger energy
barrier (see Fig. 5).
The comparison of di erent cathode materials in Fig. 18 shows that still a slight increase
of current, luminance and quantum eciency can
be achieved by using a LiF/Al cathode instead of
Ca. This means that the electron injection barrier
from Ca into Alq is not negligible, at least in a
hetero-layer device. This is not necessarily in contradiction to the fact that Al/Alq/Ca single-layer
electron-only devices with thickness between 100
and 300nm have revealed SCLC, since both the reduction of the layer thickness and double-carrier
injection with the concomitant space-charge neutralization increase the demand for carriers to be
supplied by a contact. Thus a contact which is
found to be ohmic for unipolar currents may become more injection limited under bipolar current
ow.
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td = dF

B. Charge carrier mobilities in Alq
1. Field and temperature dependence of the electron
mobility in Alq

(26)

In spite of the simplicity of the experiment, the
correct assignment of the observed time lag in EL
to charge carrier mobilities is not straightforward.
First, the experiment probes the mobility of carriers of both sign ( = h + e ). Only if the mobility
of one species is much higher this carrier type will
dominate the signal. Then, one needs information
about the location and width of the recombination zone, which is again simpli ed if one carrier
type is much faster. Furthermore one has to take
into account luminescence quenching in the vicinity of metals if the recombination zone is located
at an injecting contact [48,106{108], which is the
case for most single-layer OLEDs. And nally, in
multi-layer devices the accumulation of charges at
internal interfaces and the concomitant redistribution of the electric eld can also have an in uence
on charge carrier injection and transport through
the device [109,110].
Hosokawa et al. were the rst to use transient
EL for the determination of the electron mobility in Alq in a TPD/Alq hetero structure device
at room temperature [101]. In a subsequent work
[111] they were able to extend the existing range
of data for the electron mobility in Alq to higher
elds than available by TOF [54,55]. However, they
did not take into account the presence of a built-in
voltage and of an inhomogeneous eld distribution
inside the device, which becomes important as will
be seen below.
We have performed transient EL measurements
on a simple hetero-layer device consisting of TPD
and Alq(2), each 60nm thick, sandwiched between
ITO and Ca electrodes. In this structure the recombination zone is located at the TPD/Alq interface. Additionally, as will be seen in the following section (IV C) the voltage drop under forward bias occurs almost completely at the Alq
layer. Then with the large di erence in mobilities
(h;TPD  e;Alq ) the transient response will be
dominated by the transport of electrons through
the Alq layer. Hence, their mobility is given by:

We have demonstrated in the preceding section
that the eld and temperature dependent charge
carrier mobility in Alq plays an important role
and determines the current-voltage characteristics
at higher voltages. Thus it is desirable to directly
determine carrier mobilities and compare the data
with the results from simulations of the I ; V characteristics.
Because of their use as organic photoconductors in xerography a huge amount of data mostly
determined by the time-of- ight (TOF) technique
can be found for the hole conducting aromatic
amines, like TPD and NPB or derivatives [34,98].
The room temperature hole mobilities in neat lms
of TPD or NPB are found to be comparatively
high with values around 10;3cm2 =Vs and display
a very weak dependence on the electric eld (see
Fig. 6). The more challenging and also the limiting material in a hetero-layer device is Alq. In
spite of the enormous progress in the development
of OLEDs there are still comparatively few data on
carrier mobilities in Alq, especially since all existing studies were performed at room temperature
[54,55,74,84,99,100]. From the TOF data shown in
Fig. 6 it is evident that for electrons in Alq the
zero eld mobility is much lower and the eld dependence much stronger than for holes in TPD.
This is a consequence of the dispersive nature of
the electron transport in Alq, which strictly speaking makes the de nition of a microscopic mobility
impossible. As a consequence the macroscopically
obtained values depend on experimental parameters like the thickness of the sample [34]. This circumstance makes the usage of data determined by
the TOF method problematic since the usual layer
thickness for these measurements of several m
is about two orders of magnitude larger than the
typical thickness in OLEDs. For this reason additional information on carrier mobilities in OLEDs
is needed for a comparison with the results of device simulations. Moreover, so far there were no reports on the temperature dependence of the charge
carrier mobility in Alq. Therefore we used timeresolved transient electroluminescence as an independent experimental technique to obtain charge
carrier mobilities directly on OLED structures, as
has been done before by other groups on di erent
materials [101{105].
In principle one measures the time-resolved EL
response to a pulse excitation, usually a rectangular voltage pulse. The charge carrier mobility can
be obtained from the delay time between the application of the voltage pulse and the rst appearance
of EL, which marks the arrival of carriers at the recombination zone. At a given sample thickness d
the delay time td depends on the mobility  as:

e;Alq = dt AlqF
d

with

F = V d; Vbi
Alq

(27)

Again, for the calculation of the e ective eld inside the organic layers, the built-in voltage has to
be considered. A typical example of a transient
EL signal with the delay indicated by an arrow
is shown in Fig. 19. The time lag in transient EL
has been investigated for di erent pulse amplitude
and temperature yielding the values of the eld and
temperature dependent electron mobility in Alq
displayed in Fig. 20. At all temperatures the data
display ap eld dependence according to (F ) =
0 exp( F ) with decreasing zero eld mobility
0 and increasing -factor for lower temperature.
This behaviour is typical of hopping transport in
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disordered organic solids and has been analyzed using either a modi ed Poole-Frenkel model (PFM)
[89] or a Gaussian disorder model (GDM) [112],
the latter was recently extended to include correlation e ects [113{115]. Since our data set is certainly too limited to distinguish whether one or the
other model is more appropriate to describe transport in Alq we will only use the two most popular
ones.
In the Poole-Frenkel model the mobility can be
described as a eld and temperature assisted detrapping process of a carrier from the Coulomb potential of a charged trap. The mobility is then given
by [89]:

p

(F; T ) = PF exp ; E k; TPF F
B e

!

It is obvious that within the scattering of experimental data both models are in agreement
with the measurements above 200K. Experimentally, the main di erence between them (apart
from the di erent mechanisms behind them) is
the temperature dependence. However, there are
very rare examples where a clear distinction between the two models has been possible based on
the temperature dependence [116]. In our case, it
seems that the description with the PFM is better at low temperature. However, one should note
that the transients at low temperature are relatively noisy and can be in uenced by trapped
charges remaining in the sample from the preceding pulse. Nevertheless, one can compare the results with other work in the literature. Blom et
al. have used the PFM to analyze their results
of the hole mobility in polymer LEDs based on
a soluble PPV derivative [117,118] and obtained
values of PF = 3:5  10;7cm2 =Vs, T0 = 600K,
E = 0:48eV and PF = 4:6  10;23J(cm=V)1=2 ,
which are { apart from the prefactor PF { comparable to the ones obtained here. The GDM has also
been widely used to describe charge carrier mobility in disordered molecular solids [34,119]. The
disorder parameter   100meV in Alq is considerably larger than in TPD or NPB (  80meV)
[34,72] which can be one reason for the stronger
eld dependence of the mobility in Alq.

(28)

with T1 = T1 ; T1 ;
e
0
where E is the activation energy at zero electric eld, T0 an empirical parameter and PF the
mobility at T = T0 . The Poole-Frenkel factor is
related to the dielectric constant by
s

PF =

q3 :
""0

(29)

The parameters of the PFM can be determined
from the temperature dependent values of 0 and
by plotting log(0 ) and vs. T ;1. Both should
follow linear dependencies if the PFM is adequate.
This is approximately ful lled between room temperature and 200K and the obtained parameters
are: PF = 1:2  10;4cm2 =Vs, T0 = 430K, E =
0:43eV and PF = 4:1  10;23J(cm=V)1=2 . Fig. 20
compares the experimental mobility data with the
analysis by the PFM.
Another widely used expression is the Gaussian
disorder model [112]:
" 

2

From this comparison one can conclude that
the electron transport in Alq shows the typical
features of charge transport in disordered organic
lms. The important point in the context of this
paper, however, is the fact that the electron mobility in Alq is strongly eld and temperature dependent, which has to be taken into account in
the modeling of the I ; V characteristics. The direct comparison of the results obtained within the
PFM from I ; V characteristics and transient EL
shows acceptable agreement for the parameters although both experiments were performed on di erent materials. Apart from this experimental issue,
another reason for a possible discrepancy can be
sought in the method of analyzing the transient
EL response, since the delay time until the onset
of EL corresponds to the arrival of the fastest carriers at the recombination zone rather than that
of the majority of the carriers. Other authors have
alternatively used the rise time of the EL signal
necessary to reach a stationary light output [109]
or an extrapolation of the time integrated EL signal towards zero [27]. It can be seen qualitatively
from Fig. 19 that this will certainly lead to lower
mobility values so that one can expect changes in
the parameters of the models, however, the general
behaviour will not be a ected signi cantly.

2 #

(F; T ) = 1 exp ; 3k T

B
( "
# )
2
p

 exp C k T ; 2 F (30)
B
This equation was derived from Monte Carlo simulations of the hopping processes of charge carriers
in a material with energetic () and positional ()
disorder described by Gaussian distribution functions. 1 is the high temperature limit of the mobility and C a speci c parameter which is obtained
from the simulations as C = 2:9  10;4(cm=V)1=2 .
Again the parameters of the GDM can be determined from a linear dependence of log(0 ) and in
a plot vs. T ;2 . The obtained parameters are: 1 =
5:2  10;4cm2 =Vs, C = 2:7  10;4(cm=V)1=2 ,
 = 1:8 and  = 100meV . As indicated in Fig.
20 the data between room temperature and 200K
can thus also be tted using the GDM.
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the applied voltage drops homogeneously over this
Alq layer and the 50nm thick TPD layer. With the
thickness of the bottom Alq layer dAlq (varied from
50nm to 200nm) and the TPD layer of thickness
dTPD (= 50nm) we obtain an electric eld of

2. Hole mobility in Alq

Following early time-of- ight measurements by
Kepler et al. [54] Alq was widely regarded as a
purely electron conducting material with negligible hole drift mobility, since the obtained values
at low elds were almost two orders of magnitude lower than the electron mobility. On the other
hand, TOF experiments by Lin et al. on multi-layer
structures with only a few nm thick Alq lms have
indicated that the hole drift mobility in Alq may be
comparable to the values for electrons [100]. Thus
it was not clear whether the hole transport in Alq
lms with the typical thickness used in OLEDs can
be neglected especially at higher electric elds.
Therefore we measured the hole drift mobility
in Alq using a double hetero structure device (see
inset in Fig. 21) consisting of two TPD/Alq double layers. The top Alq layer served as electron injection and emission layer. To identify the recombination zone this Alq layer was partially doped
with 2% of a red uorescent laser dye (DCM2).
The 50nm thick TPD layer below had the function of a bu er layer to block electrons injected
at the cathode from reaching the bottom Alq layer
through which the hole transport was to be probed.
The Alq thickness was varied from 50nm to 200nm
to verify that the measured delay time was determined by the hole drift mobility in this layer. Finally the 10nm thick TPD layer at the ITO anode
merely served as injection layer for holes into Alq.
Measurements of luminance-voltage characteristics showed detectable light output above a voltage of approximately 4V (see Fig. 21). Thus, one
has to conclude that either holes are transported
through the Alq layer sandwiched between the two
TPD layers or electrons through the 50nm thick
TPD layer. However, the emission spectrum (see
inset in Fig. 21) gives unique evidence that charge
carrier recombination occurs only in the dye doped
Alq layer at the top, because no EL intensity
was measured below wavelengths of 520nm where
one would expect the maximum of the Alq emission. In a control experiment with the bottom Alq
layer doped with DCM2 green emission originating again from the now undoped top Alq layer was
obtained [125]. This proves that the electron current through TPD can be indeed neglected as compared to the hole current through Alq, and it also
rules out the possibility that trapping of electrons
at DCM2 molecules is the dominant factor which
determines the location of the emission zone in the
device.
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 top Alq layer and the transit time of the holes through both TPD layers can
be neglected. For the calculation of the electric
eld within the bottom Alq layer we assume that

Vbi :
F=dV;
+
d
Alq
TPD

(31)

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 rst organic layer can be neglected. As a consequence the space charges within
both organic layers next to the electrodes are built
up immediately leading to a negligible voltage drop
over these layers. Then the hole drift mobility in
Alq can be calculated as

h;Alq = dt Alq
F :
d

(32)

Fig. 22 shows the hole mobility in Alq obtained
on the double hetero structure at room temperature for the three di erent Alq layer thicknesses.
From the linear t we obtain a dependence of the
hole drift mobility on the electric eld as h;Alq
p=
6  10;11cm2 =Vs  exp(9  10;3(cm=V)1=2  F).
These results are in excellent agreement with results of Kepler et al. and Naka et al. who measured
the eld-dependent hole mobility in about 10m
thick Alq lms using the time-of- ight method
[54,84]. This agreement between our data and
the TOF data obtained on samples with two orders of magnitude di erence in thickness is astonishing. It can be taken as an indication for
non-dispersive hole transport in Alq. Naka et al.
recently also arrived at this conclusion, because
their photocurrent transients had a shape typical
for non-dispersive transport with a clearly visible
transit time on a linear time scale. Thus, Alq has
the unusual property that transport for the carrier
species with the much higher mobility (electrons)
is dispersive while it is non-dispersive for the lower
mobility carriers (holes).
The comparison of the electron and hole drift
mobility in Alq at 300K (Fig. 22) shows that
the hole mobility at low elds is lower by almost
three orders of magnitude. However, with increasing electric eld the di erence of the mobilities of
both charge carrier types becomes smaller due to
the stronger dependence of the hole drift mobility on the electric eld. From this point of view
the hole transport in Alq can not generally be neglected in organic LEDs.

C. Interfacial charges and electric eld
distribution in hetero-layer devices
The measurement of the bias and frequency dependent device capacitance is a well-established
technique for the investigation of conductivity,
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doping and trap states in organic semiconductors.
For a number of conjugated polymers this method
has been used to prove the existence of p-type doping leading to Schottky junctions with low work
function metals [23,120,121]. In combination with
temperature dependent measurements the energy
of shallow acceptor states and deep trap states has
been determined [25,122].
Here we have used this technique to obtain information on interfacial charges and the electric
eld distribution in hetero-layer devices comprising NPB as hole transport layer and Alq as electron transport and emissive material. For this type
of hetero-layer devices it has been found already
from the analysis of current-voltage characteristics
by Matsumura et al. [123] and from electroabsorption spectroscopy by Rohl ng et al. [124] that under forward bias the voltage drop at the Alq layer
is much larger than at the NPB layer. This is not
unexpected since an accumulation of injected holes
at the NPB/Alq interface will occur due to the energy barrier for holes (see Fig. 5) and also since the
hole mobility in NPB is much larger than in Alq. In
the following, we will show that impedance spectroscopy can yield information about the potential
distribution in hetero-layer devices under reverse
bias where other techniques fail.
Typical data of the complex impedance Z^ =
Z 0 + iZ 00 = jZ^j  ei' are shown in Fig. 23 for
a hetero-layer device with 60nm NPB and 60nm
Alq. For large reverse bias the device behaves essentially like an insulating dielectric with a purely
capacitive response (' = ;=2). Above a turnon voltage in the range 2 to 2.5V the phase '
increases from ;=2 to 0 indicating conducting
behaviour and the modulus of the impedance jZ^j
also decreases rapidly with increasing voltage. As
discussed before this turn-on voltage can be approximately identi ed with the built-in voltage Vbi
corresponding to the contact potential di erence
of the ITO and Ca electrodes, which has to be
overcome before a non-negligible drift current can
ow. Below the built-in voltage an additional feature appears at about -0.5V: A weak bump occurs
in the phase and jZ^j changes by a factor of 5. This
feature has no equivalent in the I ; V characteristics. The I ; V characteristics of NPB/Alq heterolayer devices under reverse bias are qualitatively
similar to the in detail discussed characteristics of
single-layer devices (see section IV A). The current
below Vbi is usually very low (10;8 A=cm2 or less)
and varies almost linearly with the applied voltage between Vbi and large negative values down
to -10V without showing any additional structure.
Thus the fact that the above mentioned feature under reverse bias is only observed for an a.c. stimulus indicates that an internal redistribution of the
electric eld instead of a change of the total ohmic
device resistance is probably the origin.
We have investigated the bias-dependent
impedance below Vbi in detail by systematically

varying the thickness of the NPB and the Alq layer
independently. In the following, we will only discuss the di erential capacitance
C = ddVQ = (1=2f )  (;Z 00 )=(Z 02 + Z 002 ) ; (33)
which { although being only part of a full
impedance analysis { allows to draw the important
conclusions required here.
Fig. 24 shows two groups of data for devices
with 60 and 120nm Alq layer thickness and NPB
thicknesses varying from 0 to 60nm. In both data
sets two di erent voltage regimes separated by a
transition voltage V0 (indicated by the arrows) can
be identi ed. For voltages well below V0 the measured value of the capacitance depends on the overall thickness of both organic layers and is given
;1 + C ;1 );1 as expected for two
by Ctot = (CNPB
Alq
dielectrics in series. Above V0 the capacitance increases and reaches at the built-in voltage a value
equivalent to the capacitance of the Alq layer
alone: Ctot = CAlq . Using the geometrical relationship C = ""0 A=d with the device area A and equal
dielectric constants "  3:5 for both NPB and Alq,
it can be readily veri ed that for V  V0 the value
of d corresponds to the total organic layer thickness, whereas for V  Vbi only the thickness of the
Alq layer is relevant.
It is remarkable that the transition does not
occur at the built-in voltage, but at a voltage V0
which is lower than Vbi and even negative. The
steep increase of the capacitance around V0 occurs over a range of about 1V, which is larger
than the oscillator amplitude and not in uenced
by it, as long as the a.c. amplitude is kept below
0.5V. It is evident from Fig. 24 that the transition voltage V0 is independent of the NPB layer
thickness, however, V0 is signi cantly di erent for
Alq thicknesses of 60 and 120nm. Fig. 25 shows
in more detail the dependence of V0 on the Alq
thickness. Here the thickness of the NPB layer was
kept constant at 60nm and the Alq thickness varied from 10 to 240nm. All curves show the above
described increase from a lower capacitance value
at large reverse bias, corresponding to the total
organic layer thickness, to a higher value given by
the Alq thickness. The voltage, where the transition occurs, decisively depends on the thickness of
the Alq layer. Obviously, the transition voltage is
close to the built-in voltage for the thinnest Alq
layer and shifts towards zero and negative voltage with increasing Alq thickness. The inset of
Fig. 25 displays the dependence of the transition
voltage V0 (taken as the in ection point of the
C ; V curves) on the Alq thickness. Within the
error limits given by the width of the transition
and the thickness uncertainty, the transition voltage depends linearly on the Alq thickness. The
tted straight line intersects the voltage axis at
(2:2  0:15)V, which is very close to the built-in
voltage estimated from current-voltage characteristics, and its slope is (;0:35  0:03)MV=cm.
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V = ;1V < V0  ;0:5V) a frequency indepen-

For an explanation of the experimental observations listed above it is useful to consider the properties of the equivalent circuit of a hetero-layer device shown in Fig. 26. Each organic layer is represented by a parallel circuit of a capacitor and a
resistor connected in series. An additional series resistor for the lead resistance of the electrodes has
been neglected in this picture. In the absence of
doping the values of the capacitance for each layer
are determined by the geometry and the dielectric
constant: Ci = "i "0 A=di (i = NPB; Alq). They are
independent of the applied bias since the dielectric
constant is a bias-independent material constant.
The resistance values are given by the conductivity and the geometry: Ri = i di =A. The important
point is now that the resistance is a strongly biasdependent quantity, since the value of i = qni i
changes when the carrier density ni is increased
by carrier injection. This happens when the voltage across an organic layer exceeds the at-band
voltage, which is equivalent to the built-in voltage
in a single-layer device (cf. section IV A).
In general, the totally measured capacitance of
such a double RC network depends on the values
of all its elements and the measurement frequency
(for a detailed discussion see e.g. Ref. [121]). However, there are two limiting cases of interest here.
One is that both the resistances, RNPB and RAlq ,
are very large such that at a given measurement
frequency ! = 2f the condition !i  1 with
i = Ri Ci is ful lled. Then the total capacitance
of the circuit is just the series sum of the two individual capacitances:


;1 + C ;1
!i  1 ) Ctot = CNPB
Alq

;1

dent capacitance is found up to a few hundred kHz,
where the in uence of the leads becomes important, and the value of the capacitance is equal to
the series sum of both capacitances. On the other
hand, when the bias is between V0 and Vbi (here
V = 1V) then for frequencies suciently far below
the relaxation frequency of about 50kHz the capacitance is equal to CAlq before it drops again to the
;1 + C ;1 );1 . From the relaxation
value Ctot = (CNPB
Alq
frequency the value of the NPB resistance can be
determined as 360 which is orders of magnitude
lower than for reverse bias. Fig. 27 also includes t
curves using values of RAlq = 108 , CNPB = 4:2nF
and CAlq = 3:8nF together with RNPB = 108 (for
V < V0 ) and RNPB = 360 (for V > V0 ), respectively. To obtain a satisfactory t above 2  105Hz
a serial lead resistance of 35 (e.g. for ITO) has
been included.
Thus the observation of two bias regimes with
di erent overall capacitance can be explained by a
drastic drop of the resistance of the NPB layer at
the critical voltage V0 . This means that at the voltage V0 (which is still below Vbi ) the NPB layer must
have reached the at band condition so that holes
can be injected into NPB from the ITO anode.
However, this in turn implies that the applied voltage now completely drops at the Alq layer. Therefore the internal electric eld is zero in the NPB
layer and equal to (V0 ; Vbi )=dAlq in the Alq layer.
Following from Poisson's law such a discontinuity
F of the electric eld at an interface can only be
caused by an interfacial charge Q0:
F = V0d; Vbi = ""Q0A
Alq
0

: (34)

This is the case for large reverse bias, where we
know from the I ; V characteristics that the resistance of a single-layer device can be as high
as 1012 . With typical values of Ci  2nF the
condition !i  1 then holds for all practical
measurement frequencies. The second interesting
limit is when one resistance, here RNPB , is much
smaller than the other one and at the same time
the measurement frequency is not too high such
that !NPB  1 holds. Then the measured total
capacitance is just the capacitance of the Alq layer:
RNPB  RAlq and !NPB  1 ) Ctot = CAlq :
(35)

(36)

If this e ect is an intrinsic property of the
NPB/Alq interface, then the magnitude of Q0
should not depend on external parameters, in particular not on the thickness of the organic layers.
This in turn implies that the transition voltage
V0 should display a linear dependence on the Alq
thickness, which is indeed seen in Fig. 25. From
the slope F = ;0:35MV=cm one directly obtains
the magnitude of the interfacial charge density as
0 = Q0 =qA = F""0 =q = ;6:8  1011cm;2 . So
the physical reason behind the observed behaviour
of the capacitance is the presence of negative interfacial charges at the NPB/Alq interface under
reverse bias.
With the presence of these interfacial charges
one can now draw a schematic view of the potential
and eld distribution inside a hetero-layer device
under di erent bias conditions as shown in Fig. 28.
For large negative bias the interfacial charge density is constant with the value of 0 given above.
Although the electric eld is discontinuous at the
interface (see Fig. 28(a)), in the capacitance measurement one does not notice this because both organic layers are reverse biased and therefore have
such a large resistance that one is always in the

In this case the measured capacitance is frequencydependent showing a dielectric relaxation step
from the higher value Ctot = CAlq at low fre;1 + C ;1 );1
quency to the lower value Ctot = (CNPB
Alq
above the relaxation frequency !r = r;1 with
r = RNPB (CNPB + CAlq ) [121]. Such a frequency
dependence of the capacitance is indeed observed
experimentally as shown for two di erent bias values in Fig. 27. When the bias is below the transition voltage V0 at the given Alq thickness (here
19
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limit where the capacitance is the series sum of
both layers. When the applied voltage approaches
V0 the NPB layer reaches the at band condition (Fig. 28(b)) and its resistance drops drastically leading to the increase of the measured capacitance to the value CAlq . For V0 < V < Vbi it
would be in principle possible that the interfacial
charge density is constant. However, if this were
the case, one would have di erent sign of the electric eld in both organic layers and the electric
potential would show a maximum at the interface.
Furthermore, at V = Vbi the at band condition
would not be achieved in both layers and the Alq
layer would still be reverse biased. This is in clear
contradiction to the strong increase of the current
immediately above Vbi  2V. Therefore, it is reasonable to assume that for V > V0 , as soon as
the at band condition in NPB is attained, holes
can be injected at the anode and pass through the
NPB layer to reach the interface. There they will
partly compensate the negative interfacial charges,
so that the NPB layer stays in the at band condition (see Fig. 28(c)). Thereby with increasing voltage the initial interfacial charge density 0 will be
gradually reduced until at Vbi it is fully neutralized and both the NPB and Alq layer have at
bands (see Fig. 28(d)). We note that the presence
of excess charge carriers accumulated in the device
to compensate the negative interfacial charges for
V0 < V < Vbi has been independently found by
discharge measurements in this voltage range [110].
Finally, above Vbi the device is forward biased and
double-carrier injection occurs. Due to the strong
di erence in charge carrier mobility between NPB
and Alq (h;NPB  e;Alq  h;Alq) [55,84,125]
the voltage drop at the Alq layer will be still much
higher than at the NPB layer (see for example Ref.
[123,124]), but now its origin is an accumulation of
injected positive carriers at the interface (see Fig.
28(e)).

NPB the transition voltage for a given Alq thickness is not changed [110]. However, preliminary experiments have shown that if an oxadiazole is used
instead of Alq the magnitude of 0 increases.
Besides interface traps an alternative explanation would be to assume a partial charge transfer
between the hole and electron conducting material
in the hetero-layer device, the magnitude of which
should depend on the di erence of the redox potentials of the materials in the solid state. Such an
e ect was observed by photoelectron spectroscopy
by Rajagopal et al. [31], who interpreted the shift
of vacuum level positions at the NPB/Alq interface
by a partial electron transfer from Alq to NPB.
However, such a charge transfer would lead to a
dipole layer without net charge [30]. Only if one
type of charges in the dipole layer is able to move
away from the interface or can be compensated
by charges of the opposite sign in the respective
organic layer, a net charge will remain. Nevertheless, one has to be aware that the comparison of
impedance spectroscopy and photoelectron spectroscopy is problematic. While the latter is performed on the surfaces of in-situ grown organic
lms without electrodes, the former measures on
a complete device, in which the behaviour is determined by several factors, such as the organic
materials, the electrodes and the external bias conditions. Thus, further investigations with independent experimental techniques will be necessary to
get more insight into the microscopic nature of interfaces in organic hetero-layer LEDs.

V. CONCLUSIONS
Organic light-emitting devices based on molecular materials are typically multi-layer structures
incorporating interfaces between organic materials
with di erent transport properties and energy levels. The understanding and quantitative description of the electrical behaviour and the light emission from these structures requires detailed knowledge of the properties of all its constituents. Here
we have given a review on electrical transport
in single- and hetero-layer devices based on aromatic amines like TPD or NPB and the aluminium
chelate complex Alq. The combination of these
two materials can be considered as the simplest
kind of multi-layer device, which is still widely
used in OLEDs. By separately studying singlecarrier single-layer devices of each material, we
have demonstrated that the identi cation of the
dominant current limiting mechanism is possible.
We have shown that especially the thickness dependence of the current provides a unique criterion to distinguish between di erent limiting cases,
even in the presence of a strongly eld-dependent
charge carrier mobility, where an analysis based
on the functional dependence of the current on the
voltage alone is not unambiguous. By comparing

Thus the assumption of negative interfacial
charges at the NPB/Alq interface which are constant for V  V0 and become gradually compensated for V0 < V < Vbi is inevitable to explain the results of the capacitance-voltage measurements. Numerical simulations show that the
observed thickness, bias and frequency dependence
of the capacitance can almost quantitatively be described by assuming that a 1nm thick part of the
Alq layer directly at the interface contains acceptor like traps with a density of about 4  1016cm;3
[126]. At present, there is little direct information about the microscopic origin of these interfacial charges. It is an intrinsic property of the
NPB/Alq interface, which is not dependent on external parameters like the layer thickness, the electrode material or the transport properties of Alq
(hetero-layer devices with Alq(1) and Alq(2) give
the same results in the bias and frequency dependent capacitance). Even if an additional Cuphthalocyanine layer is inserted between ITO and
20
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experimental results with numerical simulations
a hopping-type eld and temperature dependent
charge carrier mobility in Alq could be identi ed
as the main limiting factor. The additional in uence of traps is clearly seen at low voltage and for
thick layers, however, the underlying trap distribution has to be investigated further. Moreover,
we have shown that important information about
interfaces can be obtained for this kind of hetero
structure from the reverse bias dependence of the
capacitance. The reverse bias regime is also the region where the in uence of deep traps can be seen.
In the end, consistent device models or simulations
will have to describe both the forward and reverse
bias behaviour.
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FIG. 3. Typical device structure used in this work
with 4 active pixels each about 10mm2 large. ITO or Al
were used as anode and Ca or Al as cathode contacts.
The typical overall organic layer thickness was around
100 to 400nm. The lateral dimensions of the substrate
were 20mm  20mm.
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FIG. 17. (a) Current-voltage characteristics, (b)
luminance-voltage characteristics and (c) external
EL quantum eciency as a function of voltage of
ITO/Alq/Ca devices with di erent Alq. The currents
for the corresponding Al/Alq/Ca devices from Fig. 11
are shown again. All devices had about the same Alq
thickness of 90nm.
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FIG. 28. Spatial dependence of the electrical potential inside an ITO/NPB/Alq/Ca device under di erent
bias conditions: (a) For large reverse bias the interfacial
charge Q0 creates a jump of the electrical eld, which
is equivalent to the change of slope of the potential at
the interface. The dashed line indicates the situation
without interfacial charge. (b) At V = V0 the at band
condition is reached in NPB. (c) For V0 < V < Vbi
NPB stays in the at band condition, the amount of
negative charge at the interface becomes smaller and
concomitantly the jump of the electric eld is reduced.
(d) At V = Vbi the at band condition in both layers is
achieved and the interfacial charges are fully neutralized. (e) For V > Vbi injected positive carriers accumulate at the interface to generate again a jump of the
electric eld.
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