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Abstract

The luminous efficiency of organic light-emitting diodes depends on the recombination probability of electrons injected at the cathode
and holes at the anode. We have developed a numerical model to calculate the recombination profile in single- and multilayer structures,
taking into account the built-in electric field, the charge injection process at each electrode, hopping transport with field-dependent
mobilities, charge diffusion, trapping and Langevin recombination. By comparison of the simulation results, as well as approximate
analytic solutions, with experimental data on MEH-PPV-based devices, we find that injection is thermionic with Schottky barriers for
some electrode metals that are low enough to be considered Ohmic. Except at voltages close to threshold, diffusion and trapping effects
are negligible. Both electrons and holes are mobile, with a field dependence that is independently confirmed both by single-carrier
space-charge-limited current measurements and transient time-of-flight techniques. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

As device design, fabrication and characterization of
Ž . w xorganic light-emitting diodes OLEDs 1,2 are transferred

out of the laboratory and into the manufacture of flat-panel
displays, it will become increasingly necessary to develop
accurate and reliable models of performance. Such models
will permit design optimization, integration with existing
tools for the design of silicon driver circuitry, the diagnosis
of problems in process control, and the understanding of
degradation mechanisms in the never ending quest for
longer operating lifetimes. In this paper, we summarize
efforts, in our own laboratory and elsewhere, to develop
and validate a model describing the physics of OLED
device operation, including charge injection, transport and
recombination. Much of this work is already published, or
will shortly appear in print. Hence, this paper includes a
relatively extensive list of references.

The ultimate goal of any model of OLEDs is to describe
the current–voltage–luminance behavior, which includes
all the information necessary to obtain quantum and power
efficiencies. We approach the problem in three steps: first,

) Corresponding author.

understand the basic principles involved with each physi-
cal process in device operation; second, test these princi-
ples and determine the relevant parameters, as unambigu-
ously as possible in independent experiments; third, use
analytical and numerical methods to provide results that
can be compared directly with experimental data on care-
fully fabricated devices.

When we began this program over 3 years ago, it was
not yet at all clear how to describe the basic physical
processes involved in OLED operation. For example, it
was considered likely that charge injection, of electrons
from the cathode and holes from the anode, was best

w xdescribed in terms of Fowler–Nordheim tunneling 3 .
w x w xSince then, we 4 and others 5 have shown that thermionic

Žinjection is the correct description at least for modest
.barrier heights and most voltages of interest and that the

barrier height can be sufficiently small that the current is
space-charge-limited rather than injection-limited. Simi-

w xlarly, some of the early work 6 suggested trap-limited
w xcurrents. There is now a growing consensus 7–10 that

nearly trap-free transport of holes provides a good descrip-
tion of many high-efficiency devices. In this paper, we
summarize the evidence that the same is true for electrons.
The temperature, field, and thickness dependence of the
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current in monopolar devices show clearly that the mobil-
ity of both holes and electrons occur via an activated
hopping process, similar to that in materials used in or-

w xganic photoconductors 11 . Bipolar hopping transport, in
turn, suggests the Langevin mechanism of electron–hole
recombination, which was assumed in our earliest model-

w x w xing work 12 , and later demonstrated experimentally 13 .
The model was derived for, and applied to, single layer,
polymeric devices, but we shall argue that it can be
extended to the case of multilayers and small molecule
OLEDs.

2. Built-in potential

Since the anode and cathode have different work func-
tions, there is a built-in potential across the organic layers

w xof an OLED structure 14 . There is therefore a corre-
sponding built-in electric field, but it is not necessarily
uniform, nor given simply by DfreL, where Df is the
difference in work function and L is the thickness. Ioniz-
able dopants may lead to the creation of a depletion layer
close to one of the electrodes, as for example, in thermally

w xconverted PPV 15 . Even in a fully depleted device,
interfacial dipole layers may give rise to an additional
voltage, effectively changing the intrinsic work function of
the electrode. Charged surface states may also act to pin
the Fermi energy at the electrode interface, effectively a
self-adjusting dipole layer.

Clearly, then, it is important to measure directly the
built-in potential across devices of interest. Two experi-
mental methods have been shown to be applicable to

Ž .depleted devices. Electroabsorption EA relies on the
change in optical absorption spectrum in the presence of
an applied dc electric field. The built-in potential is deter-
mined by a nulling method, in which an external field,
equal and opposite to the built-in field, is applied until the

w xEA signal is zero 14,16 . In principle, this is a direct and
generally applicable method, but it suffers from the poor
signal-to-noise inherent in a nonlinear effect.

An alternative approach employs a photovoltaic nulling
w xmethod 16,17 wherein the OLED is illuminated and an

external voltage is applied until the photocurrent is equal
w xto the dark current. It was shown 16 that this method

gives results that are nearly the same as EA, except for a
small, temperature-dependent correction, that arises as a
result of carrier diffusion dominating the current close to
the flat band condition.

Using a combination of EA and the photovoltaic com-
pensation voltage, it is quite straightforward to determine
the built-in field across the bulk of single-layer OLED
structures. In all subsequent analyses, this field must be
subtracted from the field applied to the sample in order to
obtain the true internal field acting on the charges within
the bulk.

3. Charge transport

The sequence of charge processes leading to exciton
formation are injection, transport and recombination. We
address transport first, because the it fundamentally affects
the other two. As we shall show, in the MEH-PPV devices
that we examine, electrons and holes have comparable
mobilities. We were led to this conclusion by a sequence
of four experimental results, providing increasingly
stronger evidence.

w xFirst, we showed 18 that, in MEH-PPV diodes with
calcium as cathode, decreasing the anode barrier led to

Ž .higher quantum efficiency see Fig. 1 . The inevitable
conclusion of this observation is that the recombination
rate is hole-limited, and that a significant electron current
must pass, without recombination, from the cathode to the
anode. Electrons are therefore mobile in MEH-PPV.

w xThe second experiment 4,19 compared the current in
Ž .hole-only devices e.g., AurMEH-PPVrAu with that in

Žbipolar devices e.g., AurMEH-PPVrCa, see Fig. 2, and
.PAnirMEH-PPVrCa . It was found in devices of compa-

rable thickness, that the bipolar current was an order of
magnitude greater than in hole-only devices. Again, one
must conclude that electrons possess a significant mobility
in MEH-PPV.

ŽThird, by careful choice of electrode materials TiN and
.Ca , it is possible to prepare stable electron-only devices in

w xwhich Ca forms an Ohmic contact 9 . The resulting
space-charge-limited current behavior then permits the
evaluation of the field and temperature-dependent electron
mobility. It was found that the mobility is thermally acti-

Žvated and has the characteristic field dependence lnm

' . w x; E associated with hopping transport 11 . Moreover,
at fields in the range of interest for operating diodes, the
mobilities of holes and electrons are quite comparable and
in the range of a few times 10y6 cm2rV s.

The fourth experimental checks for a possible ambigu-
ity in the steady-state SCLC method, where an Ohmic

Fig. 1. External quantum efficiencies of a series of MEH-PPV diodes
made with Ca cathodes and various anodes. The legend gives the nominal
anode Schottky barrier heights as determined in the same devices by

w xphotovoltaic measurements 18 .
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contact is required. Since it is possible that injection-limited
currents, through the Schottky barrier lowering effect,
could give the same voltage dependence as the field-de-

w xpendent mobility 10 , we undertook a transient time-of-
flight determination of the electron mobility. Using a
transient SCLC technique that we have adapted explicitly

Ž .for use with the thin ;100 nm organic layers used in
w xOLEDs 20 , we have measured directly the transient times

w x w x Žof both holes 20 and electrons 21 in MEH-PPV See
.Fig. 3 . Not only do the values confirm the determination

by steady-state SCLC, they also reveal that the MEH-PPV
samples are essentially trap-free.

The consequences of ‘‘essentially trap-free’’ transport
are worth commenting on. Extensive work throughout the

w x60s and 70s 11,22 showed that trap-free behavior results
when the concentration of deep traps is small compared to
the free carrier concentration. Thus in the steady state, all
the traps are filled, but there are no sufficient charges
stored in them to make a significant contribution to the
space-charge field, nor do they substantially affect the
mobility, because, being full, they cannot trap additional
free carriers.

The role of diffusive transport also requires comment.
The method of analysis applied to our steady-state and
transient SCLC data implies that diffusion is negligible in
field range of interest. This conclusion is confirmed by

w xnumerical simulation studies 10,23 that show minimal
changes in current–voltage behavior for an order of magni-
tude change in diffusion constant.

Both trapping and diffusion may be seen at very low
fields where the current deviates significantly from ‘‘ideal’’

Ž .behavior e.g., the deviations from linearity in Fig. 2 . This
is to be expected since the free carrier density is lower and
may become comparable to the trap concentration. Simi-
larly, at low fields, the drift contribution to carrier motion

Fig. 2. Current–voltage behavior for MEH-PPV diodes with Au anodes
and various cathodes. Two thicknesses of AurAu devices are shown. The
data are plotted in the form applicable to space-charge limited currents

'with a field-dependent mobility, m;exp E .

Fig. 3. Mobility of holes and electrons in MEH-PPV, determined by
time-of-flight in transient space-charge limited current measurements.
Sample thickness and electrode composition are given in the legend.

is small and the diffusive component becomes more signif-
icant.

4. Recombination

In view of the hopping nature of charge transport in
w xOLEDs, it is to be expected that the Langevin 24,25

mechanism of recombination is applicable. In this process,
which occurs for low carrier mean-free-paths, an electron
and hole that approach each other within a distance such
that their mutual binding Coulomb energy is greater than
the thermal energy, kT , will inevitably recombine. In the
earliest work on organic electroluminescence in crystalline

w xanthracene, Helfrich and Schneider 26,27 showed that the
recombination rate was close to the Langevin prediction. It
is therefore to be expected that in the amorphous materials
used in OLEDs, the shorter mean-free-path leads even
more clearly to the Langevin mechanism. This was the
assumption of our earliest theoretical analysis of OLEDs
w x12 , and was demonstrated experimentally by Blom et al.
w x13 in a dialkoxy-PPV derivative. Further support for the
Langevin hypothesis is given by the agreement of numeri-

w xcal simulations with experimental data 10 .

5. Charge injection

The problem of charge injection from a metal into a
Ž .low-mobility amorphous organic material remains an area

w xof active theoretical research 28,29 for which few experi-
w xmental tests are available. We have recently developed 30

a semi-classical approach that relates the charged injection
rate to experimentally determinable parameters of the or-
ganic material. We have used the results to generate
numerical simulations of OLED current–voltage-efficiency
relations, which are in good agreement with experimental

w xdata 10 .
w xSpecifically, we considered 30 a model of thermionic

injection, with a Schottky barrier at the metal organic
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interface. In order to determine the charge injection rate,
we calculate first the inverse process, namely the ‘‘surface
recombination current’’ in which a charge in the organic
layer ‘‘recombines’’ with its image charge in the metallic
electrode. In analogy with electron–hole recombination in
the bulk, this process was described by the Langevin
mechanism. At equilibrium, the injection current is equated
to this surface-recombination current, leading to a result in
terms of a Richardson–Dushman equation in which the
effective Richardson constant is found to be proportional
to the charge carrier mobility. The electric field depen-
dence of the injection current is found by invoking the
Schottky barrier lowering effect, in the presence of the
image potential of the charge near the electrode. At low
electric field, the result exactly reproduces the behavior

Ž .expected from the analysis of Emtage and O’Dwyer EO
w x31 and at higher field, it provides a good approximation
to the more exact theory. Most importantly, the intermedi-
ate field behavior, for which EO provide no solution and
which is applicable to real OLEDs, is given by the same
simple equation.

6. Device modeling

In general, there is no analytic solution for the bipolar
current behavior relevant to OLEDs. Only when both
electron and hole mobilities are field-independent, when
diffusion and trapping can be completely ignored, and
when both anode and cathode provide Ohmic contacts can

w xa complete solution be obtained 12,32 . For most realistic
cases, one must resort to numerical methods, which have

w xbeen applied to OLEDs by a number of groups 5,10,16,33 .
The algorithm used is typically a simple forward integra-
tion in time of the relevant differential equations.

Based on the above discussion of physical processes
active in OLEDs, we have included the following features

w xin our numerical simulations 10 : thermionic injection at
the electrodes, with an electric field dependence described
by the Schottky barrier lowering effect; surface recombina-
tion of charge–image pairs; field-dependent mobilities of
both holes and electrons; Langevin recombination. We also
include diffusion, using a diffusion coefficient given by the
Einstein equation. As discussed above, this has only a
minor effect on the results, but it is important to improve
the stability of the numerical method and permit larger
time-steps and therefore more rapid convergence to
steady-state values. These concepts are sufficient to obtain
the complete current–voltage relations for the device. The
quantum efficiency is, to a first approximation, related to
the electron–hole recombination current: that is, the differ-
ence between the electron currents at the cathode and
anode, or, equivalently, between the hole currents at the
anode and the cathode. This is also easily obtained from
the simulation data.

A more accurate calculation of quantum efficiency re-
quires knowledge of the recombination profile, that is, the

rate of exciton creation as a function of position across the
device. This, too, can be obtained from the numerical
simulations. One must then compute the probability of the
exciton decay radiatively. Because of microcavity effects
and quenching of the exciton near the metallic electrodes,
the radiative decay rate is a function of wavelength and

w xemission angle, as well as position 34 . These aspects are
the subject of ongoing investigation.

Numerical modeling frequently obscures the physics
w xunderlying device operation. We have found 35 that two

variables, namely, the electron and hole charge densities,
provide useful criteria to establish the regime of operation.
The comparison of carrier density and trap concentration
determines whether one is in the trap-free or trap-con-
trolled regime. Comparing total injected charge to the
capacitive charge stored on the electrode dictates whether
space-charge limitation is more or less important than
injection-limited currents. Lastly, the charge density can be
used in conjunction with the Langevin capture cross-sec-
tion to yield a mean-free-path for recombination that delin-
eates regimes of low and high efficiency. It should be
remembered in making these comparisons that there is a
continuum of behavior between all of the limits: trap-free
or trap-controlled; space-charge or injection-limited; short
or long recombination mean-free-path.

Indeed, as one examines the results of the simulations
of single-layer devices, it becomes clear that the overriding
factor in achieving high quantum efficiency is the enhance-
ment of both electron and hole densities, as in devices with
two Ohmic contacts where the charge densities tend to
diverge at the respective electrodes. The charge density
consideration also helps to put on a more quantitative

Žbasis, the empirical observation and intuitive interpreta-
.tion that multilayer devices enhance efficiency by con-

finement of the carriers at organic–organic interfaces
w x1,36 .

Additional tests of the inputs to the model and to the
numerical methods will come from more detailed examina-
tion of multilayered devices, the dynamic response and

w xcomparison with transient electroluminescence 37,38 and
w xcapacitance–voltage 39,40 experiments.

We close this section with a comment on an alternative
approach to OLED modeling, namely the trapped-charge

w xlimited behavior suggested by the Princeton group 6,41
w xand developed by Yang and Shen 33 . This analytical

framework is motivated by the observation that the cur-
rent–voltage relation in bilayer Alq diodes follows a3

temperature-dependent power law, as predicted for SCLC
controlled by an exponential distribution of single-trap

w xlevels 22,42 . However, we find three areas where such a
description may have some shortcomings. First, none of
the data are corrected for the built-in potential that exists

w xbetween the asymmetric electrodes. As we have shown 4 ,
the current–voltage characteristics change dramatically
when the built-in potential is accounted for. Second, the

Ž .field within and voltage drop across the hole-transport
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w xlayer 43 is ignored in the analysis, in spite of the facts
that a significant hole injection barrier may exist at the

w xanode interface and that holes in TPD 44 and electrons in
w xAlq 45 have mobilities that differ by only one order of3

magnitude. Lastly, there appears to be some confusion as
to whether the traps are pre-existing at a density close to
that of the Alq molecules themselves, or are a result of3

polaronic self-trapping. In the latter case, the trapped-
charge limit should not apply, and the carriers exhibit the
field-dependent mobility of polaronic transport. It will be
interesting to see whether our numerical modeling, devel-
oped for single polymer layers, provides a different inter-
pretation of the data on multilayer small-molecule OLEDs.

7. Conclusions

By a combination of experiment, analytical theory and
numerical simulation, we have developed a model for
OLED device operation that includes the processes of
thermionic injection, bipolar field-dependent transport, and
Langevin electron–hole recombination. At voltages of in-
terest for device operation, diffusive contributions to charge
transport are minimal. In the most efficient devices, the
anode and cathode injection barriers are both sufficiently
low that they may be considered Ohmic contacts. Further-
more, charge trapping can be neglected, and the transport
is well described in terms of trap-free space-charge-limited
currents. In particular, we provide evidence from four
independent experiments that electrons in MEH-PPV have
comparable mobility to holes.
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