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Abstract—A new model for the simulation of bipolar organic
semiconductor devices by a three-dimensional master equation is
proposed. A single-layer diode with a cubic lattice is investigated.
Generation and recombination of electrons and holes are included
consistently, where a single parameter, the lifetime, controls
the rates. Current-voltage characteristics, carrier density and
recombination rate profiles of symmetric and asymmetric bipolar
devices are presented with Gaussian disorder of hopping site
energy levels for electrons and holes.

I. INTRODUCTION

Organic light emitting diodes (OLEDs) generate light
through excitonic processes, which result from recombination
of injected electrons and holes [1]. Recombination expressions
which had been validated by three-dimensional (3-D) bulk
Monte-Carlo (MC) simulations [2]-[4] have widely been used
in one-dimensional (1-D) drift-diffusion (DD) device simula-
tions, e.g. [5], [6]. Also a few 3-D MC device simulations
have been performed [1], [7]. MC simulations, however, are
often extremely time-consuming compared to 3-D master
equation (ME) simulations. The 3-D ME has been applied to
organic materials with only one carrier type involved, e.g. [8].
To our knowledge, however, it has not yet been applied to
recombination in disordered organic semiconductors.

In this article, we present simulations of bipolar OLEDs
based on the 3-D ME, which has been extensively studied for
different device types in recent years and has the advantages
of a much higher efficiency compared to the MC method and
a closer relation to the underlying physics than the DD model.
The unipolar 3-D ME is extended to the bipolar case including
generation and recombination (G-R) of electrons and holes as
localized processes.

II. DEVICE MODEL

In a bipolar semiconductor device, electrons and holes
can be generated and recombine at any molecular site
and the rates are determined by their respective occupational
probabilities, p; . and p; 5, with a generation lifetime 7/¢; and
recombination lifetime 7. Thus, the 3-D ME for electrons reads
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with w;;. and w;; denoting the Miller-Abrahams (M-A)
hopping rates [9] of electrons and holes, respectively, from
site ¢ to j:
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v, and vgp are the respective hopping prefactors, « is a
measure for the strength of carrier localization, and r;; the
distance between sites ¢ and j. The last two expressions on the
left-hand sides of Eq.(1) and (2) describe recombination and
generation, respectively. The generation/recombination process
must satisfy the principle of detailed balance at equilibrium
and, with the assumption of Fermi-Dirac statistics, the coeffi-

cient ¢; can be calculated
pi,epi,h = exp <Ei,h - Ez,e) (5)
(1 = pie)d —pin) kT ’

which is only related to the difference between the hole and

electron energy on site ¢ and does not depend on the local
potential.

C; =

The site energies are superpositions of intrinsic energies
randomly chosen from a Gaussian distribution with a dimen-
sionless disorder parameter 6=c/kpT, the image potential
and the quasi-static potential obtained by a 1-D Poisson
equation. More details can be found in [10]. The intrinsic
energies are known as lowest unoccupied molecular orbital
(LUMO) energies for electrons and highest occupied molecular
orbital (HOMO) energies for holes. In our simulations, equal
differences between local HOMO and LUMO energies on each
site are assumed.
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Fig. 1. I-V curves of the unipolar and symmetric bipolar devices using a 3-D

ME (symbols and solid lines) and results from [5] (dashed lines) without in-

jection barriers, L=100 nm, ap=1nm, A=2eV, T=298 K, a=108 cm™ 1.
TABLE 1. HOPPING PREFACTORS AND RECOMBINATION LIFETIMES
USED FOR ME SIMULATIONS IN FIG. 1
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The terminal current at the anode of the bipolar device is
derived by a Ramo-Shockley-type theorem [10]

oVa
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L,

Cy is the geometric capacitance and L, the device thickness.
For the stationary case considered here, the first term on the
right-hand side of this equation vanishes.

(6)
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The Newton-Raphson method is used to solve the Poisson
equation and the bipolar MEs for electrons and holes self-
consistently and a simulation volume with 50x50 sites in the
cross-section is investigated below.

III. RESULTS
A. Current of the Symmetric Bipolar Device

The M-A hopping prefactors of unipolar devices with 6=3
and 6 are obtained by matching the corresponding I-V curves
calculated by the 1-D continuum model in [5]. Accordingly, the
device thickness is L=100nm, the lattice constant ap=1 nm,
the built-in voltage A=2 ¢V, the temperature T=298 K and the
localization parameter «=10/ag. The equal hopping prefactors
for electrons and holes, which are listed in Tab. I, are also used
to simulate the bipolar symmetric device. With sufficiently
short lifetimes (Tab. I), the I-V curves of the bipolar device
are comparable to the results in [5], which are based on MC
simulations (Fig. 1).

It is well known that low recombination rates lead to very
high recombination-limited currents and high recombination
rates lead to much lower space-charge-limited currents (see e.g.
[11]). The transition between these regimes in our simulations
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Fig. 2. Simulated I-V curves of bipolar symmetric diodes, excluding (dashed)
and including (solid) G-R with various lifetimes and 6=3.
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Fig. 3. Current density in bipolar devices as functions of 71 for different
voltages and disorder parameters.

is illustrated in Fig. 2. For a sufficiently low value of 7, the
I-V curves do not change anymore with further reduction of
this value.

To show the influence of 7 more clearly, current densities
for given voltages are plotted as functions of the product
Tvy (Wo=Vo,e=Vp,n) for 6=3 and 6 in Fig. 3(a) and 3(b),
respectively. It can be seen in Tab. I that the products 71
for our simulations in Fig. 1 are always at the low end of
the range in Fig. 2. This agrees well with the fact that our
simulations match existing results based on MC simulations,
which assumed instantaneous recombination on each site.
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Fig. 4. Spatial distributions of average carrier densities of electrons (red)
and holes (blue) with various lifetimes and 6=3 at a voltage of 20 V.
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Fig. 5. Spatial distributions of average recombination rates with different
lifetimes and 6=3 at a voltage of 20 V.

B. Carrier Density and Recombination Profile

Average carrier densities in each plane perpendicular to
the transport direction are plotted in Fig. 4. For 7=10""s,
recombination is so weak that electrons and holes move freely
to their respective collecting electrodes. For shorter lifetimes,
electrons (holes) become minorities when approaching the
anode (cathode) because of the strong recombination in the
center of the device (Fig. 5). The shorter the lifetime, the more
pronounced is the confinement of the recombination zone.
With stronger recombination, the overlap of electron and hole
densities tends to be reduced, which makes the quasi-static
potential profile (Fig. 6) more nonlinear. Generation rates are
much smaller than recombination rates at forward bias and
thus not shown here.

The spatial distributions of the average recombination rates
at different voltages with 6=3 and 6 are plotted in Fig. 7 for
comparison. Under high bias, the recombination peak turns out
to be more broadened with higher disorder energy, which is
probably due to the stronger field dependence of the mobility
[8].
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Fig. 6. Quasi-static potential profiles with various lifetimes and 6=3 at a
voltage of 20 V.
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Fig. 7. Spatial distributions of average recombination rates with 7=10"1%s
for 6=3 (solid) and 7=10"2% s for 6=6 (dashed) at various voltages.

C. Asymmetric Bipolar Simulations

In real devices, the mobilities of electrons and holes are not
the same. Therefore, we also performed simulations of devices
being asymmetric with respect to carrier mobilities.

The ratio of hopping prefactors is defined as I'=vy /v p,
with v . being varied and v j, remaining identical to its value
in Tab. I. All other parameters are the same as those in Fig. 1.
The distributions of carrier densities at 20V are plotted in
Fig. 8(a) and 8(b) with =3 and 6, respectively, for two cases
of I'=0.1 and I'=0.5. When I" becomes smaller, more holes are
able to move closer to the cathode due to their larger hopping
rates and fewer electrons can arrive at the anode.

The recombination profiles similar to Fig. 7 are shown in
Fig. 9(a) and 9(b), with 6=3 and 6, respectively. When the
value of I' is reduced, the position of the recombination peak
shifts towards the cathode and it becomes more confined than
in the symmetric case.

IV. CoNcLUSION

3-D ME simulations of bipolar organic semiconductor
devices have been performed. I-V curves, spatial distributions
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Fig. 8. Spatial distributions of average carrier densities of electrons (red) and
holes (blue) with (a) 6=3 and (b) 6=6 and I'=0.5 (solid), I'=0.1 (dashed)
at a voltage of 20 V.

of carrier densities and recombination profiles have been
obtained for different disorder energies. With sufficiently short
lifetimes of electron-hole pairs, well-known results from MC
simulations can be reproduced, proving the validity of our ME
approach. The simulations were also applied to devices with
unbalanced carrier mobilities. As expected, the recombination
zone of such devices becomes confined close to the electrode
injecting the slower carrier type. Our results indicate the
potential of an efficient OLED simulation approach, which is
transparently based on the relevant physical processes.
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