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We show that after voltage turn-off the recombination of the charges which are stored in
the on-state may follow a trap-assisted mechanism instead of the Langevin formula in
organic light-emitting diodes. A microscopic model based on this form of recombination
is introduced, which not only fits the transient electroluminescence very well in the whole
range of the off-state but also provides parameters quantitatively characterizing the stored
charges in the on-state. In the last part, we briefly compare the work by Weichsel et al. [1]
and our model, trying to constitute a comprehensive picture of the stored charges in
OLEDs. As an OLED model system we have chosen a host/guest system co-doped with
red and green phosphorescent emitters.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Organic light-emitting diodes (OLEDs) have gained
huge attention from academic research and from industry.
Despite their already excellent properties, the lifetime and
efficiency still need improvement, since especially general
lighting applications ask for high brightness. One of the
concerns is the charge-storage within the device, which
is generally believed to have impact on the efficiency and
degradation of devices [2-4]. To improve the devices, a
better understanding of the relevant physical processes
in the emission zone is required. Transient electrolumines-
cence (transient EL) proves to be a useful tool to investigate
the processes within emitting layer (EML) of OLEDs, since
the luminescence is proportional to the concentration of
excitons [5,6]. In phosphorescent OLEDs, the intrinsic de-
cay of triplets after voltage turn-off follows the expression
X(t) = X*e~V4, where t; = 1/k; is the lifetime of triplets. The
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asterisk here and in the following part of this paper de-
notes that the corresponding term is a quantity in the
on-state (steady state). Besides intrinsic radiative decay,
complex processes influence the transient EL in the off-
state, and one of these processes is the recombination of
the stored charges within EML [1,7-10]. When we examine
the phenomena in transient EL related to those stored
charges we find that they can be categorized into two ef-
fects: one is an “over-shoot” of the bipolar (switching the
applied voltage to negative values after excitation) tran-
sient EL signal [1,7-10] and the other is the recombina-
tion-induced luminescence (“long tail” of the EL signal)
[8,9]. Weichsel et al. [1] recently reported that the “over-
shoot” in bipolar transient EL of phosphorescent OLEDs
originates from the accelerated recombination of charges
accumulated at the boundary of EML; while earlier, Cheon
and Shinar [9] attributed the “over-shoot” to the recombi-
nation of correlated charge pairs and attributed the long
tail to uncorrelated charges, and used a function of 1/t
behavior to describe the process of charge-recombination
based on Langevin recombination formula [11].
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2. Theory

We start our study from the rate equation of triplet-
concentration after voltage turn-off considering the contri-
bution from recombination of stored charges. In the off-
state, the loss processes [12] as triplet-triplet annihilation
(TTA) and triplet-polaron annihilation (TPA) are neglected
due to the fast consumption of triplets. With proper con-
finement of triplets by choosing materials with high triplet
levels in layers neighboring to EML, the energy transfer to
triplets in the neighboring layers can be effectively
avoided. Therefore the generation and quenching of trip-
lets in EML after turn-off follow the two pathways
respectively.
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The rate equation of triplets in the off-state, when
charges are taken into account, reads as
% = —kX(t) - %, 3)
where X(t) and Q(t) denote the concentration of triplets
and stored charges participating the radiative recombina-
tion within EML respectively. We shall show in the later
part of this paper that what we are discussing is a type
of recombination between mobile charges and trapped
charges, and one stored charge corresponds to one triplet
within the period of time we are considering, thus the pro-
portionality of dX/dt to dQ/dt always holds. To solve Eq. (3),
one needs to know the expression of Q(t). In previous
works, Langevin formula has been widely used for describ-
ing the recombination in OLEDs [8,13,14], and the validity
of it in OLEDs has been studied by simulation methods
[15,16]. However, those works deal with the recombina-
tion in the on-state when most of the charges are mobile
charges, i.e. electrons in the LUMO level and holes in
HOMO level. When trapping effects become more pro-
nounced, the Langevin formula may be not valid [17,18].
For such a situation, a trap-assisted recombination formula
was recently introduced to describe the behavior of the
charges in disordered organic semiconductors [18]. Trap-
assisted recombination, also known as SRH recombination
[19,20], was commonly regarded as a non-radiative pro-
cess because it requires the participation of phonons to ful-
fill the conservation of momentum. However, Wetzelaer
et al. reported that in white-emitting copolymer where
green and red-emitting chromophores are incorporated
in the blue-emitting polyfluorene backbone [21,22] the
trap assisted recombination can contribute to radiative
emission instead of being a loss mechanism for lumines-
cence as generally regarded [17].

The trap-assisted recombination is a two-step process.
In the first step, each neutral trap within EML captures
an electron from the LUMO (or a hole from the HOMO),
and in the second step, a hole from HOMO (or an electron
from LUMO) is captured, forming an exciton. (Fig. 1) In
other words, the trap-assisted recombination is the recom-
bination of a mobile charge and a trapped charge. In on-
state, capturing happens far more frequently than
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Fig. 1. Schematic representation of trap-assisted recombination [19]: (a)
electron capture, (b) electron emission, (c) hole capture, and (d) hole
emission.

emission, so that the traps are occupied again immediately
after recombination or emission happens, thus the recom-
bination rate equals the net capturing rate [19].

Now we apply the trap-assisted recombination to the
turn-off dynamics. The used symbols are listed in Table 1.

After voltage turn-off, the amount of mobile charges
within EML is no longer constant. Therefore the off-state
is a non-steady state in which the carrier statistics is quite
different from that in the on-state. Nevertheless, in a short
period of time after turning off, the amount of mobile
charges is still large enough compared with its change so
that a quasi-steady state where net capturing rate for each
trap is still equal to the recombination rate as in the on-
state is maintained. This quasi-steady state lasts for a cer-
tain while until the decrease of the amount of mobile
charges is no longer negligible. Now, the recombination
rate is no longer the net capturing rate as it is in the qua-
si-steady state because of the formation of empty traps. In-
stead, the recombination rate in the later state is the rate of
capturing two opposite mobile charges at an empty trap,
which is much smaller than previously in the quasi-steady
state. For this reason, one would expect that the lumines-
cence in the off-state is mainly caused by the processes
which happen in the quasi-steady state shortly after turn-
ing off and suggest that the quasi-steady state approxima-
tion is valid for studying the processes responsible for the
recombination-induced luminescence after voltage turn-
off. In the following part, we base our discussion therefore
on the quasi-steady state approximation.

According to Ref. [19], and quasi-steady state approxi-
mation, the total recombination rate in the off-state then
reads as

R=Uax+Ug (4)
Uen = Ny Cut — Ny, CynelEr—Em)/ksT (5)
Ucp = Ntncpp - thcppe(EFpiEt)/kBT (6)

The second term in the right side of Eq. (5) relates to
electron emission (process (b) in Fig. 1) according to Eq
(3.2) and Eq. (3.7) of Ref. [19], and is negligible when E,
is far below the quasi-Fermi level for electrons as in the
case of our devices. Further, C, = u,q/e and C, = upq/e hold
according to Ref. [18]. In our devices, holes which do not
participate in forming triplets tend to be trapped whereas
the excessive electrons are stored in a mobile state
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