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Insufficient operational lifetime continues to be one of the most challenging problems for organic
light-emitting diodes (OLEDs) based on thermally activated delayed fluorescence (TADF). Here, we
study the degradation of single-layer OLEDs based on the TADF emitter 9,10-bis[4-(9H -carbazol-9-yl)-
2,6-dimethylphenyl]-9,10-diboraanthracene. After quantitatively describing the current-voltage (J -V) and
efficiency curves after electrical driving, we use a numerical model to reproduce the voltage increase and
light decrease during degradation. We demonstrate that the fundamental mechanism behind OLED degra-
dation is electron- and hole-trap formation due to triplet-polaron annihilation, the same as that reported
for polymer light-emitting diodes. Other mechanisms, such as triplet-triplet annihilation and singlet-triplet
annihilation, do not match experimental data. Understanding of the degradation mechanism allows us to
predict how a broader emission zone in a thicker single-layer TADF OLED affects its lifetime, resulting
in an improved stability with a T80 lifetime of 1050 h at an initial luminance of 1000 cd m−2.
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I. INTRODUCTION

A longstanding problem for organic light-emitting
diodes (OLEDs) is degradation of the emitter under electri-
cal operation. Especially for blue emitters, where exciton
energies are inherently high, device stability continues to
be a significant issue [1–4]. In the last decade, thermally
activated delayed fluorescence (TADF) emitters have
attracted much scientific attention due to their promise
of delivering 100% internal quantum efficiency with-
out incorporating heavy-metal components [5–7]. TADF
materials possess a small singlet-triplet splitting on the
order of milli-electron volts, comparable to the thermal
energy at room temperature, allowing for fast reverse inter-
system crossing (RISC) from the triplet to the singlet state.
Although great progress has been made with regard to
the external quantum efficiency (EQE) of TADF OLEDs
[8–12], insufficient lifetime still greatly hinders the com-
mercialization of this otherwise promising class of emitters
[13,14]. To extend the lifetime, a quantitative understand-
ing of the mechanisms behind the operational degradation
of TADF OLEDs is indispensable.
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Typically, efficient TADF OLEDs employ a multilayer
structure, which complicates a quantitative degradation
analysis. In such multilayered device architectures, several
layers of different molecules aid in the transport, injec-
tion, and blocking of charges and/or excitons. This design
introduces many unknown variables, such as the trans-
port properties of the individual layers as well as energy
barriers at interfaces. Charge-injecting and -transporting
layers are reported to influence degradation in a variety of
ways, for example, through the accumulation of charges
at an interface [15–17] or via their triplet energy levels
[18]. If present, interfacial- and injection-related degrada-
tion happens in parallel with degradation of the emitter in
the bulk, but a loss in charge injection during degradation
cannot fully account for complete device degradation [19].
The common practice of doping a TADF emitter in a host
further complicates the interpretation of degradation char-
acteristics, as the choice of host or amount of doping also
impacts on the device lifetime [20–23]. To obtain a quan-
titative picture, interpretation of degradation data would
strongly benefit from a simple device structure, as found
in fluorescent polymer light-emitting diodes (PLEDs), for
example, where the emitter layer simply sits between two
metallic electrodes of different work function. Moreover,
fluorescent materials are simpler than TADF materials,
in terms of photophysics, making degradation studies on
PLEDs a suitable reference.

Modeling of degraded PLEDs reveals that, under a
constant driving current, both the typical degradation char-
acteristics of a voltage increase and a decrease of the
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light output during degradation could be linked to the
formation of hole traps [24], as already suggested earlier
[25]. In the yellow-emitting polymer superyellow poly(p-
phenylene vinylene) (SY PPV), the dynamics of trap for-
mation reveal that the interaction between excitons and
polarons is responsible for the creation of these degrada-
tion traps [26]. The exciton-polaron interaction correctly
predicts the scaling of the formed hole-trap density, Pt,
with stress time: initially, when the amount of free holes
(p) is still larger than Pt, the amount of hole traps exhibits
a linear increase with time, combined with a scaling of
the aging current density (J age) of J age

3/2. Subsequently,
at later times, when Pt > p, the hole-trap formation follows
a square-root dependence with stress time, in combination
with a linear dependence on J age. In addition, a similar
scaling on stress time and J age are found in the orange–red-
emitting polymer poly[2-methoxy-5-(2′-ethyl-hexyloxy)-
1,4-phenylenevinylene]. This study further confirms that,
from the two excitonic species, triplet excitons are the ones
responsible for the interaction with charges to form traps
[27], as suggested before [28]. Transient photolumines-
cence experiments reveal that singlet excitons recombine
within about 1–2 ns [29], whereas intrinsic triplet life-
times can extend up to 100 μs [30]. As a result, the
steady-state population of triplet excitons can exceed the
singlet population by up to 5 orders of magnitude. Addi-
tionally, the electrical generation ratio of 1:3 for singlets
to triplets further enhances the steady-state population of
triplet excitons, as compared to singlet excitons, explaining
the experimentally observed detrimental effects of triplet
excitons on PLED lifetime.

In contrast to PLEDs, the main mechanism behind
TADF OLED degradation is still controversial. Sev-
eral strategies to enhance the lifetime of TADF OLEDs
have been proposed, often revolving around device or
molecular design [3,21,31–34], but the underlying causes
of degradation are rarely quantitatively addressed. The
most commonly cited mechanisms that lead to TADF
OLED degradation are triplet-triplet annihilation (TTA)
and triplet-polaron annihilation (TPA) or a combination
of both [35–40]. In a recent study, using luminescence-
quenching measurements, TPA was identified as a major
source of degradation in TADF OLEDs [39]. Furthermore,
the various degradation mechanisms in TADF OLEDs
are quantitatively addressed using kinetic Monte Carlo
simulations [41]. We note that both studies are car-
ried out on multilayered OLED structures. It should also
be mentioned that device deterioration due to extrinsic
effects like those of oxygen or water can be easily cir-
cumvented by proper encapsulation or by working in a
controlled inert environment, such as a glovebox [19,
35,42,43]. To further clarify the degradation mechanism,
we study the degradation of single-layer TADF OLEDs
based on the model emitter 9,10-bis(4-(9H -carbazol-9-
yl)-2,6-dimethylphenyl)-9,10-diboraanthracene (CzDBA)

[44]. After modeling of the undegraded CzDBA OLEDs
with a numerical drift-diffusion simulator, from which it
is known that TTA is the dominant roll-off mechanism
[45,46], we quantitatively explain the current-voltage (J-
V) and efficiency curves after degradation. Due to balanced
transport, degraded OLED data are consistent with the
formation of both hole and electron traps. The scaling
of these traps with time and aging current are consistent
with TPA as a trap-formation mechanism. Here, a polaron
absorbs the energy of a triplet exciton, thereby promoting
the polaron to a higher excited state, whereas the triplet
is demoted to the ground state. The energetic polaron then
has the ability to break specific bonds in the molecule, frag-
menting it. The fragmented products are reported to react
further to form traps [47]. Other trap-formation mecha-
nisms, such as TTA and singlet-triplet annihilation (STA),
cannot reproduce the experimental characteristics of the
degraded OLEDs. Moreover, the interaction coefficient for
TPA, leading to degradation traps, is found to be almost
the same as the coefficient found in PLEDs. Following
the predictions of the degradation model, we experimen-
tally confirm that, increasing the OLED thickness results
in reduced triplet-polaron interactions, increasing the T80
lifetime up to 1050 h at an initial luminance of 1000 cd/m2.

II. RESULTS AND DISCUSSION

A. Modeling undegraded CzDBA OLEDs

The device structure of the single-layer CzDBA OLED
device is presented in Fig. 1(a). In this device, a neat film
of the TADF emitter CzDBA is sandwiched between two
electrodes, without charge-transport or blocking layers.
Ohmic charge injection is enabled by tunneling interlay-
ers [48], while balanced bipolar transport is facilitated
by the low trap density in this material [49], as a conse-
quence of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) values
(−5.93 and −3.45 eV, respectively) being inside the “trap-
free window” [50]. Furthermore, the photoluminescence
quantum yield in a neat film is over 90% [44], indica-
tive of minor nonradiative losses, such as self-quenching,
even in the absence of a host. These factors contribute
to a high EQE of 19% at 500 cd A−1 for single-layer
CzDBA OLEDs [51], making them a suitable model sys-
tem with which to study the degradation of TADF OLEDs.
As a starting point, we use a recently developed device
model describing the J -V and EQE of a CzDBA OLED
before degradation [46]. We briefly revisit this model,
since it forms the basis for our degradation model. In the
drift-diffusion simulator, the current continuity and Poison
equations for both charge-carrier species are solved as a
function of position on a one-dimensional grid of 1000
points, spread out over the device thickness. The density-
and field-dependent mobility is calculated locally using the
extended Gaussian disorder model parametrization [52].
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To minimize the amount of unknown input parameters,
single-carrier devices are used to provide information on
the mobility parameters for electrons and holes separately,
before being integrated in the OLED modeling [53–55].
Furthermore, the device model also includes the exciton
dynamics appropriate for TADF emitters, including inter-
system crossing rate, reverse intersystem crossing rate, and
exciton annihilation rate coefficient. With this extension,
the J -V and EQE-V characteristics of undegraded CzDBA
OLEDs are well described [46]. All simulation parameters,
including the ones determined from single-carrier devices,
can be found in Tables S1 and S2 within the Supplemental
Material [59]. The efficiency roll-off is governed by TTA
with a rate constant, kTTA, of around 1 × 10−17 m3 s−1.
Furthermore, the observed fast increase of efficiency with
voltage, typically originating from competition between

Shockley-Read-Hall (SRH) and Langevin-type recombi-
nation [56], can be explained by assuming that the small
amount of trap states observed in single-carrier devices are
emissive [46]. Although the precise origin of these light-
emitting traps (LETs) is still under investigation, we spec-
ulate that they might originate from aggregated CzDBA
molecules [46]. This is in line with publications report-
ing that carbazole moieties have the tendency to dimerize
[57,58]. An aggregated state would still be radiative, since
the molecule is intact, but it could possess slightly lower
energy levels that would show up as an electrical trap in
single-carrier and OLED devices. Similar to the earlier
reported results [46], also the undegraded OLEDs used in
the present study show a fast initial increase in efficiency
above the built-in voltage (VBI), as shown in Fig. 1(b)
(black symbols); this is one of the fingerprints of emissive

(a) (b)

(d)

(c)

FIG. 1. Device structure, energy diagram, and electrical characteristics of pristine and degraded CzDBA OLEDs. (a) Device struc-
ture and energy diagram of CzDBA OLEDs. (b) Normalized experimental (Expt.) EQE as a function of voltage for an OLED with a
300-nm CzDBA layer, accompanied by simulations (Sim.) that show the effect of light-emitting traps (LETs) becoming nonradiative
after degradation. (c) Schematic representation of the TPA process in a PLED (left) and TADF OLED (right). Blue solid and empty cir-
cles represent holes and electrons, respectively, which are residing either in the HOMO or LUMO (indicated with a Gaussian DOS) or
in the trap states before degradation (gray energy levels). Injection is represented by the blue arrows and recombination by the yellow
dotted lines. TPA generates the trap states during degradation, which are indicated by the green energy levels. (d) J -V characteristics
(corrected for VBI) of a 140-nm CzDBA OLED both undegraded and degraded (symbols) accompanied by simulations (lines).
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trap states. Together with the inclusion of TTA, the volt-
age dependence of the EQE of a 300-nm TADF OLED is
quantitatively well described [Fig. 1(b), black line].

B. Trap-formation mechanism in degraded CzDBA
OLEDs

A fundamental question is whether the conclusions from
degradation studies on PLEDs, namely, hole-trap forma-
tion by triplet-polaron annihilation, also apply to TADF
OLEDs. When comparing the voltage increase (�V) of
PLEDs and TADF OLEDs (Fig. S1 within the Supplemen-
tal Material [59]), we observe that they display different
behavior: whereas PLEDs exhibit a fast initial voltage
increase, which slows down over time, TADF OLEDs
have, in contrast, a very weak voltage increase in the first
few hours, followed by a sharp rise at a certain point
in time. One fundamental difference between a SY PPV
PLED and a CzDBA OLED is that, in pristine SY PPV,
the hole current is several orders of magnitude higher than
the electron current, since electron traps are already present
with a density of around 1–3 × 1023 m−3 before degrada-
tion [55]. As schematically indicated in Fig. 1(c) (left), the
free-electron concentration is strongly reduced, since most
electrons reside in a trap. For CzDBA, both the electron
and hole currents are nearly trap free, meaning that the con-
centration of free electrons and holes is much larger and
nearly equal. Trap formation originating from the interac-
tion between free charge carriers and triplet excitons in
both materials have significantly different effects on the
device performance during degradation. In a PLED, due
to the much higher concentration of holes than electrons
in a pristine device, mainly hole traps would be formed
in the first place. The low concentration of free electrons
would strongly limit the formation of electron traps. Con-
sequently, the small amount of electron traps generated
during aging is negligible compared to the extrinsic elec-
tron traps already present in a pristine device. The dom-
inance of hole-trap generation during PLED degradation
is also found experimentally [26]. In contrast, in CzDBA,
electron- and hole-trap formation is expected to be equally
strong, as schematically indicated in Fig. 1(c) (right). The
formation of both electron and hole traps can be confirmed
by modeling of the J -V characteristics of a CzDBA OLED
after degradation. As shown in Fig. 1(d), good agree-
ment between the experimental and modeled J -V char-
acteristics of a 140-nm degraded CzDBA OLED is only
obtained when both hole and electron traps are present. To
illustrate the effect of electron and hole trapping on the
OLED current, we consider the effect of homogeneously
distributed hole and electron traps in the CzDBA layer
with similar concentrations of 1.2 × 1023 m−3, respectively
[see Fig. 1(d), blue line]. For comparison, merely hole
[Fig. 1(d), green line] or electron traps [Fig. 1(d), orange
line] with a density of 2.4 × 1023 m−3 cannot model the

J-V curves after degradation. When considering only the
effect of a single type of traps (either hole or electron traps),
the modeled current density is comparable to the pristine
device, which is higher than the experimentally aged one.
This can be explained by the fact that both electron and
hole transport are nearly trap free in the pristine device:
trapping of just one type of carrier does not sufficiently
impact the current density, as the other trap-free charge
carrier quickly dominates the total current. Therefore, trap-
ping of both electrons and holes is required to explain the
degraded J-V, which is thus a consequence of the balanced
bipolar transport. The fact that the formation of traps corre-
lates with the presence of free polarons is a first indication
that degradation is governed by TPA.

A second fundamental difference between a SY PPV
PLED and CzDBA OLED is that in the PLED light emis-
sion solely comes from bimolecular Langevin recombina-
tion between free electrons and holes. Trap-assisted recom-
bination via extrinsic traps present in pristine devices is
of a nonradiative nature [24]. In contrast, trap-assisted
recombination from the low amount of traps present in
unaged CzDBA OLEDs is radiative, dominating the light
emission at low voltages [46]. For degradation processes
that involve excitons, such as TPA, result in the breaking
of chemical bonds [47], the LETs will also be destroyed
and converted into nonradiative degradation traps. Here,
we have to take into account that the number of LETs is
limited (∼1022 m−3).

We include the conversion of a LET into a nonradiative
trap in our model when calculating the SRH recombina-
tion (RSRH). Initially, in the undegraded state, all traps are
emissive, resulting in a high internal quantum efficiency
[46]. The trap density, Nt0, is obtained from the analysis of
CzDBA electron- and hole-only devices. We note that Nt0
is time and position independent. During degradation, the
radiative recombination of LETs (RLET) is reduced by the
density of LETs that are converted into nonradiative dark
traps (N DT), which grows over time during the degradation
experiment:

RLET[x, t] = RSRH0[x] − NDT[x, t]
Nt0

RSRH_0[x]. (1)

Here, N DT[x,t]/Nt0 represents the local fraction of traps that
are converted from radiative into nonradiative, whereas
1 − N DT[x,t]/Nt0 is the local fraction of traps that still
emit light. RSRH0 represents the initial SRH recombina-
tion rate when all traps are still emissive in the undegraded
state. Quantities with [x] are taken as position-dependent
quantities and [t] as time-dependent quantities. We note
that RSRH0[x] depends on position, since the densities of
free and trapped electrons and holes are position depen-
dent. At the moment that all initially emissive traps, Nt0,
are converted into dark traps, N DT, Eq. (1) ensures that
the contribution of the LETs to the total light output of
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the OLED goes to zero. By decreasing the LET recom-
bination with traps obtained from EQE-V, as shown in
Fig. 1(c), good agreement between modeling and exper-
imental results can be reached. If all LETs remain intact
upon degradation, the modeled efficiency rises too fast
(green line), due to (emissive) trap-assisted recombination
being dominant at low voltages.

C. Extracting the trap-formation mechanism

As a next step, the voltage and light output versus aging
time under current stress are discussed. During the aging
tests, the OLEDs are kept at a constant current density, the
aging current, while simultaneously the voltage and light
output are monitored. To extract the trap-formation mech-
anism during degradation, we model the voltage increase
with the same drift-diffusion approach as that explained
above. For an accurate description, it is important to take
the formation of both hole and electron traps, as well as
the breaking of LETs, into account, and we now outline
how this is done for the degradation simulations. In our
previous study on the degradation of PLEDs [26], it was
assumed that traps generated during degradation would be
homogeneously distributed over the active layer. With this
assumption, the voltage increase in time can be modeled
and described as an increase of formed traps over time.
From the observed dynamics of trap formation, it is then
concluded that hole-trap formation via TPA is the domi-
nant mechanism [26]. As a refinement, in the present study,
both hole and electron traps generated during ageing are
now modeled as a function of position. This is rational-
ized by the nonuniform distribution of charge-carrier and
exciton densities throughout the emissive layer in work-
ing OLEDs. In this way, for every degradation mechanism,
we can model the voltage increase during aging and com-
pare it with experimental results. The modeled voltage
versus time is therefore dependent on different models, i.e.,
different physical mechanisms, to simulate trap formation.

As a first step, we take the local product of charge car-
riers and triplet excitons to simulate local trap formation
via TPA. The hole-trap density (Pt in m−3) (in the case of
TPA) for a given time step (tstep) is then given by

Pt[x] = κp[x]T[x]tstep, (2)

with κ (in m3 s−1) as the interaction parameter between
the triplet density T (in m−3) and the hole density p
(in m−3). An analogous equation is used for electrons
with the same value of κ . All quantities that are consid-
ered position dependent inside the device are denoted by
[x]. The interaction coefficient, κ , in Eq. (2) controls the
trap-formation rate, which can be treated as a fitting param-
eter for different experimental aging currents. We note that
the assumption of using an equal value of κ for electrons
and holes is supported by the fact that we need (nearly)

equal amounts of electron and hole traps to be formed after
degradation to describe the J-V characteristics of degraded
OLEDs, as shown in Fig. 1(b). If the κ values strongly
deviate, meaning either electron or hole traps are preferen-
tially formed, the current will be dominated by the nearly
trap-free transport of the unaffected carrier, which does not
match the experiment. To limit the number of fit parame-
ters, we find it reasonable to assume that κp = κn can be
used as a first approximation, although we cannot rule out
the possibility that they might slightly differ in reality. Fur-
thermore, we also take into account that triplets quenched
via TPA to form a degradation trap or break a LET do not
participate in the efficiency roll-off through TTA. For alter-
native degradation mechanisms, such as TTA or STA, p[x]
in Eq. (2) is replaced by T[x] or S[x] respectively.

We now turn our attention to the destruction of LETs
during degradation. We note that there are two degrada-
tion processes taking place that affect the efficiency of the
OLED. In one process, similar to a PLED, a free carrier
absorbs the energy of a triplet exciton formed by Langevin
recombination, leading to the formation of new dark degra-
dation traps by fragmentation of the CzDBA molecules.
Next to this, LETs consisting of aggregated or dimer-
ized species of the CzDBA molecules are converted into
dark traps by breaking of their chemical bonds via the
interaction of triplets residing on these species with free
carriers.

The respective trap-formation rates of each process
depend on the ratio of the recombination rate of LETs
(RLET) versus the normal Langevin recombination rate
(RLan). This ratio represents the proportion of triplet exci-
tons residing on a trap versus regular “free” triplet exci-
tons. The drift-diffusion simulations can be used to model
the recombination strength at the sites of emissive traps
via SRH and bimolecular Langevin recombination, from
which we define the ratio of the emissive SRH recombi-
nation rate via LETs (RLET) to the total recombination rate
as α = RLET/(RLET+ RLan). We then scale the formed trap
density for each time step [Eq. (2)] such that αPt destroys
LETs, whereas (1 − α)Pt is the amount of “regular” degra-
dation traps created. Over time, the broken LETs reduce
the emissive SRH recombination, according to Eq. (1).

After explaining the basic idea of different models for
describing trap generation, we now simulate trap formation
via the mechanism of TPA. The calculated voltage rise as
a function of aging time is influenced by the value of κ and
the trap depth of the degradation traps. Figure S2(a) within
the Supplemental Material shows the interplay between the
two [59], where it becomes clear that greater trap depths
cause a larger voltage increase for the same interaction
coefficient. In Fig. S2(b) within the Supplemental Material
[59], we see that the different trap depths have no signifi-
cant influence on the light output for the same value of κ .
However, the overshooting voltage should be corrected by
lowering κ until it fits the voltage increase, which we can
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(a) (b)

(d)
(c)

FIG. 2. Ageing behavior of CzDBA OLEDs. Ageing behavior of 300-nm CzDBA OLEDs modeled with the TPA mechanism. (a)
Driving voltage versus time under constant current density, where the experiments (Expt.) are complimented by simulations (Sim.).
(b) Trap density versus distance to the cathode in the device for all values of J age (5–30 mA cm−2) at the end of the aging test. (c)
Extracted hole (h) and electron (e) trap density versus aging time. (d) Trap density scales with J age

3/2. Dashed orange and violet lines
have a slope of 1 and 0.5, respectively, as a guide to the eye. Note that the experimental time step is 10 s, but for readability several
points are skipped between data points shown here.

do for each trap depth. The situation will then be such that
deeper traps need a lower κ to fit the experiment, meaning
that the lower the number of degradation traps generated,
the deeper the degradation trap is. Consequently, for dif-
ferent values of κ , the simulated light output will move
upwards with increasing trap depth. By considering both
the voltage increase and the light output, combinations of
the trap depth and κ can be found.

The modeling of the voltage over time can be seen
in Fig. 2(a) for four different values of J age, where we
achieve a good fit with a degradation trap depth of 0.55 eV
and κ = 1.75 × 10−28 m3 s−1. The same combination of
trap depth and κ describes the degradation of the 140-nm
OLED, as seen in Figs. S3(a) and S3(b) within the Sup-
plemental Material [59]. This is a strong indication that
TPA is responsible for device degradation. Through kinetic
Monte Carlo simulations on TADF multilayer OLEDs,
Hausenstein et al. [41] reported an annihilation rate per
site in the range 10−2–1 as function of position in the

emissive layer, which, in combination with a site density
of 1027 m−3, would translate into an interaction param-
eter in the 10−29–10−27 m3 s−1 range, similar to what
we find.

At the end of the degradation tests, the position-
dependent trap profiles are plotted in Fig. 2(b), where the
trap distribution can clearly be seen. The hole-trap den-
sity peaks near the anode, while electron traps are more
homogenously distributed, with a slight increase in trap
density towards the cathode at higher aging currents. The
average trap density within these profiles versus time is
shown in Fig. 2(c). The generated-trap density stays low,
below 1 × 1022 m−3 at early times. It is known that such
a low trap density does not impact on the J -V character-
istics at room temperature [26]; consequently, we see an
almost flat voltage curve at early times, as shown in Figs.
2(a) and S1 within the Supplemental Material [59]. Only
when the trap density exceeds 1 × 1022 m−3, for exam-
ple, around 30 h for J age= 30 mA cm−2, does the voltage
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rise start to become experimentally significant. In Fig. 2(d),
we plot all created defects (both broken LETs and degra-
dation traps) with their J age

3/2 scaling, which causes the
curves for Pt and Nt to collapse into a single curve, con-
sistent with the TPA mechanism [26,27]. Also consistent
with TPA is the linear dependence on the stress time at
early times, as indicated by the dashed orange line. The
square-root dependence (dashed violet line) at longer aging
times is not reached for most aging currents, except for the
highest aging current of 30 mA cm−2 and only later during
degradation, where the trap density starts to overtake the
free-carrier density.

To rule out other possible degradation mechanisms, we
test how the voltage will increase if traps are created
via TTA or STA. As seen in Fig. 3, neither match the
shape of the experimental voltage increase, plotted here
for 30 mA cm−2. Here, the increase of voltage is steep
at the beginning and then saturates too strongly at later
times, largely deviating from the experimental results. It
should be noted that such a strong saturation is a univer-
sal consequence of the STA or TTA model, since trap
formation through TTA or STA depends on the prod-
uct of the emissive species, while, in the case of TPA,
it depends only linearly on the triplet concentration. In
a continuous cycle, the nonradiative SRH recombination
from the created degradation traps will reduce the singlet
density, S, and triplet density, T, which, in turn, slows
the trap formation down. In STA and TTA, this affects
both constituents of the process, whereas in TPA only the
triplets are affected. The outcome is that, for STA and
TTA, the voltage increase saturates too quickly compared
to the experiment. These results furthermore confirm the
dominance of TPA as the main mechanism of TADF
OLED degradation.

As mentioned, we find the parameter κ governing the
interaction between charge carriers and triplet excitons
to be around 1.75 × 10−28 m3 s−1 for every aging cur-
rent density. To compare this number with the interaction
parameter found previously for PLEDs, κ from this work
needs to be multiplied by the effective triplet lifetime of
4.5 μs [44]. For PLEDs, we find a proportionality con-
stant of trap formation of around 2 × 10−33 m3, whereas
the value for TADF is around 8 × 10−34 m3. Remarkably,
these two values are very close, differing only by a factor
of 2.5, indicating that the intrinsic degradation mecha-
nism, breaking of bonds by excited charge carries, is not
different. With nearly equal interaction strength, it also fol-
lows why in a CzDBA OLED the voltage increase and
trap formation are much slower compared to a SY PPV
PLED (Fig. S1 within the Supplemental Material [59]). In
PLEDs, triplet excitons have a lifetime of about 100 μs
[30], resulting in a large build up of triplets in steady-state
operation. In contrast, in CzDBA, the effective triplet life-
time is only around 4 μs due to efficient RISC. In CzDBA
OLEDs, the build up of triplets under steady-state opera-
tion is thus much smaller and, consequently, with a similar
interaction parameter the amount of interactions, and thus,
the formed trap density, is much lower. This underlines the
pivotal role of RISC in the context of OLED lifetimes.

D. Quantitative modeling of degraded OLEDs

With the degradation in time modeled, we can move
back to the J -V and absolute-efficiency curves after degra-
dation with a quantitative approach. The trap profiles for
the 140-nm OLEDs are shown in Fig. S4(a) within the
Supplemental Material [59]. For quantitative modeling, we
can use these trap profiles as an input, to predict J -V and
efficiency after degradation. Position-averaged values are

(a) (b)

FIG. 3. Voltage increase over time during current stress. �V versus time for a 140-nm OLED aged at J age= 30 mA cm−2. Lines
show the simulated voltage increase predicted from trap formation based on (a) STA and (b) TTA. Colors correspond to different trap
depths (in eV). Interaction coefficient for the different trap depths is kept constant at 6 × 10−26 m3 s−1 for STA and 1.8 × 10−27 m3 s−1

for TTA. Note that the experimental time step is 10 s, but for readability several points are skipped between the data points shown
here. As a comparison, the results from the TPA model are shown as a dashed pink line.
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(a) (b)

FIG. 4. Current and EQE versus voltage for pristine and degraded OLEDs. (a) J -V (corrected for VBI) and (b) EQE of 140-nm
(un)degraded OLEDs (symbols) complemented by simulations (lines) (J age= 20 mA cm−2). Position-dependent trap profiles are taken
as input for the simulations here.

often considered in OLED modeling as an approximation,
but the advantage of such a position-dependent approach is
that it is ultimately more realistic. In thin emissive layers,
neglecting the position dependence might be valid [60];
however, earlier modeling of undegraded CzDBA OLEDs
with thicker emission zones revealed that neglecting the
position dependence led to inconsistencies in the values of
kTTA with varying temperature [46]. As shown in Fig. 4,
the resulting simulations are able to consistently describe
the J -V and EQE-V characteristics after degradation well,
considering these are predictions and not fits. We would
like to underline the noticeable difference between unde-
graded and degraded samples in terms of roll-off, which
depends strongly on the number of triplets in the active
layer. The additional SRH recombination from the degra-
dation traps and the breaking of LETs removes triplets,
therefore, competing with other triplet decay channels,
such as TTA, that are responsible for the roll-off [46]. As a
result, the degraded efficiency curves will have less roll-
off and look more like PLED efficiency curves instead,
where roll-off is also absent due to the dark nature of triplet
states. Figure S4(b) within the Supplemental Material [59]
shows the effect of degradation traps on the recombination
profile inside the device. We also plot the undegraded pro-
file to show that the maximum of the recombination zone
is pulled slightly towards the center of the device, as a
consequence of the creation of hole and electron traps.

E. Lifetime enhancement with reduced TPA

Our numerical model can now quantitatively predict
several scenarios that lead to a lifetime enhancement. The
first strategy that is often mentioned is increasing the value
of kRISC, as this will lower the triplet population, and thus,
the TPA interaction [61]. Figure 5(a) shows that increas-
ing kRISC from the standard value by a factor of 3 leads

to an increase in T50 (time it takes to reach 50% of the
initial luminance) of about 1.5 times, whereas lowering
kRISC indeed worsens the lifetime. Unfortunately, many
variables go into the molecular design of TADF emitters.
Enhancing kRISC without affecting properties like charge
transport is not straightforward, although promising efforts
have been made through attaching multiple electron-
donating units to a donor–acceptor-type TADF system
[62]. As expected, the calculated lifetime is improved
through the enhancement in kRISC.

As reported before [21,23,51], controlling the distribu-
tion of triplets and carriers inside the active layer is another
way to mitigate their interaction that leads to trap forma-
tion. The lifetime has the potential to be enhanced through
broadening of the recombination zone. This allows us to
formulate a rather straightforward strategy to achieve a
higher lifetime, namely, to make a device with a thicker
emissive layer, something that does not require additional
molecular design. As a last point of discussion, we quanti-
tatively address the influence of the active-layer thickness
on the OLED lifetime. For this purpose, we consider the
T80 lifetime at an initial luminescence of 1000 cd m−2,
which is the time it takes to reach 80% of the initial lumi-
nance. Using the experimentally obtained hole-only and
electron-only parameters and κ = 1.4 × 10−28 m3 s−1, we
predict the T80 values for CzDBA-layer thicknesses rang-
ing from 50 to 300 nm. The theoretical curve for the
TPA degradation mechanism is shown in Fig. 5(b) and
the experimental T80 lifetime for different thicknesses is
well matched. The fact that we see a lifetime variation
with thickness in the first place proves that the degrada-
tion of our CzDBA OLEDs is an effect that comes from the
bulk, as injection-related effects will not show a thickness-
dependent lifetime [63]. The thick 300-nm OLED achieves
a stability of 1050 h for T80, which, for the lifetime of
single-layer TADF OLEDs, exceeds many of the lifetimes
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(a) (b)

T

FIG. 5. Lifetime enhancement strategies. (a) Normalized light output versus time for different simulated values of kRISC. Indication
of “standard” means this value of kRISC is used throughout the simulations. (b) T80 versus active-layer thickness for CzDBA OLEDs.

reported for multilayer OLEDs [38,40,44]. Our results cor-
respond to a T95 of about 200 h, however, it is still an order
of magnitude below that recently reported for a TADF
OLED, namely, a T95 lifetime of 4500 h, with a multilayer
architecture and a different emitter [64].

III. CONCLUSION

We quantitatively describe the degradation of OLEDs
based on the TADF emitter CzDBA. We use a position-
dependent model, where we incorporate the degradation-
induced formation of both hole and electron traps by means
of TPA, with the consideration of the disabling of emis-
sive trap states. The model accurately describes the J -V
and efficiency-voltage characteristics after degradation, as
well as the voltage and light output versus time under cur-
rent stress. Despite the observed aging behavior between
PLEDs and TADF OLEDs, we demonstrate that they both
exhibit the same degradation mechanism, resulting from
TPA-dominated trap formation, in agreement with recent
findings on multilayer TADF OLEDs [37]. Other mecha-
nisms like TTA and STA fail to describe the degradation
curves under current stress. Finally, we demonstrate that
strategies which reduce the triplet concentration in the
steady state, either by enhancing kRISC or broadening the
recombination zone, can significantly elongate the opera-
tion stability. Thick single-layer OLEDs with a broadened
emission zone can reach a T80 of 1050 h at an initial
luminescence of 1000 cd m−2.

IV. METHODS

A. Device fabrication

ITO substrates are treated in a cleanroom environ-
ment with soap and subsequently sonicated in acetone and
isopropanol for 10 min each. Afterwards, a hole-injection
layer of poly(3,4-ethylenedioxythiophene):polystyrene

sulfonate (40 nm) (Heraeus Clevios 4083) is spin-
coated from an aqueous solution and annealed at
140 °C for 10 min. Next, several layers are evap-
orated by thermal deposition, which we show in
the following structure: “material name” (“thickness,”
“rate of evaporation”). The layers are MoO3 (7 nm,
0.12–0.15 Å s−1), C60 (3 nm, 0.12 Å s−1), the CzDBA
active layer (various thicknesses described in the main text,
0.25–0.3 Å s−1), and 2,2′,2′′-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (4 nm, 0.12 Å s−1). To com-
plete the OLED, aluminum (100 nm) is evaporated. All
evaporations are done in a glovebox environment with
oxygen and water values below 0.1 ppm and at a pressure
of around 3 × 10−−6 mbar.

B. Device characterization

J -V measurements are carried out with a Keithley
2400 source meter, while simultaneously the photocurrent-
voltage measurements are carried out with a Keithley 6514
system electrometer. The EQE measurements are done
using a calibrated Si photodiode with an area larger than
that of the emitting pixel. All device characterization is
done in an inert environment (O2 and H2O values below
0.1 ppm). The lifetime setup is home-built and consists of
a voltage source, photodiode, and a LabView program for
controlling the hardware and reading out the voltage and
light output data. All lifetime data are collected on a pixel
with an area size of 8.1 × 10−6 m2. The lifetime measure-
ments are done in the dark and in a controlled glovebox
environment with O2 and H2O values below 0.1 ppm.

C. Simulation

Our drift-diffusion simulations use an iterative scheme
to calculate n and p with a tolerance of 1 × 10−6 on an
active layer that contains 1000 points on an exponen-
tial symmetric grid normalized to unity. The simulation
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parameters for an undegraded device are given in Tables
S1 and S2 within the Supplemental Material [59]. Further
notable input parameters include the electrical band gap
of CzDBA, which is determined from OLED data to be
2.8 eV, and the relative permittivity, which is set to 3. Both
current and charge-carrier density values converge if their
values between loops vary less than the said tolerance. For
stability, the iterative loop is usually repeated 5 times, and
the calculated mobility values are averaged over all iter-
ative loops. Once convergence is reached, the SRH and
Langevin recombination rate are combined into the gen-
eration rate to take the effect of LETs into account. The
singlet and triplet populations are then calculated accord-
ing to formulas documented in Ref. [46], taking the effect
of TTA into account. The simulation of the degradation
characteristics over time uses the same procedure as that
outlined above, but it is done for each time step, which is
generally kept at 4000 s. As stated in the manuscript, at
the end of each time loop, the formed degradation traps
and how many LETs are broken are calculated according
to Eq. (2).
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