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Abstract

The stability of organic light-emitting diodes (OLEDs) is a key requirement
for their use in commercial displays. One approach to increase the perfor-
mance of the blue subpixel is to use thermally activated delayed fluorescence
(TADF) emitters, which combine a small singlet-triplet gap, AEst, and non-
trivial spin-orbit coupling to enable the harvesting of both singlet and triplet
excitons to produce light; however, device stability is compromised due to
long triplet lifetimes that increase the probability of the degradation of ma-
terials by biexcitonic and polaron events. In this work, we correlate the ef-
ficiency and stability of the device with the device structure, identifying
possible origins for the trade-off between device efficiency and stability. By
comparing a set of sky-blue emissive devices and fitting drift-diffusion sim-
ulations to intermittent optoelectronic measurements during stress-testing,
the layers most affected by degradation can be determined. By coupling
electrical simulations to an excitonic model, the contributions from biexci-
tonic and polaronic events to efficiency roll-off can be distinguished. We find
that efficient but less stable devices suffer mainly from exciton-exciton
annihilation, while stable but less efficient devices have excitons predomi-
nantly quenched by polarons. This implies that the device structure is
responsible for determining non-radiative exciton pathways, and an efficient
and stable OLED structure should aim to minimize exciton accumulation at
high brightness.
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1 | INTRODUCTION

Highly efficient and stable organic light-emitting diodes
(OLEDs) are needed for the display industry." Organic
semiconductors have advantages over their inorganic
counterparts for displays, enabling ultra-thin, flexible,
and ultra-high-definition screens in phones, TVs, and
other smart electronics.”> While industry is increasing
OLED production,® the scientific community has recently
extensively focused on new classes of emitter materials to
address outstanding performance and sustainability is-
sues,> and a key challenge to address is the device
efficiency-stability trade-off.*™°

In commercial OLED displays, red and green pixels
use phosphorescent emitters, which are iridium com-
plexes.” These rely on the heavy-atom effect mediated by
the platinoid metal to increase spin-orbit coupling,
accelerating both intersystem crossing (ISC) between
singlet and triplet excited states, and radiative decay from
the lowest triplet state, resulting in 100% exciton har-
vesting efficiency.” The main shortfall of phosphorescent
emitters is the relatively long lifetime of the triplet exci-
tons (on the order of us), which at high current densities
results in a large triplet population and consequently
deleterious triplet-triplet annihilation (TTA) and triplet-
polaron quenching (TPQ), causing a downturn of effi-
ciency at high luminance (i.e., efficiency roll-off). Blue
devices have not reached the required stability standard,
as the high photon energy required for emission means
biexcitonic events can result in photochemical instability
of most materials.® To avoid this, blue OLEDs employ
fluorescent TTA up-conversion (TTA-UC) emitters,
where the energy level alignment means that two triplets
can produce an emissive singlet state, with a theoretical
maximum internal quantum efficiency of 62.5%.° In re-
ality, this is more complicated, as the system has to
include a sensitizer for harvesting triplets while at the
same time not quenching the singlets on the terminal
emitter. A more recent advance has been the use of
hyperfluorescent systems containing a donor-acceptor
thermally activated delayed fluorescent (TADF) sensi-
tizer coupled with a fluorescent or multi-resonant TADF
(MR-TADF) terminal emitters, where exciton harvesting
and light emission are largely decoupled to two different
compounds.’® A similar sensitization strategy using
phosphorescent compounds as sensitizers in combination
with MR-TADF terminal emitters has been investigated,
where the platinoid metal in these complexes mediates
efficient exciton harvesting prior to the transfer of that
energy via FRET to the terminal emitter. Examples of
OLEDs employing this strategy show reduced triplet-
related losses compared to non-sensitized devices."!

While OLED efficiency and its roll-off are widely
studied and their origins generally understood,"? stability
is a multi-factor problem."*™**> Not only are bond disso-
ciation energies (BDEs) relatively low within most con-
stituent materials (between 3.5 and 5 eV in their ground
state),'® the presence of accumulated charges and exci-
tons can accelerate reactions between adjacent com-
pounds.’” ™ Joule heating can also negatively affect thin
film morphology, also affecting the device performance
due to decreased charge transport.”® This pushes the need
to not only use robust emitters, but also carefully choose
a device structure to be resilient against possible degra-
dation pathways, all while maintaining device efficiency.

In this work, we aim to disentangle what makes a
device structure stable and/or efficient. Using a set of sky-
blue OLEDs with layer variations, we investigate their
performance by stress-testing with intermittent charac-
terization, and model the degradation using a simulation-
based approach. By coupling drift-diffusion and excitonic
simulations, we ascertain the reasons for efficiency roll-
off and find how different excitonic processes correlate
to device stability.

2 | RESULTS AND DISCUSSION

2.1 | Sky-blue OLED performance

To remain relevant for blue pixel design in display tech-
nologies while recognizing the trade-off between effi-
ciency, stability, and color purity,"* the well-known sky-
blue MR-TADF emitter DtCzB was selected.”’ Its rigid
molecular structure enables narrowband blue emission at
reasonably close spectral proximity to the blue pixel re-
quirements of 467 nm monochromatic light (Apy, 0of 489 nm
and full width at half maximum, FWHM, of 27 nm in 1 wt%
mCBP films), as well as high efficiency (®pr, of 87% in Nj).
The OLED structure was varied to investigate the impact
on performance of three main parameters: the choice of the
hole transport layer, the electron transport layer, and the
host (Figure 1A). OLED stacks consisted of indium tin
oxide (ITO, 90 nm), 1,4,5,8,9,11-hexaazatriphenylenehex-
acarbonitrile (HATCN, 10 nm), 1,1-bis [(di-4-tolylamino)
phenyl]cyclohexane (TAPC, 50 nm), tris (4-carbazoyl-9-
ylphenyl) amine (TCTA, 5 or 0 nm), emission layer (EML,
30 nm), 1,3,5-tris (3-pyridyl-3-phenyl) benzene (TmPyPB,
30 nm) or 2,4,6-tris (biphenyl-3-yl)-1,3,5-triazine (T2T,
10 nm) and 2,7-di (2,2’-bipyridin-5-yl) triphenylene (BPy-
TP2, 40 nm), lithium fluoride (LiF, 0.8 nm), and aluminum
(100 nm). The EML was comprised of either 3,3’-di
(9H-carbazol-9-yl)-1,1’-biphenyl (mCBP, 30 nm) or 2,6-bis
(3-(carbazol-9-yl) phenyl) pyridine (26DCzPPy, 30 nm) as
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FIGURE 1 (A)Energy level diagram of materials used in OLED variations (see Figure S12 in the ESI for the chemical structures of the
materials), (B) structure of the emitter DtCzB, (C) representative photograph of a working OLED, (D) definition of devices under test

(DUTS).

hosts and contained 1 wt% DtCzB to avoid aggregation-
induced spectral broadening and quenching. For study-
ing hole transport, TCTA was either included or omitted
from the device structure, electron transport was changed
from a single layer with fast electron mobility TmPyPB>* to
a two-layer combination with slower mobilities T2T and
BPy-TP2,>*** and hosts were varied between mCBP and
26DCzPPy, the latter showing more balanced charge
mobilities.?>?°

A cross-comparison of the device performance of these
eight OLEDs is provided in Figure 2. Current-voltage-
luminance characteristics show a large range of currents
and light outputs (Figure 2A). mCBP-based devices all
have a turn-on voltage of around 4 V, whereas devices with
26DCzPPy as the host turn on closer to 5 V. This can be
attributed to reduced hole injection in the latter, as seen in
single-carrier devices (see Figures S1 and S2 in the ESI).
Turn-on voltage is also dependent on the ETL; devices with
the T2T/BPy-TP2 combination have higher driving voltage
than those with TmPyPB, which is likely to be due to a
higher charge injection barrier at the ETL/EML interface.
The maximum EQE (EQE,,,,) ranges from 8% to 25% for
different device stacks (Figure 2B). OLEDs with 26 DCzPPy
as the host have higher efficiencies than their mCBP
counterparts. Similarly, the use of TmPyPB as the ETL
yields more efficient devices than using T2T/BPy-TP2.
There are only minor differences between the performance
of the OLEDs with and without TCTA as an HTL, the
former showing higher current and consequently higher
maximum luminance, but the EQE remaining almost un-
changed. The efficiency roll-off is considerable, with all
devices approaching EQEs of 4% at around 5000 cd/m?.
The electroluminescence spectra are nearly identical
within the device set (Figure S3 in the ESI), with only a

2 nm variation in Ay across the devices. Considering
OLED stability, there is an inverse relation between device
efficiency and LT50 (Figure 2C). The most efficient devices
have an LT50 of just 20-30 min (from an initial luminance
of 1000 cd/m?), while some of the less efficient devices
reach 300-450 min under the same conditions.

There does not seem to be an immediate correlation
between the choice of host and device stability, but there
is a trend between different ETL configurations, where
devices with T2T/BPy-TP2 EML generally show longer
lifetimes than their TmPyPB analogs. On the HTL side,
the presence/absence of TCTA has little impact on the
device stability, with the exception of DUT7 and DUTS,
where omitting TCTA reduces the stability by an order of
magnitude. Capacitance-voltage measurements were
performed using the electro-optical measurement system
Paios (Fluxim AG) to gain more insight into charge
transport (Figure 2D). These show that devices using
mCBP reach a higher capacitance value at the start of
recombination, signifying larger charge accumulation. In
comparison, devices using 26DCzPPy start accumulating
charges only shortly before turn-on, and with the
exception of DUTS, decline less than a volt later. The
negative capacitance seen here could be attributed to
either trap-assisted (Shockley-Read-Hall) recombina-
tion,?” or electric field reversal due to charge accumula-
tion at the interfaces adjacent to the EML.*®

2.2 | Electrical simulations for stress-
test measurements

Stress tests with intermittent current-voltage measure-
ments were performed with Paios to assess the evolution of

85U017 SUOWILIOD BAIIES.D 8]edt|dde sy Aq peusenob ase sspiie YO ‘88N Jo S8|ni 1oy Areiqi8UlUO 3|1 UO (SUORIPUOD-PUR-SWSHW0D A8 |ImArIq ! Ul |UO//:SdNY) SUORIPUOD PUe SWIB | 8U}1 89S *[9202/90/80] U0 Ariqi]auljuo 3|1 BUIYDBURIL0D AQ 9E00L ZW14/200T OT/I0p/W0d A8 im Aeiq1put|uoy//sdny wo.y pepeojumod ‘T ‘9202 ‘90T69E8Z



TANKELEVICIUTE ET AL.

FleXMat-WiLEYy——2

device performance as a consequence of prolonged driving
at high current density (Figure 3A). For all devices, a
decrease in the current was observed, along with a gradual
increase in the turn-on voltage (Figure 3b and Figure S5).
Electrical simulations were performed using the
commercially available software Setfos (Fluxim AG) to
understand changes within the OLEDs.? Current-voltage
curves for each unstressed device were fitted using a drift-
diffusion model, starting with model parameters extracted
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from the literature (Tables S1 and S2) and converging each
parameter toward similar orders of magnitude between all
device variations (Table S3). A full global fit was not
feasible due to individual pixel and batch-to-batch vari-
ability, and the relative simplicity of the model used.

On the hole injection side, HATCN was set as a virtual
electrode with a work function of 5.4 eV,*® with TAPC,
TCTA and the EML each possessing hole trap states. For
electrons, the thin LiF layer on aluminum was set such that
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FIGURE 2 Sky-blue OLED performance: (A) current-voltage and luminance-voltage characteristics, (B) EQE characteristics,
(C) EQE1000 plotted against LT50 (at initial luminance of 1000 cd/m?), (D) normalized capacitance measurements.
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the effective work function is 2.9 eV.*! TmPyPB, T2T and
the EML each have electron trap states. HOMO and LUMO
values were identified from the literature*2**? and kept
constant with the exception of the emitter; otherwise they
would be strongly correlated with charge trap densities,
and the number of variables would become unmanageable.
For all the aforementioned materials, the dominant charge
mobility was set to be field-dependent within the Setfos
software. It was found that simulation results are not
sensitive to charge transport through BPy-TP2, likely due
to the T2T interlayer, so the model did not require trap
states or a field-dependent mobility in this layer. A sum-
mary of parameters and their sensitivity is found in
Table S3 and Figure S4.

Simulations suggest that the position of the recom-
bination zone within the set of OLEDs is determined
principally by the choice of host, being localized at the
EML/ETL interface for mCBP and the EML/HTL inter-
face for 26DCzPPy devices. Additionally, the number of
hole and electron traps in the EML is an order of
magnitude lower than the molar concentration of the
emitter in the host. Best fits were found with EML trap
densities of 2 x 10"” cm™ for mCBP devices and around
8 x 107 cm™ for 26DCzPPy, compared to the theoretical
value of ~8 x 10'® cm™ for 1 wt% of emitter in host (total
density of states equals 1 x 10*' cm™?). This means most
trapping occurs not on the emitter molecules but on
intrinsic host defect states.

To dive deeper into the way OLEDs degrade, the
models for each device were applied to the J-V measure-
ments at different degradation times, and a limited number
of parameters were then adjusted. Charge mobilities and
trap densities were allowed to vary in the EML for both
electrons and holes, while for transport materials changing
only the trap density was sufficient to achieve a good fit
(error <1 x 107°) and provide a strong indication of how

the number of defects does affect charge transport during
stressing. To provide a more insightful comparison be-
tween the performance of different devices, model pa-
rameters were plotted against the residual luminance of
the device during the test instead of time.

Most changes occur within the EML, which is a result
of the high exciton concentration compared to the trans-
port layers. The trap density was increased in the EML,
with the mCBP-based systems (DUT1-4) being affected
more than those with 26DCzPPy (DUTS5-8) (Figure 4B).
The electron mobility was also affected more in the mCBP-
based devices, joined by an outlier DUT8 (Figure 4A).
While for DUT1-4 and DUTS the electron mobility went
down by several orders of magnitude, hole mobility did not
show a clear trend and decreased less than 10 times in the
worst cases (DUT2 and DUTS5), while remaining steady in
the other stacks (Figure S6a). Changes in either of the ETL
options were also not significant (Figure S6b); however, for
changes in the HTL, there was a higher degree of degra-
dation for mCBP-based devices (Figure 4C). This can be
explained by considering the charge accumulation,
particularly holes at the mCBP/HTL interface (Figure S7).
By swapping out the host to 26DCzPPy the recombination
zone is pushed to the EML/HTL interface, reducing the
lifetime of accumulated positive charges by interfacial
recombination. This is corroborated by the capacitance
measurements (Figure 2D), and previous studies suggest-
ing that the radical cation of TAPC (used here as the HTL)
is unstable.*

2.3 | Coupled electro-optical
simulations

To facilitate the comparison of devices employing
different hosts, the photophysics of thin films emulating
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the EML were investigated. The photoluminescence
quantum yield (®py) of evaporated films of 1wt% DtCzB
in mCBP is 87%, while in 26DCzPPy it is slightly lower at
81%. PL spectra are similar to electroluminescence
spectra in both cases, but in 26DCzPPy there is also a
small residual host emission, suggesting less efficient
Forster resonant energy transfer (FRET) and a cause for
the somewhat lower ®pp (Figure S8). Time-resolved PL
measurements reveal that there are minimal differences
in the emission decays as a function of these two hosts,
with the prompt fluorescence lifetime, t,, varying be-
tween 8.1 ns in mCBP and 5.8 ns in 26DCzPPy, while
delayed fluorescence lifetimes, 14, are 120 and 127 us,
respectively. All together this gives reverse ISC rate
constants, kgrisc, of 9.7 x 10° s™! in mCBP, and
1.0 x 10* s™* in 26DCzPPy (Table S4), which are suffi-
ciently close in magnitude to not be a contributing
discriminator of the device performance.

Considering the EML photophysics, drift-diffusion
simulations were coupled with an exciton model in Set-
fos.* Starting from the electrical model of fresh devices,
singlet and triplet excitons were added to the EML,
presuming that FRET from host to guest is faster than
other decay processes. Radiative, non-radiative, and
intersystem crossing rate constants were calculated from
measurements according to established published pro-
cedures.** TADF was included in the model, with AEgy of
0.13 eV for both hosts, as reported in the literature.?!
Singlet and triplet exciton diffusion rate constants were
approximated as 1 x 107* and 1 x 1077 cm?/s, respec-
tively. Finally, all device layers had optical parameters
added in the form of refractive indices, either taken from
the Setfos database or measured by ellipsometry for the
EMLs and BPy-TP2 (Figure S9). Emission dipole orien-
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tation was left as a fitting parameter, as the less-than-
perfect ®p; and 25% EQE,,., in devices suggests a more
horizontal than isotropic orientation.” The EQE values in
the range >10 cd/m> were then fitted using local
quadratic optimization for the initial approach and the
Levenberg-Marquardt algorithm for final fitting
(Figure 5A). Several sets of initial parameters were eval-
uated to ensure that the resulting output is not a local
minimum. Parameters that were used as fitting variables
included singlet-singlet, singlet-triplet, and triplet-triplet
annihilation (SSA, STA, TTA) rate constants and
exciton-polaron quenching (EPQ, defined as the sum of
singlet-polaron and triplet-polaron quenching rate con-
stants) rate constants for major charge carriers, together
with the emitter dipole orientation.

Two points need to be considered before looking at
the simulation results: fitting parameter sensitivity and
correlation. The former was evaluated for DUT1 accord-
ing to the methods outlined in previous work™>
(Figure S10), and it was found that the fit is sensitive to
most annihilation and quenching rate constants, with
only STA and triplet quenching by trapped holes having
no impact on the simulation results due to their slow
quenching rate constants. It is important to note that
SSA, TTA, and STA rate constants are fully correlated
(Table S5), and it is not possible to confidently distinguish
between them with simulations alone.

From simulation results (Table S6), the exciton rates
were plotted against the measured device luminance
(Figure 5B-C) to understand which pathway each exciton
likely takes after recombination. Comparing an efficient
but unstable DUT1 with its opposite DUT3, we see a
reduced proportion of radiative singlet decay in DUT3.
Non-radiative singlet losses are comparable, while the

10° 10" 102 10%
Luminance / cd m?

FIGURE 5 Excitonic simulation results: (A) EQE characteristic fits, (B) exciton rates for DUT1 and (C) DUT3. Here Rad. is singlet
radiative decay rate, N-rad. is singlet non-radiative decay rate, SPQ is singlet-polaron quenching rate, TPQ is triplet-polaron quenching rate,
STA is singlet-triplet annihilation, SSA is singlet-singlet annihilation, TTA is triplet-triplet annihilation. Triplet radiative and non-radiative

decay rate constants are approximated to be 0.
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remaining exciton losses at luminance above 1000 cd/m?
are shown to be dominated by TTA in DUT1 and SPQ
and TPQ in DUT3. The same trends can be seen in the
rest of the device set (Figure S11), including the out-of-
ordinary DUTS8, which appears to have more exciton-
exciton annihilation (EEA) than its more stable coun-
terparts. This suggests that while both EEA and EPQ
contribute to OLED efficiency roll-off, EPQ is responsible
for reduced efficiencies at low luminance, and the ratio of
EEA and EPQ at working luminance defines the stability
of the device structure.

Taking into account exciton rates for the whole de-
vice set, more precise correlations between these and
device stability can be found. First, the potential damage
of each excitonic path was considered separately. With a
lowest energy bound for singlet excitons of about 2.6 eV
(Figure S7a), singlet radiative and non-radiative emis-
sion can degrade the device in a similar manner to what
has been documented in fluorescent devices.'® Polaron
quenching is a transfer of energy from the exciton to the
polaron, the latter having a lower energy compared to
the excitons,” making the EPQ process energy around
3 eV. Taking the triplet energy of DtCzB to be in the
region of 2.5 eV,?! each of the biexcitonic processes
yields about 5 eV of energy, which should provide the
dominant avenue for degradation of materials. It can be
observed that the ratio of EPQ and EEA rates has a
strong positive correlation with the device stability
(Figure 6, Spearman correlation coefficient p = 0.74 with
p-value 0.037). This suggests that polaronic events have
a lesser impact to the OLED stability than exciton
annihilations.

The main outcome of the excitonic simulations is that
the defining factor governing the trade-off between effi-
ciency and stability across these eight device structures is
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FIGURE 6 Device stability with respect to the ratio of
exciton-polaron quenching to the rate of exciton annihilation.

the ratio of EPQ and EEA events. While both EEA and
EPQ contribute to efficiency roll-off, they have opposite
roles when it comes to stability. For an efficient TADF
device, there must be no EPQ around turn-on. This is
accomplished when the emitter possesses sufficiently fast
singlet radiative decay and rapid RISC to minimize the
triplet population build-up. However, as the EPQ rate is
linearly dependent on exciton population,®® and biexci-
tonic events increase as the square of exciton popula-
tion,” there is no chance for a device with high EQEax
to have an efficiency roll-off with a large EPQ contribu-
tion. Conversely, in a more stable device stack, excitons
get quenched by polarons right from turn-on, and this
reduces the contribution of EEA at higher luminance.
The trade-off is governed by exciton and polaron distri-
butions, which determine the dominant exciton decay
pathway. This means that the most direct way to make
an efficient and stable OLED is to reduce efficiency roll-
off to negligible values at working brightness. Another
outcome of our analysis quantifies the impact of exci-
tonic processes on device stability. While recently much
work has concentrated on elucidating chemical degra-
dation pathways of TADF materials,'®'**7>% it is largely
focused on finding the path with the lowest energy bar-
rier. However, the high energy generated from biexci-
tonic events is far above the requirements for most
degradation reactions, so other degradation pathways
could contribute.

3 | CONCLUSIONS

In this work we investigated the correlation between
device structure and performance of a set of sky-blue
OLEDs with the MR-TADF emitter DtCzB. Drift-
diffusion simulations were performed to fit intermittent
characterization during stress-testing measurements,
which allowed for an insight into the behavior of the
layers in the device under stress. It was shown that the
EML plays a key role not only in the emission properties
but also by influencing the position of the recombination
zone and thus controlling the charge accumulation at the
emission layer's interfaces. This charge accumulation
contributes to the degradation of materials responsible
for charge transport in the device. Coupling simulations
to an exciton model gave insight into processes contrib-
uting to efficiency roll-off, where both EPQ and EEA
have an effect, but the former has a much smaller impact
on device stability. To achieve high device efficiency and
stability, the emitter must exhibit rapid singlet radiative
decay (so high ®p;) while participating in minimal
polaron-induced quenching, which can occur when
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charge build-up is limited near the recombination zone.
Additionally, biexcitonic events must be reduced by
controlling exciton populations, which in the context of
TADF materials means accelerating singlet radiative
decay and increasing the ratio of krisc to kisc, as we
recently quantified in a figure of merit.'?
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