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We investigate loss mechanisms in hyperfluorescent organic light-emitting diodes (HF-OLEDs) with
the emissive layer consisting of a host, a thermally activated delayed fluorescence (TADF) sensitizer,
and a terminal emitter. We focus on understanding how the relative energy levels between the TADF
sensitizer and terminal emitter impact device efficiency and roll-off through the formation and subse-
quent dissociation of an intermolecular state. Using a combined experimental and kinetic Monte Carlo
(KMC) simulation-based approach, we analyzed HF-OLEDs incorporating either multiresonant (MR) or
fluorescent (non-MR) terminal emitters. We find that selecting terminal emitters with ionization poten-
tial and electron affinity values that position the intermolecular state at least 150 meV above the singlet
energy of the terminal emitter effectively suppresses the losses due to exciton dissociation. Furthermore,
we show that using the MR emitter, which exhibits reverse intersystem crossing (RISC), significantly
reduces residual triplet-related losses compared with the non-MR emitter. This further mitigates exciton
dissociation losses, thereby improving the external quantum efficiency (EQE). These findings provide clear
guidelines for selecting terminal emitters and optimizing energy level alignment to address intermolecular

state-related loss pathways in HF-OLEDs.
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I. INTRODUCTION

Organic light-emitting diodes (OLEDs) have played a
crucial role in transforming the display technology owing
to their remarkable attributes such as high efficiency,
flexibility, and potential for cost-effective manufacturing.
Achieving high efficiency in OLEDs requires utilizing both
singlet and triplet excitons. One approach involves using
phosphorescent emitters, which incorporate heavy met-
als [1]. However, a heavy metal-free alternative is the
use of thermally activated delayed fluorescence (TADF)
emitters. This approach, pioneered by Adachi and cowork-
ers, enables the efficient conversion of triplet excitons to
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singlet states through thermal activation, resulting in sub-
sequent emission [2]. Although the first TADF emitters
were organometallic complexes [3,4], subsequent devel-
opments have focused on purely organic TADF emitters.
Despite their promising features, TADF emitters still face
some challenges. They produce broad emission spectra,
which compromise the color purity of OLEDs. For efficient
TADF, the emitter must have a small energy gap between
the lowest singlet and triplet states. This small gap can be
achieved by reducing the overlap of electron and hole wave
functions, which results in a charge-transfer (CT) charac-
ter of the lowest energy singlet and triplet excited states.
Unfortunately, the CT nature inherently implies broader
emission spectra [5,6].

Initially investigated in standalone TADF OLED con-
figurations, these emitters have now found novel appli-
cations in hyperfluorescent OLEDs (HF-OLEDs) [7]. In
HF-OLEDs, the emissive layer (EML) typically consists
of a host matrix, a TADF sensitizer, and a fluorescent ter-
minal emitter. This composition facilitates efficient energy
transfer of excitons generated on the TADF sensitizer to
the fluorescent emitters [7,8]. The synergistic combination
of TADF and fluorescence mechanisms takes advantage

Published by the American Physical Society
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of the high triplet harvesting efficiency characteristic of
the TADF sensitizer materials, coupled with the narrower
emission spectra and enhanced operational lifetime pro-
vided by fluorescent emitters [7,9]. However, it has been
noted that HF-OLEDs utilizing fluorescent terminal emit-
ters often exhibit lower external quantum efficiency (EQE)
compared with identical OLEDs without the terminal emit-
ters [10,11]. This raises the question of what causes these
efficiency losses and how to engineer the energy levels of
the terminal emitter to prevent them.

There have been suggestions that loss processes asso-
ciated with triplet states on the terminal emitter may
contribute to the poor performance of some HF-OLEDs
[5,12,13]. To address this, it was proposed to replace
the commonly used fluorescent terminal emitter with an
emitter that converts triplets to singlets via a TADF mech-
anism, while maintaining a narrow emission spectrum.
This can be achieved using multiresonant (MR) emitters,
which have a narrow emission spectrum due to their rigid-
ity and a CT character resulting from a very short-range
translation of the electron and hole wave functions [6].
Although this approach has produced some highly effi-
cient OLEDs [14—16], there are instances where the use of
MR emitters did not improve device efficiency and roll-
off [13,16,17]. Stavrou et al. have also shown that the
precise photophysical parameters, such as radiative life-
times and intersystem crossing rate, of the TADF sensitizer
play a critical role in the achievable EQE increase and
its resistance to roll-off in MR-TADF-based hyperfluores-
cent OLEDs [16]. In our work, we perform a combined
experimental and modeling study to understand how MR
emitters might further improve device performance and,
in particular, what energy level requirements are neces-
sary for this improvement. We found that two conditions
must be met. First, the ionization potential (IP) and elec-
tron affinity (EA) of the TADF sensitizer and the terminal
emitter need to be designed such that any possible inter-
molecular state, such as an intermolecular charge-transfer
state or an exciplex, between the TADF sensitizer and the
terminal emitter would be higher in energy than the lowest
energy singlet excited state of the terminal emitter. Second,
the terminal emitter must have efficient reverse intersystem
crossing (RISC) to eliminate any remaining triplets from
the device.

There are two limiting cases when two chromophores
are so close that their electronic systems interact. When the
two chromophores have very distinct electron affinities, so
that a full charge transfer takes place, the wave function
of the resulting state will have significant ionic contribu-
tions and the state is referred to as a charge-transfer (CT)
state. Conversely, for chromophores with similar electron
affinities, only partial charge transfer may occur and, thus,
covalent contributions from resonance interaction domi-
nate. The species is called an exciplex [18], though this

terminology is not always strictly adhered to, given the
continuous transition between the two limits. Here, we are
not concerned with the nature of any intermolecular state
but with its energy and, henceforth, refer to it simply as
the intermolecular state (IS). Thus, a central element in
our study is designing the relative alignment of the energy
levels of the TADF sensitizer and the terminal emitter. In
principle, the IP and EA of the TADF sensitizer and ter-
minal emitter may be nested, similar to energy level align-
ment prevailing in a type-I heterojunction architecture that
promotes Forster-type resonance energy transfer (FRET).
They can also be offset from each other, resembling the
alignment known from a type-II heterojunction architec-
ture that is conducive to the formation of an intermolecular
state (Fig. 1).

To motivate our choice of materials, we briefly recall the
advantages and disadvantages of each sensitizer-terminal
emitter alignment. With a type-I-like alignment, the termi-
nal emitter serves as a trap for both holes and electrons
so that trap-assisted recombination of charges results in
(nonemissive) triplet generation on the terminal emitter.
This constitutes a significant efficiency loss process in
type-1 architecture-based HF-OLEDs [5,19], unless MR
emitters are used as terminal emitters and employed at
very low concentrations [20]. Furthermore, it allows for
FRET, yet precludes significant charge-transfer interaction
(Fig. 1). In contrast, a type-II-like alignment allows for
charge-transfer interactions with the formation of an inter-
molecular state. Since the terminal emitter acts as a trap for
either holes or clectrons, but not both, direct recombina-
tion and, hence, exciton generation on the terminal emitter
can be avoided, though at the expense of creating a charge
recombination site. Hence, one solution is to use a type-II-
like alignment but to aim for a minimal population of the
intermolecular state formed between the TADF sensitizer
and terminal emitter. For this, it is important to consider
the energy of the intermolecular state. It was already rec-
ognized in the late 90s that the energy of an intermolecular
state between two molecules may—in theory—be lower or
higher than the singlet state energies of either molecule, yet
a higher energy intermolecular state would not be stable, if
it forms at all [21]. When the intermolecular state energy
is lower than the singlet energy of the terminal emitter
(“type-II-L” in Fig. 1), it will become populated instead of
the terminal emitter’s singlet state and may subsequently
dissociate [22]. This is a well-recognized issue, exploited
in the working principle of organic solar cells [18,21].
While the dissociation of excited states is, in principle,
a known efficiency loss mechanism for OLEDs [22-25],
its impact on the efficiency of hyperfluorescent OLEDS is
not yet fully understood nor appreciated [21-25]. More-
over, the subsequent recombination of dissociated charges
can increase triplet accumulation on the terminal emitter,
further reducing OLED efficiency and worsening roll-off.
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FIG. 1.

OLED architecture and materials. (top) Energy level diagrams and Jablonski diagrams for type-I, II-L, and II-H

heterojunction-like alignments between the TADF sensitizer and terminal emitter. (middle) Layer structure of the OLEDs studied
in this work. Within the emissive layer, mCBP-CN is used as the host matrix and DMAC-TRZ is either used as an emitter (in ref-
TADF OLED:s) or as a sensitizer (in HF-OLEDs). In HF-non-MR OLEDs, the non-MR fluorescent emitter TTPA acts as the terminal
emitter whereas, in HF-MR OLEDs, the MR emitter 2PTZBN acts as the terminal emitter. Refer to Table II for more details on the
device nomenclature and emissive layer composition. (bottom) Chemical structures of mCBP-CN, DMAC-TRZ, TTPA, and 2PTZBN

are shown.

One promising approach to address this issue lies in fine
tuning the energy of the intermolecular state by chemi-
cal design (i.e., modifying the IP and EA values of the
molecules) such that an intermolecular state would be
higher than the singlet energy of the terminal emitter
(“type-1I-H” in Fig. 1). This adjustment can effectively pre-
vent (or minimize) exciton dissociation by transforming
the occupation of the intermolecular state into a thermally

activated process. This aspect has not yet been systemati-
cally studied in HF-OLEDs. Therefore, the key question in
our study is whether such HF-OLEDs can be engineered
by modifying the IP and EA values suitably. If so, what
specific requirements regarding energy level alignment and
terminal emitter properties need to be considered when
designing such OLEDs to effectively suppress exciton
dissociation?
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II. METHODS

A. Experimental procedures

The materials used are as follows: N,N-bis(naphthalene-
1-yl)- N,-bis(phenyl)benzidine («-NPD), 3,3’-Di(9H-
carbazol-9 yl)-1,1’-biphenyl (mCBP), 3,3’-di(carbazol-9-
yl)-5-cyano-1,1’-biphenyl (mCBP-CN), 10-(4-(4,6
Diphenyl-1, 3, 5-triazin-2-yl)phenyl)-9,9 - dimethyl -9, 10-
dihydroacridine (DMAC-TRZ), 9,10 Bis[N,N -di-(p-
tolyl)-amino]anthracene (TTPA), [1,4] benzothiazino[4”,
37.2":1",8'] [1,4]benzazaborino[4',3",2":4,5] [1,4] benza-
zaborino [3,2,1 kl] phenothiazine (2PTZBN), 2.4,6-tris
(biphenyl-3-yl)-1,3,5-triazine (T2T), 8 hydroxyquinolino-
lato-lithium (Liq), dipyrazino[2,3-f:2’,3’-h] quinoxaline-
2,3,6,7,10,11 hexacarbonitrile (HAT-CN) and aluminum
(Al). a-NPD, mCBP, and T2T were purchased from
Sigma-Aldrich, while mCBP-CN was purchased from
Ossila and sublimed before use. Sublimed DMAC-TRZ,
TTPA, and 2PTZBN were purchased from Lumtec and
were used as received.

The devices were fabricated on patterned indium tin
oxide (ITO) coated glass substrates (2.5 x 2.5 x 0.1 cm)
with a sheet resistance of 15 Q/sq (VisionTek Systems).
The substrates were cleaned by sonication in acetone and
isopropanol, followed by oxygen plasma treatment. Subse-
quently, the cleaned substrates were placed in a deposition
chamber (Kurt J. Lesker Super Spectros), where both the
small molecule and cathode layers were thermally evapo-
rated under vacuum pressures lower than 10”7 mbar. The
device areas were either 4 or 8 mm?.

The OLEDs were fabricated with the following con-
figuration: ITO/a-NPD (35nm)/mCBP: «-NPD (1:1,
5nm)/mCBP (10nm)/EML (25nm)/T2T (40 nm)/Liq
(3nm)/Al (100nm). For the symmetric electron-only
device, the emissive layer is sandwiched between the
well-known electron transport material T2T, with the
device configuration: ITO/Liq (3 nm)/T2T (40 nm)/EML
(25nm)/T2T (40nm)/Liq (3 nm)/Al (100 nm). Symmetric
hole-only devices were fabricated with the configuration:
ITO/a-NPD (35 nm)/mCBP: «-NPD (1:1, 5nm)/mCBP
(10nm)/EML (25 nm)/mCBP (10 nm)/mCBP: «-NPD

(1:1, 5 nm)/a-NPD (35 nm)/HAT-CN (10 nm)/Al (100 nm).

HAT-CN was introduced in hole-only devices to block the
injection of electrons from the cathode into the EML.

The devices were transferred into a calibrated 6-inch
integrating sphere (Labsphere) within the glovebox. Elec-
trical properties were assessed using a Keithley 2400
source meter. For the OLEDs, the emission spectra were
recorded simultaneously using a calibrated fiber-coupled
spectrometer (Ocean Optics USB4000) and a photodi-
ode for low luminance measurements. All the evaluations
were conducted at room temperature under a nitrogen
atmosphere.

The thin film samples were kept in a continuous flow
He-cryostat with a temperature controller. The samples

were excited at 355nm by a Q-switched laser from
QS laser (MPL15100-DP). Emission from the samples
was directed onto a spectrograph (Oriel MS257) and
detected using a gated iCCD camera (iStar A-DH334T-
18F-03). The measurements were conducted under vac-
uum (107> mbar) or in a He-filled atmosphere. Fluores-
cence and phosphorescence spectra were recorded at low
temperatures (either 5 K or 77 K). The time-resolved PL
measurements of the thin films were performed with expo-
nentially increasing delay and gating times, with the gating
time set to be 10 times lower compared with the delay time.
The photoluminescence quantum yield of the thin film
samples was measured in a Nj-filled integrating sphere
fitted with a JASCO FP-8600 spectrofluorometer.

B. Kinetic Monte Carlo simulations

For a comprehensive understanding of the efficiency
loss processes, we performed three-dimensional kinetic
Monte Carlo (KMC) simulations by using the algorithm
implemented in the commercial software BUMBLEBEE [22,
26-33]. In this approach, the device is modeled as a col-
lection of molecular sites arranged on a simple cubic grid
with a lattice spacing of 1 nm. Each site may host an elec-
tron, a hole, a singlet exciton, or a triplet exciton and
is, therefore, assigned an energy level for the ionization
potential, electron affinity, singlet, and triplet energies.
Injection layers are not explicitly modeled but a 0.2 eV
energy barrier is positioned at both injecting electrodes.
The charge transport is described as a hopping process
using a Miller-Abrahams-type (MA) rate [31], with a wave
function decay length for hopping of 0.3 nm and a near-
est neighbor attempt-to-hop frequency of 3.33 x 1010 s~!
for both holes and electrons. A temperature of 293 K is
assumed. Unlike previous studies [22,34], we found that
a reduced electron mobility prefactor to model electron
trapping in an effective way was unnecessary. Hence, we
assumed equal hole and electron mobility parameters in
all the materials. The decision to use the MA formal-
ism is further supported by recent theoretical and KMC
reports demonstrating that the Miller-Abrahams formal-
ism is more appropriate for describing charge transport in
amorphous organic semiconductor films than the Marcus
formalism [35-37].

The software defines an exciton when a hole and an elec-
tron occupy the same molecular site. Its spin is determined
probabilistically according to spin statistics, favoring a
relative singlet-to-triplet probability of 1:3. Exciton forma-
tion is associated with an additional energy stabilization
equal to the exciton binding energy. This is also taken into
account as a further energy penalty when the hole or elec-
tron leaves the exciton site, thus causing the dissociation
of the exciton. The energy levels considered in the KMC
model are illustrated in Fig. 1. We do not explicitly con-
sider the electronic character of each state (i.e., whether
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Table I summarizes both the initial and final obtained val-
ues for IP and EA of this procedure. Note that this method
is not guaranteed to produce the most correct absolute IP
and EA values, yet we expect it to yield very reliable values
relative to each other for the set of materials investigated.
Furthermore, we required excitonic parameters, includ-
ing singlet and triplet energies, as well as photophysical
rate constants such as radiative and nonradiative decay
rates of singlet and triplet states, ISC rate, and RISC rate.
We obtained these parameters through time-resolved spec-
troscopy on films (refer to Sec. S2 and Figs. S12-S14 in
the Supplemental Material) [32] (including Refs. [54,55]).
The spectroscopic data are also summarized in Table I and
essentially match the literature values [41,43,49,56,57].

II1. RESULTS AND DISCUSSION

A. Electrical and optical characterization

We first aim to investigate the impact of the RISC in
the terminal emitter on efficiency loss processes in the
OLEDs with a type-II-like energy level alignment between
sensitizer and terminal emitter. For this, we fabricated
OLEDs with the emissive layer sandwiched between hole
injection/transport layers and an electron transport layer.
Figure 1 shows the schematic layer structure of the OLED
stack under investigation (refer to Sec. I A for the fab-
rication details and chemical names). For the emissive
layer, we chose mCBP-CN as the host matrix. The host
matrix is doped with DMAC-TRZ, serving as the TADF
sensitizer, which enables percolative hole and electron
transport, provided it is added at 10% or more [58]. The
combination of mCBP-CN with DMAC-TRZ is a well-
studied workhorse; it is known that no intermolecular state
forms between them [16,56,58]. The chemical structures
of EML materials are shown in Fig. 1.

We tested two different terminal emitters for HF-
OLEDs based on a type-II-H-like level alignment. The
first is a common fluorescent emitter, i.e., TTPA, hence-
forth referred to as the non-MR emitter [7,57,59]. Since
triplet generation on the terminal emitter plays a cru-
cial role in governing the efficiency loss processes
in OLEDs, we also tested a second terminal emitter,
2PTZBN, which is itself a TADF emitter and has a nar-
row emission spectrum due to its MR character. We
refer to it as the MR emitter. Both TTPA and 2PTZBN
have similar ionization potentials (Eptrpa = —5.50 eV
and Epoprzen =—5.59 eV) and a similar optical gap
(Sl,TTPA =2.46 eV and Sl,2PTZBN =2.50 eV); the key dif-
ference is that the non-MR emitter TTPA does not exhibit
RISC, while the MR emitter 2PTZBN does, with a rate
of krisc =2.9 x 10° s7!, as determined from the transient
PL measurements (Supplemental Material [32], Sec. S2).
TTPA is used as the terminal emitter in HF-non-MR
OLEDs, while 2PTZBN is used as the terminal emitter in
HF-MR OLED:s.

TABLE II. Device nomenclature and emissive layer composi-
tion. Device names and the respective concentration of mCBP-
CN, DMAC-TRZ, TTPA, and 2PTZBN in the emissive layer of
these devices.

DMAC-
Device mCBP-CN TRZ TTPA  2PTZBN
name (host) (sensitizer) (non-MR)  (MR)
host-only 100% — - -
ref-TADF 90% 10% — —
ref-non-MR 99% - 1% —
HF-non-MR 89% 10% 1% —
ref-MR 99% — — 1%
HF-MR 89% 10% — 1%

We also considered the following reference OLEDs to
assess the influence of the respective omitted components:
(i) a reference TADF OLED, comprising a mCBP-CN
matrix with TADF emitter DMAC-TRZ (10 wt %) and no
terminal emitter, (ii) a reference non-MR OLED, compris-
ing an mCBP-CN matrix without TADF sensitizer but with
the non-MR emitter (1 wt %), and (iii) a reference MR
OLED, comprising an mCBP-CN matrix without TADF
sensitizer but with the MR emitter (1 wt %). The combina-
tions and concentrations of host, sensitizer, and terminal
emitter studied as EMLs in this study, along with the
corresponding device nomenclature, are summarized in
Table 11.

Before considering the OLEDs, some aspects of the
hole- and electron-only devices merit closer examination
and discussion. Figure 2 shows the current density-voltage
(J—V) characteristics of the hole- and electron-only devices
for various emissive layer compositions including host-
only, ref-TADF, HF-non-MR, and HF-MR configurations
(see Table II for host, sensitizer, and terminal emitter com-
binations and concentrations in the EML). Upon doping
with 10 wt % DMAC-TRZ, both the hole and electron
currents in ref-TADF devices decrease compared with the
host-only devices. This aligns with recent findings on var-
ied DMAC-TRZ:mCBP-CN concentration ratios in the
emissive layer [58]. It implies that at a concentration of
10 wt % DMAC-TRZ or higher, transport primarily occurs
via the DMAC-TRZ sites. Consequently, the host mate-
rial’s contribution to charge transport is minimal. Hence,
importantly, the critical factors influencing charge dynam-
ics within the emissive layer of HF-OLEDs are the IP and
EA offsets between the TADF sensitizer and the terminal
emitter.

Moreover, doping with either terminal emitter results in
decreased electron and hole currents (Fig. 2). Specifically,
the reduction in hole current is more pronounced with 1 wt
% TTPA (HF-non-MR device) compared with 1 wt %
2PTZBN (HF-MR device), implying lower (less negative)
ionization potentials for both TTPA and 2PTZBN rela-
tive to DMAC-TRZ, with TTPA acting as a deeper hole
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trap. Conversely, the electron current decreases similarly
for both terminal emitters, which we attribute to dilution
effects caused by a dopant with a lower (less negative)
electron affinity than DMAC-TRZ [60]. We ruled out the
possibility that the terminal emitters act as electron traps
(see Figs. S20 and S21 in the Supplemental Material
[32]). For this, the terminal emitter would need to have
more negative electron affinities than the DMAC-TRZ.
However, considering the ionization potentials and opti-
cal gaps detailed in Table I, such low electron affinities
would imply unrealistically low exciton binding energies
for a luminescent compound. Hence, the electron affinity
of DMAC-TRZ sets a lower bound. Note that the charges
are primarily transported by the DMAC-TRZ sites, which
are 10 wt % of the total sites. A terminal emitter concen-
tration of 0.5-5 wt %, hence, implies a relative trap and
barrier concentration of 5-50%. Therefore, from our anal-
ysis of single carrier devices, we conclude that, indeed,
both terminal emitters form type-II heterojunctions with
the sensitizer DMAC-TRZ.

With this information, we can now consider the HF-
OLEDs. Figure 3(a) presents the EQE-current density
(EQE-J) curves for the ref-TADF OLED, ref-non-MR
fluorescent OLED, and HF-non-MR OLED. Comparing

OLEDs with and without the non-MR terminal emitter, i.e.,
the ref-TADF (10 wt % DMAC-TRZ and mCBP-CN) and
HF-non-MR (1 wt % TTPA, 10 wt % DMAC-TRZ, and
mCBP-CN) OLED:s, it is evident that adding the non-MR
emitter TTPA introduces additional loss channels. Omit-
ting the TADF sensitizer to create the ref-non-MR (1 wt
% TTPA and mCBP-CN) fluorescent OLED results in an
even worse performance. Figure 3(b) depicts the electrolu-
minescence (EL) spectra of the ref-TADF and HF-non-MR
OLEDs. The EL of the HF-non-MR OLED exhibits some
contribution from the TADF sensitizer DMAC-TRZ, con-
sistent with a Forster radius for the energy transfer from
DMAC-TRZ to TTPA of 2.1nm (Fig. S15 in the Sup-
plemental Material [32]). Increasing the concentration of
TTPA from 0.5 to 1 to 2 to 5 wt %, decreases the con-
tribution of DMAC-TRZ emission in the EL spectra (Fig.
S16 in the Supplemental Material [32]). However, the EQE
also decreases due to a significant build-up of triplet pop-
ulation on the non-MR fluorescent emitter TTPA with
its increased concentration (Fig. S16 in the Supplemen-
tal Material [32]). In the ref-non-MR OLED, an additional
emission peak centered around 450 nm is observed, which
is absent in the ref-TADF and HF-non-MR OLEDs. This
peak likely originates from recombination at the interface
with the hole transport layer, as it does not correspond
to emission from either the host or the non-MR emitter
(see Fig. S12 in the Supplemental Material [32]), and the
devices are electron-dominated. This additional peak is
suppressed when the TADF sensitizer is added, as charge
transport then occurs primarily via percolation on the
sensitizer itself.

Figure 3(c) presents the EQE-current density (EQE-
J) curves for the ref-TADF (10 wt % DMAC-TRZ and
mCBP-CN) OLED, ref-MR (1 wt % 2PTZBN and mCBP-
CN) OLED, and HF-MR (1 wt % 2PTZBN, 10 wt %
DMAC-TRZ, and mCBP-CN) OLED. Considering the two
reference OLEDs, ref-TADF OLED exhibits higher EQE
and lower roll-off in comparison with ref-MR OLED,
attributed to a lower RISC rate in 2PTZBN compared with
DMAC-TRZ (2.9 x 10° s™! vs 1.5 x 10° s~!). On the other
hand, comparing OLEDs with and without the MR termi-
nal emitter, i.e., ref-TADF and HF-MR OLEDs, suggests
that adding the MR terminal emitter maintains peak EQE.
This is in contrast to the case of HF-non-MR OLEDs,
emphasizing the advantageous effect of utilizing a terminal
emitter that also demonstrates RISC, effectively mitigat-
ing loss processes associated with triplets. The benefits of
triplet harvesting on 2PTZBN become more apparent when
considering that, unlike HF-non-MR OLEDs, the EQE of
HF-MR OLEDs remains similar as the 2PTZBN concen-
tration increases from 0.5 to 1 to 2 wt %, dropping sig-
nificantly only when the concentration is further increased
to 5 wt % (Fig. S17 in the Supplemental Material [32]).
Nevertheless, the HF-MR OLEDs still exhibit slightly
increased roll-off compared with the ref-TADF OLEDs
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at higher current densities, which is further examined in
Sec. IV B. Moreover, the narrow EL spectrum of HF-MR
OLED, corresponding to the 2PTZBN emission spectrum
(Figs. S15 and S25 in the Supplemental Material [32]),
contrasts with the broader emission spectra of the ref-
TADF OLED [Fig. 3(d)]. Analogous to the case of the
HF-non-MR OLED, omitting the sensitizer in the ref-HF-
MR OLED results in the appearance of an additional peak
around 450 nm, which is presumably due to recombination
at the interface with the hole transport layer.

B. Efficiency loss processes

To identify what is causing the losses, we combined
the electronic parameters optimized via KMC with the
excitonic parameters determined through spectroscopy to
simulate the bipolar devices. Figure 4 shows a compari-
son between the experimentally measured and simulated
J—V characteristics and EQE-J curves for the ref-TADF
(10 wt % DMAC-TRZ and mCBP-CN), HF-non-MR (1 wt
% TTPA, 10 wt % DMAC-TRZ, and mCBP-CN), and HF-
MR (1 wt % 2PTZBN, 10 wt % DMAC-TRZ, and mCBP-
CN) OLEDs, demonstrating a satisfactory agreement in

all cases. Limitations in KMC statistics at low current
density prevented us from running simulations at cur-
rent densities below 0.2-0.3 mA cm~2. We calculated the
external quantum efficiency (EQE) as the product of the
internal quantum efficiency and a constant 33% light out-
coupling efficiency. This choice is based on the previously
reported emitter orientation factor for DMAC-TRZ doped
in mCBP-CN [46,61]. Minor discrepancies between the
experimentally measured and simulated EQE data may,
therefore, result from differences in outcoupling efficiency
across devices. Additionally, changes in the emission pro-
file within the EML as a function of current density, an
effect not accounted for in our modeling, could further
contribute to these differences.

In both HF systems, electron-hole recombination pri-
marily occurs on the TADF sensitizer DMAC-TRZ sites,
followed by energy transfer to terminal emitter sites. Con-
sistent with our observations on the energy level alignment
of materials in Sec. IV A, significant hole density is present
on both DMAC-TRZ and terminal emitter sites, while elec-
trons predominantly accumulate on DMAC-TRZ sites (see
Figs. S20 and S21 in the Supplemental Material [32]), thus
determining exciton generation.
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With KMC results at hand, we can analyze the impact
of each kind of loss process in the three devices. Fig-
ures 5(a)-5(c) present simulation results depicting the
relative contributions of various excitonic processes to the
efficiency roll-off observed in ref-TADF, HF-non-MR, and
HF-MR OLEDs. At low current densities (e.g., 3 mA/cm?),
we observe merely triplet nonradiative decay (gray) and

exciton-polaron quenching (shades of blue) across all the
devices, while exciton-exciton annihilation (yellow and
orange) starts contributing significantly at higher current
densities (e.g., 45 mA/cm?).

We attribute the significant exciton-polaron quenching
in all the devices to charge imbalance within the EML,
which arises due to a difference of 0.45 eV in the ionization
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potential between «-NPD and mCBP (Fig. 1 and Table I).
At the interface between the «-NPD:mCBP mixed layer
and the pure mCBP layer, the higher ionization potential
of mCBP produces an energy barrier that hinders hole
transport. This hindrance leads to an unbalanced charge
distribution in the EML, reducing recombination efficiency
and leaving an excess of free electrons, which can effec-
tively quench excitons on both the sensitizer and terminal

emitters (see Sec. S3 in the Supplemental Material for a
further discussion [32]).

Let us briefly discuss the nature of the annihilation
processes. From the simulated singlet and triplet exciton
profiles [panels (¢) and (d) in Figs. S18, S20, and S21 in
the Supplemental Material [32]], we observe that the triplet
density is one to two orders of magnitude higher than
the singlet density in all the devices. Therefore, we argue
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that, in all three devices, the most relevant annihilation
process for singlet excitons is Forster-mediated singlet-
triplet annihilation (STA), as the singlet density is too low
to yield a significant amount of singlet-singlet annihila-
tion (SSA). Similarly, triplet excitons are more likely to
undergo Dexter-mediated triplet-triplet annihilation (TTA)
than triplet-singlet annihilation. The relatively high frac-
tion of STA (compared with TTA) can be explained by
the long-range nature of Forster interactions, which favor
the STA loss pathway despite the low singlet density. In
contrast, TTA is hindered by the short-range nature of
Dexter interactions, despite the higher triplet density. We
recall that, in our devices, triplets predominantly localize
on the terminal emitters (see Figs. S20 and S21 in the
Supplemental Material [32]) at a concentration of only 1%.

When comparing the efficiency loss processes between
the ref-TADF OLED [Fig. 5(a)] and HF-non-MR OLED
[Fig. 5(b)], the HF-non-MR OLED shows higher contri-
butions from triplet-related loss processes, such as triplet-
polaron quenching (TPQ), STA, and TTA [as quantified
in Fig. S22 in the Supplemental Material [32], Figs. 5(d)
and 5(e)]. We attribute this increase to the increased triplet
accumulation on the non-MR fluorescent emitter TTPA
(Fig. S20 in the Supplemental Material [32]), which does
not exhibit RISC and, thus, has a long triplet lifetime.

When comparing the efficiency loss processes in the
ref-TADF OLED [Fig. 5(a)] and the HF-MR OLED
[Fig. 5(c)], we observe similarities and differences. Both
OLEDs show strikingly similar profiles where singlet-
polaron quenching is the dominant loss process, with
increased contributions from TPQ and STA at higher cur-
rent densities. At 45 mA/cm?, the HF-MR OLED exhibits
slightly higher contributions from TPQ and STA com-
pared with the ref-TADF OLED [as quantified in Fig.
S22 in the Supplemental Material [32], Figs. 5(d) and
5(f)]. We attribute this to a slower RISC rate on the
MR emitter 2PTZBN compared with the TADF sensi-
tizer DMAC-TRZ. This slower RISC rate likely causes
the higher roll-off of the HF-MR OLED compared with
the ref-TADF OLED, as shown in Fig. 2(c). This finding
may also explain the higher efficiency roll-off observed in
MR-emitter-based HF-OLEDs compared with ref-TADF
OLEDs in other related studies [13,16,17].

C. Role of intermolecular states

We now address the formation and role of intermolec-
ular states in type-II architecture-based HF-OLEDs. In a
type-Il-like alignment between the TADF sensitizer and
terminal emitter, the energy level alignment allows exci-
tons to dissociate into geminate pairs on neighboring sites,
leading to the creation of an intermolecular CT or exciplex
state through the loss of an exciton. To better understand
this further loss mechanism, we examine the energetics

involved. We define the “IS-S; offset” as the energy differ-
ence between the sensitizer-terminal emitter intermolecu-
lar state and the lowest singlet state, which in a HF-OLED
is the terminal emitter singlet state. The formation and pop-
ulation of the IS is favorable if the IS-S; offset is negative
(type-11-L) and unfavorable if the IS-S; offset is positive
(type-1I-H), as displayed in Fig. 1. For our molecules, the
IS forms with a hole residing on a terminal emitter site
and an electron residing on a nearby TADF sensitizer site.
As outlined previously [22,62], we estimate the IS energy
(E1s) according to

E1s = EEA, sensitizer — EP,TE — Eb) €))

i.e.,, based on the electron affinity of the sensitizer
(EEA, sensitizer) and the ionization potential (Ejp, tg) of each
terminal emitter (detailed in Table S2 in the Supplemen-
tal Material [32]), plus a Coulomb interaction term acting
as the intermolecular state binding energy (£5). In our
KMC model, we use an intersite distance of 1 nm and a
dielectric constant of 3, which results in a binding energy
of 0.48 eV for the intermolecular state. The resulting IS
energies are then 2.56 eV and 2.65 eV for the HF-non-
MR and HF-MR OLED:s, respectively (see Table S2 in the
Supplemental Material [32]). Comparing these values with
the experimentally determined singlet energies of the non-
MR terminal emitter TTPA (2.46 eV) and the MR terminal
emitter 2PTZBN (2.50 eV), we find that the IS-S; offset
in HF-non-MR and HF-MR OLED:s is approximately 100
and 150 meV, respectively. A summary of these energy
levels is presented in Figs. 6(a) and 7(a) for HF-non-MR
and HF-MR OLEDs, respectively.

Of course, the statistical variation in the intermolecular
distances and orientations implies a Gaussian distribution
of these energies rather than sharp values. Moreover, there
are also intermolecular states from nonnearest-neighbor
sites, as well as intermolecular states formed between any
combination of the host, TADF sensitizer, and terminal
emitter (see Table S2 in the Supplemental Material [32] for
relevant intermolecular state energies). These effects are
explicitly considered in the KMC simulations and, hence,
in the results presented in Figs. 4-7. The values quoted
in our discussion pertain to the mean value of the dis-
tribution from nearest-neighbor sensitizer-terminal emitter
intermolecular states, which is sufficient to grasp the essen-
tial physics of the system and to explain the observed
behavior of the OLEDs.

To investigate the impact of the intermolecular state for-
mation on efficiency loss in hyperfluorescent OLEDs, we
conducted KMC simulations of hypothetical “model” HF-
OLEDs. The configuration of these model devices was
kept identical to that of “pristine” HF-OLEDs (Fig. 1).
However, in these model devices, we disfavored inter-
molecular state formation by having the highest possi-
ble IS-S; offset, which can be obtained when the IP
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and EA values of the terminal emitter and sensitizer
are equal. To achieve this, we shifted both the IP and
EA of the terminal emitter to lower energies, such that
EIP’TEmodel =EIP’TEpristine + ATE and likewise for EA. The
shift was Arrpa =—0.33 eV for TTPA [Fig. 6(b)] and
Agprzey =—0.18 eV for 2PTZBN [Fig. 7(b)]. Although
the IP and EA values of the sensitizer and terminal emitter
are not exactly equal after the shift, the IP and EA offsets
between the sensitizer and terminal emitter are less than
430 meV [see Figs. 6(b) and 7(b)], which is comparable
to the room temperature thermal energy. To maintain con-
sistency in the electronic parameters between the pristine
and model devices, while still ensuring a high IS—S; offset
to suppress IS formation, it was not considered essential to
exactly match the IP and EA values of the sensitizer and

terminal emitter. Doing so would have required indepen-
dently adjusting the IP and EA of the terminal emitters,
which would in turn alter their IP-EA gap. Moreover, we
emphasize that lowering the energy levels further would
result in the formation of the reverse intermolecular states
(type 1I-L), with holes on the sensitizer and electrons on the
terminal emitter. A comparison of the energy levels in pris-
tine and model devices is displayed in Figs. 6(b) and 7(b)
for HF-non-MR and HF-MR OLEDs, respectively. All the
other simulation parameters, as per the simulation results
shown in Figs. 4 and 5, remain unchanged. We note that
the simulations implicitly take into account that, for this
energy level arrangement, the formation of an intermolec-
ular state between the sensitizer and the terminal emitter is
less likely than the occurrence of energy transfer.
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purple for the pristine (solid line), model (dashed line), and IS-promoting (dotted line) HF-MR OLEDs. The IS-S; offset, defined as
the energy difference between the intermolecular state and 2PTZBN singlet energy, is 150 meV for the pristine, 330 meV for the
model, and —150 meV for the IS-promoting HF-MR OLEDs. (b) A schematic illustration of the ionization potential and electron
affinity of 2PTZBN in the pristine, model, and IS-promoting HF-MR OLEDs. (c¢) Simulated EQE-J curves for the pristine (IS-
S, offset =150 meV), model (IS-S; offset =330 meV), and IS-promoting (IS-S; offset=—150 meV) HF-MR OLEDs. (d) Relative
contribution of various excitonic processes to the overall efficiency loss in the model HF-MR OLED.

In Figs. 6 and 7, we compare the simulated EQE-J curve
and the efficiency roll-off between the model devices and
their pristine counterparts. Let us first analyze the HF-non-
MR OLEDs. As shown in Fig. 6(a), the IS-S; offset in
pristine and model HF-non-MR OLED is approximately
100 and 430 meV, respectively, with the latter being the
purposefully designed maximum IS-S; offset. We expect
that model devices will not exhibit any efficiency loss due
to intermolecular state formation and dissociation. There-
fore, it provides a benchmark to test whether the pristine
HF-non-MR OLED with an IS-S; offset of 100 meV is
effective in preventing losses arising from intermolecular
state formation and dissociation. As illustrated in Fig. 6(c),
the peak EQE of the model and the pristine OLEDs are

about 12% and 8%, respectively, reducing to 6% and 4% at
100 mA/cm? due to roll-off. This implies that the pristine,
i.e., the real OLED, obtains only about two-thirds of the
maximum possible efficiency, suggesting that significant
losses may occur due to exciton dissociation into an inter-
molecular state, followed by either its separation into free
charges or its nonradiative decay [63]. This strong effect
may be surprising, yet it is worth recalling that one needs to
consider not only the formation and thermal population of
the intermolecular state 100 meV above the terminal emit-
ter singlet state, but also the fact that the density of state
(DOS) of the intermolecular state is disorder-broadened
into a Gaussian shape with a standard deviation of about
50-100 meV. Hence, in particular, the tail states of the
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DOS of the intermolecular state can be populated easily
and, thus, act as particularly active dissociation sites (type
II-H in Fig. 1).

The relative contributions of various excitonic processes
to the efficiency roll-off observed in the model HF-non-MR
OLED, as depicted in Fig. 6(d), mirror those of the pristine
HF-non-MR OLED in Fig. 5(b). However, model OLEDs
exhibit a reduction in triplet-related quenching processes,
such as TPQ, STA, TTA, and nonradiative triplet decay, as
quantified in Fig. S23 in the Supplemental Material [32],
and thus emission is more likely. We consider that, in the
pristine OLED, charges resulting from exciton dissociation
may recombine again and, as a result, increase the triplet
concentration.

We next consider the impact of the IS-S; offset in pris-
tine and model HF-MR OLEDs. The maximum offset that
can be obtained for our system by minimizing the IP differ-
ence and EA difference is 330 meV [Figs. 7(a) and 7(b)].
This compares against the IS-S; offset of 150 meV in the
pristine system. As illustrated in Fig. 7(c), the model HF-
MR OLED shows only a 1-2% enhancement in peak EQE
compared with the pristine HF-MR OLED, i.e., they are
equivalent within the device performance error, implying
that intermolecular state dissociation does not play a role
in the HF-MR OLED with an IS-S; offset of 150 meV.
This is further confirmed by the negligible difference in the
relative contributions of various excitonic processes to the
efficiency roll-off observed in the pristine and model HF-
MR OLED:s [c.f., Figs. 5(c) versus 7(d), further quantified
in Fig. S23 in the Supplemental Material [32]].

To summarize, if we compare the HF-non-MR OLED
and the HF-MR OLED, we find that in the HF-non-
MR OLED, there is an IS-S; offset of 100 meV that is
insufficient to suppress intermolecular state formation and
population, subsequent dissociation, and recombination to
the triplet state. In contrast, in the HF-MR OLED with an
IS-S; offset of 150 meV, intermolecular state formation
and population, dissociation, and increased triplet forma-
tion are not an issue. The difference between the two
systems is the IS-S; offset of 100 meV against 150 meV,
and the non-MR versus the MR nature of the terminal
emitter. We would expect a slightly larger IS-S; offset in
the HF-MR OLED to perhaps reduce any intermolecular
state-related effects, yet not to eliminate them entirely. We,
therefore, attribute the disappearance of the intermolecular
state-related losses to the important role played by RISC in
the MR emitter. This reasoning is further supported by the
negligible change in the EQE-J curve when the IS-S; off-
set in the HF-MR OLED is reduced from 150 to 100 meV
(Fig. S24 in the Supplemental Material [32]). We argue
as follows. The intermolecular state-related losses in the
HF-non-MR OLED ultimately stem from increased triplet
accumulation on TTPA. Due to the absence of RISC, it
acts as a triplet trap. In the HF-MR OLED with the MR
terminal emitter, even if there is an increased (transient)

formation of triplet states from intermolecular state for-
mation, dissociation, and recombination, such triplets are
converted back into singlets due to their sufficient RISC
rate.

Naturally, the question arises: Is RISC all we need? To
check this, we simulated an IS-promoting device where,
as illustrated in Fig. 7(b), by keeping the electron affinity
of 2PTZBN unaltered while shifting the ionization poten-
tial such that Epp pg!S™Prometing — fp pPrisine 4 030 eV, a
negative IS-S; offset of —150 meV results. As shown in
Fig. 7(c), the IS-promoting HF-MR OLED is only about
70% efficient compared with the pristine HF-MR OLED.
Evidently, if the additional amount of triplet state created
through the intermolecular state formation and dissocia-
tion becomes too large, the RISC rate no longer suffices
to remove them. It then becomes an issue of the rela-
tive rates of additional triplet formation versus conversion
into singlets. Thus, we can conclude that RISC alone
is not sufficient to eliminate the losses associated with
intermolecular state formation and dissociation: a positive
IS-S; offset is required first of all. Having RISC on the
terminal emitter, however, mitigates the losses further.

IV. CONCLUSIONS

In summary, our experiments show that the HF-non-
MR OLED with the non-MR fluorescent terminal emitter
shows lower EQE compared with the reference TADF
OLED. In contrast, the HF-MR OLED employing the MR
terminal emitter achieves comparable peak EQE to the ref-
erence TADF OLED. However, it exhibits slightly higher
roll-off, attributed to slower RISC in the MR emitter rela-
tive to the TADF sensitizer. The KMC simulations identify
triplet-polaron quenching and singlet-triplet annihilation as
primary contributors to this roll-off difference.

Our study of intermolecular state formation and dis-
sociation in HF-OLEDs with type-II heterojunction-like
alignment between the TADF sensitizer and terminal emit-
ter highlights strategies for minimizing losses. We find
that intermolecular state formation results in efficiency
loss. We attribute this loss to the intermolecular state
dissociation, followed by recombination in a statistical
singlet-triplet ratio, ultimately leading to an increased
triplet population on the terminal emitter. This loss chan-
nel can be significantly suppressed if the intermolecular
state energy is at least 150 meV above the singlet energy
of the terminal emitter. This requires a suitable choice of
the relative ionization potential and electron affinity lev-
els of the terminal emitter and TADF sensitizer. When
the intermolecular state energy falls below this thresh-
old, partial suppression persists but it is limited by the
disorder-broadened DOS in the amorphous films. Residual
triplet-related losses, including triplet-polaron quenching,
singlet-triplet annihilation, and triplet nonradiative decay,
can be further mitigated by using terminal emitters with
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RISC, such as MR emitters. Ultimately, it is essential that
the RISC rate of the terminal emitter is higher than the
rate of additional triplet state population resulting from the
formation of any intermolecular state.
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