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Physical parameters, such as decay rates and photoluminescence (PL) quantum efficiencies, associated
with thermally activated delayed fluorescence (TADF) emitters play a critical role in determining the per-
formance of organic light-emitting diodes (OLEDs). Herein, we investigate the impact of TADF decay
rates and PL quantum efficiencies on external quantum efficiency (EQE) roll-off. Our analysis reveals
that a high EQE with suppressed efficiency roll-off in TADF OLEDs can be achieved by shortening
the delayed lifetime with an increasing delayed contribution or by shortening the prompt lifetime with
increasing prompt contribution simultaneously. We further show that TADF compounds with long delayed
and/or prompt lifetimes can give rise to multiple spin cycling and subsequently result in significant exciton
quenching and efficiency roll-off in OLEDs. These results provide universal selection criteria for TADF
emitters in OLEDs to concurrently achieve a high maximum EQE and low-efficiency roll-off.
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I. INTRODUCTION

Organic semiconductors exhibit many novel physical,
electrical, and optical properties, which provide benefits
not typically available in conventional inorganic semicon-
ductors. Some examples include the capacity for large-
area solution processing, mechanical flexibility, and almost
unlimited availability of chemical structures due to the
ease of organic synthesis. As a result, organic light-
emitting diodes (OLEDs) based on organic semiconduc-
tor materials have always attracted widespread interest
in both academia and industry [1–3]. However, one of
the critical challenges in the field of OLED technology
is the reduction of efficiency at high current densities,
commonly known as efficiency roll-off. OLEDs preserv-
ing high efficiency at a high brightness level (typically
>5000 cd m−2) are indispensable for many applications,
such as general illumination, picoprojectors, virtual real-
ity, augmented reality, and biomedical devices [4–6]. Due
to the efficient roll-off in OLEDs, to achieve a high bright-
ness level, often a high current density is required, which
not only increases the power consumption but also reduces
the device lifetime, and therefore, limits the scope for
commercial applications.
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In recent years, OLEDs with thermally activated
delayed fluorescence (TADF) emitters [7–18] have
received considerable attention due to their low man-
ufacturing cost as an alternative to heavy-metal-based
phosphorescent OLEDs. TADF emitters utilize the reverse
intersystem crossing (RISC) process to harvest triplet exci-
tons to achieve a maximum internal quantum efficiency
close to 100% by converting triplets into singlet exci-
tons. However, OLEDs fabricated with TADF emitters
frequently exhibit extensive external quantum efficiency
(EQE) roll-off due to long delayed lifetimes (usually on the
order of 1–100 μs) arising from the RISC process. These
long delayed lifetimes can lead to triplet accumulation
under high current injection conditions in OLEDs, result-
ing in enhanced bimolecular interactions such as exciton-
polaron [19–21] and exciton-exciton annihilations [22,23],
and subsequently EQE roll-off. Improving the RISC rate
via reducing the singlet (S1) and triplet (T1) states energy
gap (�EST) [17,24–27] or enhancing spin-orbit coupling
(SOC) [28–32] are regarded as crucial strategies to sup-
press efficiency roll-off in TADF OLEDs. However, it
would be ideal for widespread practical implementation if
a correlation between the intrinsic photophysical parame-
ters of a TADF emitter [i.e., decay rates and their respec-
tive photoluminescence (PL) quantum efficiencies] and
EQE roll-off could be established.

Herein, various TADF PL decays are generated and
investigated by tuning the exciton decay rates and PL
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quantum efficiencies to understand their impact on EQE
roll-off. Our results reveal that not only the RISC rate
but also the radiative decay rate of singlet excitons and
the relative contribution of prompt and delayed efficien-
cies can significantly influence the TADF emission and
EQE roll-off characteristics in OLEDs. Through compre-
hensive numerical studies on 240 TADF systems, it is
shown that a high peak EQE and a low EQE roll-off in
TADF OLEDs can be achieved primarily via two general
strategies: (1) shortening the delayed lifetime with increas-
ing delayed contribution, or (2) shortening the prompt
lifetime with increasing prompt contribution. We experi-
mentally demonstrate the validity of our theoretical results
from steady-state and time-resolved electroluminescence
(EL) measurements. These results provide the necessary
criteria for the screening of materials and designing bench-
marks for promising TADF emitters for high-efficiency
and low-efficiency roll-off OLEDs.

II. THEORY AND NUMERICAL MODEL

The nature of the TADF process is governed by the PL
quantum efficiencies and decay rate constants, once �EST
is small enough to trigger the upconversion from triplet to
singlet states [7,32–35], as shown in Fig. 1. By assuming
a negligible nonradiative decay rate from the singlet state,
the PL quantum efficiencies and decay rate constants in a
three-level TADF model can be formulated as

φP = τPAP

τPAP + τDAD
φPL, (1)

φD = τDAD

τPAP + τDAD
φPL, (2)

kS = kPφP, (3)

kISC = kPφISC, (4)

kRISC = kD
φRISC

1 − φISC
, (5)

kT = kD − φPkRISC, (6)

where φPL, φP, φD, φISC, and φRISC are the total, prompt,
delayed, intersystem crossing (ISC), and RISC PL quan-
tum efficiencies, respectively; AP and AD are the ampli-
tudes of prompt and delayed components, respectively;
τP and τD are the prompt and delayed lifetimes, respec-
tively; kP = 1/τP and kD = 1/τD represent the prompt and
delayed PL decay rates, respectively; kS, kISC, kRISC, and kT
are the radiative singlet decay rate constant from the singlet
excited state to the ground state, ISC rate constant from
the singlet excited state to the triplet excited state, RISC
rate constant from the triplet excited state to the singlet
excited state, and nonradiative decay rate constant from the
triplet excited state to the ground state, respectively. For
such a TADF compound doped in a host matrix (shown in

Host Guest (TADF)

FIG. 1. Basic energy diagram for a host-guest (TADF as the
guest) system, assuming a three-state process for both host and
guest TADF emitter.

Fig. 1), the time evolution of the exciton densities under
optical pumping can be formulated by the following rate
equations:

dSH

dt
= G − (

kS,H + kISC,H + kS
ET

)
SH , (7)

dTH

dt
= kISC,H SH − (kT,H + kT

ET)TH , (8)

dSG

dt
= kS

ETSH + kRISCTG − (kS + kISC)SG, (9)

dTG

dt
= kT

ETTH + kISCSG − (kRISC + kT)TG, (10)

where G is the exciton-generation rate; SH , TH , SG, and
TG are the singlet and triplet exciton densities of host and
guest, respectively; kS,H , kISC,H , and kT,H are the host radia-
tive singlet decay rate, ISC rate, and nonradiative decay
rate from the triplet excited state, respectively; kS

ET and kT
ET

are the energy-transfer rate from the host singlet excited
state to the guest singlet excited state and the host triplet
excited state to the guest triplet excited state, respectively.

To study the impact of the TADF decay rates and quan-
tum efficiencies in the EQE roll-off process, we generate
various excited-state PL decays for TADF systems by
employing Eqs. (1)–(10). The generated decays are cat-
egorized into six cases with 40 TADF systems in each
case by tuning only the TADF (guest) decay rate constants
(i.e., kS, kISC, kRISC, and kT) and PL quantum efficien-
cies (i.e., φP, φD, φISC, and φRISC). For all generated
TADF decays in this study, φPL is taken as constant and
equal to the experimental PL quantum yield (PLQY) of
about 84% of a model TADF system, 5 wt % 2,4,5,6-
tetra(9H -carbazol-9-yl)isophthalonitrile (4CzIPN) doped
in 1,3-bis(N -carbazolyl)benzene (mCP), as reported previ-
ously [21]. The decay rate constants for the host are either
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taken from the literature [36,37] or calculated from exper-
imental data (see Note 1 and Table S1 within the Supple-
mental Material [38]) and kept constant for all generated
decays. Considering a perfectly charge-balanced OLED
with a uniform distribution of excitons and polarons, the
EQE response can be calculated for each generated decay
as [21,22,33,39],

dP
dt

= J (t)
qd

− γ P2, (11)

dSH

dt
= αP2 − (kS,H + kISC,H + kS

ET)SH , (12)

dTH

dt
= (1 − α)P2 + kISC,H SH − (kT,H + kT

ET)TH , (13)

dSG

dt
= kS

ETSH + kRISCTG − (kS + kISC)SG

− kSPSGP − kSTSGTG + α

2
kTTTG

2, (14)

dTG

dt
= kT

ETTH + kISCSG − (kRISC + kT)TG

− kTPTGP − 1 + α

2
kTTTG

2, (15)

ηmax = [αφP + {α(1 − φP) + (1 − α)}φRISC] ηout,
(16)

η(J ) = ηmax
S(t = ∞, J )

S0
, (17)

where P and J are the polaron and current densi-
ties, respectively; γ = q(μh + μe)/(εrε0) is the Langevin
recombination rate; q is the elementary charge; d is the
width of the recombination zone, which is assumed to be
15 nm in this study [21,40,41]; ε0 and εr are the permittiv-
ity of free space and the relative permittivity, respectively;
α is the singlet generation ratio and is assumed to be 0.25,
in accordance with the spin statistics; μh (μe) is the hole
(electron) mobility of the emissive layer; kSP, kST, kTP, and
kTT refer to the rate constants of singlet-polaron (SPA),
singlet-triplet (STA), triplet-polaron (TPA), and triplet-
triplet annihilation (TTA), respectively; ηout (≈20%) is
the light out-coupling efficiency, ηmax is the theoretical
maximum EQE; and S0 is the singlet density without any
annihilation processes. Previous studies have indicated that
joule heating or heat-induced quenching can induce EQE
roll-off in fluorescent OLEDs [42,43]. In our study, the
impact of joule heating is not considered, as the rate of
heat-induced quenching in TADF materials is not reported
yet. For each generated TADF decay, the EQE response as
a function of current density is calculated by selecting kS,
kISC, kRISC, kT, and ηmax for each generated TADF decay
using Eqs. (11)–(17). All the other parameters are taken as
constants from the literature [40,44,45] and listed in Tables
S1 and S2 within the Supplemental Material [38].

It is important to note that a simple rate-equation model
and constant-exciton annihilation rates are considered to
calculate the EQE response and transient EL for each
generated TADF decay. Therefore, any variations in calcu-
lated EQEs and transient EL response are only due to the
change in the intrinsic TADF decay rates and their quan-
tum efficiencies. However, actual device behaviors and
annihilation rates depend on several factors and can signif-
icantly impact the degree of EQE roll-off and the shape of
transient ELs, as previously reported [46–49]. Our analysis
provides an estimation of EQE roll-off and transient ELs,
where only the variations in the photophysical parameters
associated with the TADF process are considered.

III. RESULTS AND DISCUSSION

A. EQE roll-off characteristics

Figure 2 shows two cases of generated TADF
decay characteristics with 5 wt % 4CzIPN:mCP as the

(a)

(b)

Increasing fCase I

Increasing f

Case II

Decay No. 40

Decay No. 1

Decay No. 40

Decay No. 1

FIG. 2. TADF process and generated TADF decays for Cases
I and II. (a) Case I with increasing prompt efficiency, while φP >

φD. (b) Case II with increasing delayed efficiency, while φD >

φP. Solid arrows represent the change in PL decays due to the
tuning of φP and φD for Case I and Case II, respectively; and
dashed arrows indicate the first and final index of generated PL
decays.
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FIG. 3. EQE roll-off characteristics for Cases I and II. Calculated EQE response and normalized EQE as a function of current
density, theoretical maximum EQE, and estimated J50 for each TADF process for Case I (top row) and Case II (bottom row). Solid
arrows represent the changes due to variations in decay rates.

standard, where each PL decay corresponds to an
individual TADF molecule. In Case I, φP is linearly
increased from 43% to 82% and, consequently, φD is
reduced from 41% to 2%, while all the lifetimes are
kept constant for all decays, as reported previously (τP =
14 ns, τD = 2.9 μs) [21]. Similarly, a reverse process with
increasing φD and decreasing φP is taken into consideration
for Case II. Figure S1 within the Supplemental Material
[38] shows the corresponding decay rates; PL quantum
efficiencies; amplitudes of prompt and delayed compo-
nents; lifetimes; and spin cycling (n̄), which is defined as
the average number of S1 → T1 → S1 cycles [50], respec-
tively, for each decay scheme of Cases I and II. It is
observed for Case I that the increase in φP results in a
decrease in kRISC and an increase in kS. Conversely, in
Case II, the increase in kRISC and the decrease in kS can be
observed due to the gradual increase of φD. The decays in
Cases I and II are used to investigate the impact of prompt
and delayed efficiencies on the EQE roll-off process.

To understand the EQE roll-off behaviors in OLEDs in
both cases, we calculate (1) the EQE response as a func-
tion of current density, (2) the critical current density (J50)

at which the calculated EQE becomes half of its maximum
value, and (3) the theoretical maximum EQE, using Eqs.
(11)–(17) for each TADF process (as shown in Fig. 3).
In Case I, it is noticeable that the EQE roll-off is sup-
pressed, and the corresponding J50 values increase with
increasing φP, although there is a drop in the theoretical
maximum EQEs as the contribution from the delayed com-
ponent is reduced with the gradual reduction of φD and n̄.
This indicates that the decrease in spin cycling can reduce
the EQE roll-off, although the tuning in Case I results in a
reduction of the maximum EQEs in this model. However,
compounds with nearly 100% φPL (i.e., with negligible

nonradiative losses) can suppress this reduction of max-
imum EQEs, as experimentally demonstrated by Kaji et
al. [51] and Kondo et al. [52] previously. Conversely, the
opposite trend is observed for the EQE response of Case II.
A gradual decrease in J50 is observed for Case II, indicat-
ing a high EQE roll-off, although the increase in φD greatly
improves the theoretical maximum EQE. Interestingly, for
Case II, the increase in kRISC results in high EQE roll-off
behaviors, as the delayed fluorescence becomes stronger
with an increase in spin cycling and reduced singlet radia-
tive rate. Combining the EQE roll-off trends in Cases I and
II, it is clear that prompt and delayed efficiencies, or, in
other words, spin cycling, play a critical role in the EQE
roll-off process and an enhancement in kRISC values does
not necessarily reduce EQE roll-off in TADF OLEDs.

The efficiency of TADF emitters also largely depends on
the prompt and delayed lifetimes. To observe the effect of
lifetimes on EQE behaviors, we generate PL decay traces
for Cases III and IV with a gradual change in prompt and
delayed lifetimes, respectively, as shown in Fig. 4, where
the amplitude of prompt and delayed components remains
constant for each decay. In Case III, the prompt lifetime
is decreased from 100 to 2.5 ns, while the delayed life-
time is constant, and in Case IV, the delayed lifetime is
decreased from 16.4 to 0.8 μs, while the prompt lifetime
is constant. Figure S2 within the Supplemental Material
[38] shows the corresponding decay rates, quantum effi-
ciencies, amplitudes, lifetimes, and spin cycling for each
decay of Cases III and IV, respectively. For Case III, a
gradual decrease in the prompt lifetime with a constant
delayed lifetime gives rise to kS and kISC. Additionally,
as the total PL quantum yield is the same for all TADF
decays, an increase in kISC induces a slight increase in
kRISC and a reduction in kT. Similarly, an increase in kISC
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FIG. 4. Generated TADF decays for Cases III and IV. (a) Case
III with decreasing prompt lifetime, while the delayed lifetime
remains the same for each decay. (b) Case IV with decreasing
delayed lifetime, while the prompt lifetime remains the same for
each decay. Solid arrows represent the change in PL decays due
to the tuning of τP and τD for Case III and Case IV, respectively;
and dashed arrows indicate the first and final index of generated
PL decays.

and kRISC can be seen in Case IV with the decrease in the
delayed lifetime. In terms of EQE roll-off characteristics,
both cases show improvement in the EQE roll-off and a
gradual increase in J50 (shown in Fig. 5). Note that, in Case
III, the EQE roll-off is reduces as the prompt-fluorescence
process becomes faster, although the spin-cycling number
is increasing, which is opposite to the Case II conditions.
However, in Case IV, a reduction in the delayed lifetime
increases φP (similar to Case I) and makes the delayed-
fluorescence process faster, which reduces EQE roll-off. In
addition, for Case IV, a slight decrease in the theoretical
maximum EQE is observed, as shortening the delayed life-
time causes a decrease in the contribution from the delayed
component due to an increment in kT.

Finally, we generate Cases V and VI, where we vary
both the lifetime and amplitude of the prompt and delayed
components simultaneously, as shown in Fig. 6, to find
the conditions that can produce a low EQE roll-off while
preserving a high theoretical maximum EQE in TADF
OLEDs. For Case V, τP is reduced from 100 to 2.5 ns,

and AP is increased from 0.94 to 0.99 in such a way
that τP, φP, and φD remain the same for each decay (see
Fig. S3 within the Supplemental Material [38]). Similarly,
the delayed lifetime is reduced, and the amplitude of the
delayed component is increased for Case VI (see Fig. S3
within the Supplemental Material [38]). Consequently, in
Case V, a gradual increase in kS and kISC can be observed,
while kRISC and kT remain the same for all decays. In Case
VI, a gradual increase in kRISC and kT can be observed,
while kS and kISC remain the same for all decays. In both
cases, there is an improvement in EQE roll-off behav-
iors with no drop in the theoretical maximum EQE values
(Fig. 7). These results suggest that EQE roll-off can be sig-
nificantly reduced while preserving high maximum EQEs
in OLEDs by tuning either the prompt or delayed com-
ponents following the approach of either Case V or Case
VI.

Case V highlights maximizing the contribution from the
prompt component, which can be facilitated by a short
prompt lifetime and a high amplitude of the prompt com-
ponent. Organoboron-based 5,9-diphenyl-5,9-diaza-13 b-
boranaphtho [3,2,1-de] anthracene (DABNA)-type TADF
molecules with multiple resonance effects usually exhibit
behavior similar to Case V and are reported to show
a low efficiency roll-off [52–55]. In contrast, Case IV
highlights that maximizing the RISC rate by shortening
the delayed lifetime and increasing the delayed contri-
bution can also be effective at reducing efficiency roll-
off. Recent studies suggest that reducing the energy gap
between charge-transfer (CT) singlet (1CT) and triplet
(3CT) states, and maximizing spin-orbit coupling between
excited states with different spin multiplicities, i.e., nonadi-
abatic vibronic coupling between 1CT and locally excited
triplet (3LE) states, can greatly improve the RISC rate
[32]. Therefore, TADF molecules with near-degenerate
1CT, 3CT, and 3LE (1CT ≈ 3LE ≈ 3CT) states may show
similar behavior to that described for Case VI. Previously,
controlling the thorough-space distance between donor and
acceptor [35] and the inclusion of multiple donor moieties
to form charge-resonance-type hybrid triplet states [56]
have proven to be highly effective strategies to maximize
the RISC rate.

B. Transient electroluminescence

The shape of the transient EL provides critical insights
into the exciton annihilation process and EQE roll-off in
TADF OLEDs. To observe the variation of the EL transient
in different cases considered in this study, we calculate the
singlet densities as a function of time for a 10-μs elec-
trical pulse using Eqs. (11)–(15). The calculated singlet
densities, which can be assumed as representative of the
EL transients, are shown in Fig. 8 for Cases I–VI (all the
parameters used to calculate the transient ELs are summa-
rized in Tables S1 and S2 within the Supplemental Material
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FIG. 5. EQE roll-off characteristics for Cases III and IV. Calculated EQE response and normalized EQE as a function of current
density, theoretical maximum EQE, and estimated J50 for each TADF process for Case III (top row) and Case IV (bottom row). Solid
arrows represent changes due to variations in decay rates.

[38]). For each case, we consider two conditions: (1) with-
out any annihilations when STA, SPA, TTA, and TPA
processes are ignored, by taking the corresponding anni-
hilation rate constants as zero in Eqs. (14) and (15); and
(2) with annihilation when all the annihilation processes
are considered in Eqs. (14) and (15). These two conditions
allow us to observe how annihilation processes modify the
shape of EL transients in six generated cases. Note that all
the EL transients are calculated at a high current density of
100 mA cm–2, as the impact of annihilation is usually more
prominent under high current densities.

For Case I, it is evident from the normalized ELs that,
with a gradual decrease in spin cycling, the EL tran-
sients reach saturation on a shorter timescale and start to
resemble more the ELs of fluorescent materials [57–59].
Interestingly, when φP is equal to the total quantum yield
and φD is zero, it produces a decay similar to a conven-
tional pure fluorescent compound with a lifetime of the
prompt component, as shown in Fig. S4 within the Supple-
mental Material [38]. Conversely, in Case II, the ELs reach
saturation on a longer timescale as the increase in spin
cycling makes the exciton deactivation process slower.
This indicates that TADF processes in Case II are moving
more toward the direction of pure phosphorescence-type
emissions [60–62] with microsecond lifetimes. In addi-
tion, due to the higher relative contribution of triplets,
the absolute singlet density or EL intensity is gradually
increasing for Case II, and the opposite can be seen for
Case I. This also supports the change in the theoretical
maximum EQE under steady-state conditions for Cases I
and II. Furthermore, comparing normalized EL transients
with and without annihilation in Case II, it is observed that
TADFs with higher φD reach saturation much faster under
annihilation conditions. Note that annihilation processes

can significantly modify the EL transient shape in such
a way that it can reach saturation faster [58,63,64]. Since
triplet-based annihilation processes are the dominant loss
mechanisms for Case II, this leads to EL transients reach-
ing early saturation with higher φD under annihilation
conditions.

In Case III, the increase in kS, kISC, and kRISC and the
decrease in kT induce a high triplet contribution. Since
the exciton relaxing via the triplet-to-singlet upconver-
sion channel takes a longer time than the direct relaxation
from the singlet state, the transient ELs reach saturation
slower with a decrease of the prompt lifetime. How-
ever, the impact of annihilation is more significant on
TADF processes with longer prompt lifetimes. This can be
seen by comparing EL transients with and without anni-
hilation conditions. In Case IV, the decrease in delayed
lifetime greatly impacts on the transient ELs reaching sat-
uration faster. Although a decrease in singlet density can
be observed due to an increase in kT, the impact of anni-
hilation in TADFs with longer delayed lifetimes is higher,
as their EL intensities shift to saturation faster under anni-
hilation conditions compared to those without annihilation
conditions.

For Case V, the prompt lifetimes and amplitudes in
each decay are tuned in such a way that the prompt and
delayed contributions remain the same for each TADF
process. As a consequence, the change among EL tran-
sients without annihilation is minimal compared to all the
other cases. Additionally, TADF processes with longer
prompt lifetimes and lower prompt amplitudes contribute
more to annihilation processes, which lead to faster sat-
uration. Similar to Case V, the prompt and delayed effi-
ciencies remain the same in Case VI, although TADF pro-
cesses with shorter delayed lifetimes and higher delayed
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FIG. 6. Generated TADF decays for Cases V and VI. (a) Case
V with decreasing prompt lifetime and increasing prompt ampli-
tude. (b) Case VI with decreasing delayed lifetime and increasing
delayed amplitude. Solid arrows represent the change in PL
decays due to the tuning of τP and AP for Case V; and τD and
AD for Case VI. Dashed arrows indicate the first and final index
of generated PL decays.

amplitudes contribute to the faster rise in EL transients for
Case VI. This indicates that the gradual change in transient
EL shapes can be attributed to the faster TADF process due
to tuning in the Case VI rather than due to annihilation pro-
cesses. Furthermore, a gradual increase in singlet densities
can be seen both with and without annihilation, as there is
no decrease in the contribution from triplet states, unlike in
Case IV.

C. Experimental implementation

The results in previous sections emphasize that EQE
roll-off depends on different photophysical parameters not
only on ISC and RISC rates. Here, we select two TADF
materials, 4CzIPN and 2,4,6-tri[4-(10H -phenoxazin-10H -
yl)phenyl]-1,3,5-triazineto (tri-PXZ-TRZ) [65,66], to
study their PL and EL properties. Figures 9(a) and S5
within the Supplemental Material [38] show the photo-
physical properties of TADF blend films in mCP host
with 5 wt % TADF dopant. The calculated decay rate
constants and PL quantum efficiencies from photophysical

measurements are listed in Table I. Note that their
photophysical properties resemble the Case IV condi-
tions closely, as the delayed lifetime of tri-PXZ-TRZ
is shorter than that of 4CzIPN. To study the EL prop-
erties, OLEDs are fabricated by employing the same
TADF blends as the emissive layer using the following
device structure: indium tin oxide (ITO, 100 nm)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS, ∼40 nm)/mCP:5 wt % TADF(∼30 nm)/3,3′,5,5′-
tetra[(m-pyridyl)phen-3-yl]biphenyl (BP4mPY, 60 nm)/
LiF(1 nm)/Al(100 nm), in which ITO, PEDOT:PSS,
BP4mPY, and LiF/Al are used as anode, hole-transport
layer, electron-transport layer, and cathode, respectively
(see Fig. S6 within the Supplemental Material [38]). The
device structures of the OLEDs for both compounds are the
same (e.g., the thickness of all layers), which allows us to
study device properties under almost identical conditions.
To investigate the EQE roll-off in the OLEDs, we measure
the current-density–voltage–luminance (see Fig. S7 within
the Supplemental Material [38]) and EQE–current-density
properties [Fig. 9(b)]. A detailed comparison of the device
properties is summarized in Table S3 within the Supple-
mental Material [38]. From the EQE–current-density plots,
it is notable that devices with tri-PXZ-TRZ show lower
EQE roll-off with significantly higher experimental J50 val-
ues compared to those of 4CzIPN-based devices. This is in
line with the EQE response of Case IV, as discussed in ear-
lier sections. Interestingly, the rates of ISC and RISC are
comparable for both compounds, although the nonradiative
kT is almost 1 order of magnitude higher for tri-PXZ-
TRZ (see Table I). As a consequence, φD and n̄ are lower
for tri-PXZ-TRZ compared to 4CzIPN, which suggests
suppression of the EQE roll-off in tri-PXZ-TRZ-based
OLEDs, which is evident from Case IV. The experimental
peak EQE (see Table S3 within the Supplemental Material
[38]) is higher for 4CzIPN-based devices compared to that
of tri-PXZ-TRZ-based devices, as the total quantum yield
and calculated theoretical maximum EQE are higher in the
case of 4CzIPN. To further understand the EQE roll-off
process in both compounds, we estimate EQE responses
using the decay rates from Table I and annihilation rates
from Table S2 within the Supplemental Material [38], as
shown in Fig. S8 within the Supplemental Material [38]. A
low efficiency roll-off is observed for tri-PXZ-TRZ similar
to the experimental EQE responses. It is important to note
that the prompt lifetime of tri-PXZ-TRZ is slightly longer
than that of 4CzIPN, although this variance is not high
enough to cause an effect similar to that of Case III. Nev-
ertheless, these results highlight that two compounds with
comparable ISC and RISC rates can show different degrees
of EQE roll-off, depending on the relative contributions
from prompt and delayed fluorescence.

Experimental transient EL responses from the OLEDs
are obtained by applying a 10-μs voltage pulse. Figure
9(c) shows the EL transient and corresponding EL decay
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FIG. 7. EQE roll-off characteristics for Cases V and VI. Calculated EQE response and normalized EQE as a function of current
density, theoretical maximum EQE, and J50 for each TADF process for Case V (top row) and Case VI (bottom row). Solid arrows
represent changes due to variations in decay rates.

collected at a high current density of about 1 A cm–2.
The EL transient from tri-PXZ-TRZ reaches saturation
on a shorter timescale than that of 4CzIPN. This trend is
expected, as the delayed-fluorescence process is faster for
tri-PXZ-TRZ and observed in the calculated EL responses
in Case IV (Fig. 8). Moreover, the EL transient of tri-PXZ-
TRZ shows less change when compared to the theoretical
EL response [calculated from the parameters in Table I
using Eqs. (11)–(15), without considering any annihila-
tion processes], which supports the suppressed efficiency
roll-off in tri-PXZ-TRZ-based OLEDs under steady-state
conditions (see Fig. S9 within the Supplemental Mate-
rial [38]). A shorter-lived EL decay is also observed for
tri-PXZ-TRZ, which can be predicted from the theoreti-
cally calculated EL decays, as shown in Fig. 8 for Case
IV. It is important to mention that there might be a pos-
sibility that different annihilation rate constants, electron
and hole mobilities in the emissive layer, and energy-level
alignment of the emitters in tri-PXZ-TRZ- and 4CzIPN-
based OLEDs can produce minor differences in steady-
state and transient EL properties between them [67–71].
However, we believe that the impact of these operations is
insignificant compared to the intrinsic TADF properties of
dopants.

To further validate our studies with experimental
results, we analyze a series of carbazole-benzonitrile
(CzBN) derivatives reported by Hosokai et al. [72]

previously. The photophysical parameters for 5CzBN,
4CzBN, p-3CzBN, o-3CzBN, and m-3CzBN doped in 2,8-
bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT) host
are shown in Fig. S10 and listed in Table S4 within the
Supplemental Material [38]. Figure S11 within the Supple-
mental Material [38] shows the EQE–current-density plots
and experimental J50 values for each compound (details
on the device structure and fabrication can be found in
the original paper [72]). Although a weak delayed fluo-
rescence from p-3CzBN in solution is reported, all three
3CzBN molecules show a negligible contribution from the
delayed fluorescence (φD ≈ 0) in doped films, which is
evident from Fig. S10(b) within the Supplemental Material
[38]. Nonetheless, the J50 values for p-3CzBN, o-3CzBN,
and p-3CzBN are lower than those of 5CzBN and 4CzBN,
indicating a low EQE roll-off in them. These experimen-
tal behaviors can be understood from Case I, where a
significant reduction of φD results in a reduction of effi-
ciency roll-off. In addition, marginally lower peak EQEs
(<5%) are observed for all three 3CzBN compounds, as
predicted for Case I. It is also important to point out that
there is a rapid drop in efficiency for o-3CzBN and m-
3CzBN, exceeding current densities of 50 and 60 mA cm–2,
which might be due to the breakdown of the respective
OLEDs. Interestingly, a comparison of 5CzBN and 4CzBN
does not follow Case I, as 5CzBN demonstrates relatively
lower efficiency roll-off, although it has higher φD and n̄

TABLE I. Summary of decay rate constants and PL quantum efficiencies for mCP:4CzIPN and mCP:tri-PXZ-TRZ blend films.

kS kISC kRISC kT φPL φP φD φISC φRISC n̄
TADF emitter (s−1) × 107 (s−1) × 107 (s−1) × 105 (s−1) × 104 (%) (%) (%) (%) (%)

4CzIPN 3.0 4.1 5.9 9.5 84 41.9 42.1 58.1 72.5 1.00
tri-PXZ-TRZ 2.4 2.3 6.3 53 70 51.7 18.3 48.3 37.9 0.35
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FIG. 8. Transient EL response. Calculated absolute singlet densities and corresponding normalized singlet densities as a function
of time with and without annihilation conditions for Cases I–VI. Each row represents a case generated in this study. EL transients
are calculated at a current density of 100 mA cm–2. Note that the singlet exciton density in these figures is representative of the EL
intensity. Solid arrows represent changes due to variations in decay rates and dashed-dotted lines represent the excitation pulse shape.

values compared to 4CzBN. The reason behind this lower
EQE roll-off is primarily due to the shorter delayed life-
time in 5CzBN, which induces a fast RISC rate (an order
higher than that of 4CzBN). This is attributed to less
exciton quenching and lower efficiency roll-off, as

predicted for Case IV. Additionally, we analyze another
TADF system, named 4PhCz2BN, reported by Mamada
et al. [73]. The photophysical parameters for 50 wt %
4PhCz2BN doped in 3,3′′-di(9H -carbazol-9-yl)-1,
1′′-biphenyl (mCBP) and neat films are listed in Table S5,
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(a) (b) (c)

FIG. 9. Experimental analysis of (a) PL decay curves of 4CzIPN (τP = 14 ns, τD = 2.9 μs) and tri-PXZ-TRZ (τP = 21 ns, τD =
1.2 μs) doped in mCP host matrix. (b) EQE−current-density plot; inset, experimental J50 values. Low EQE roll-off behavior is
observed for tri-PXZ-TRZ-based OLEDs. This EQE roll-off behavior can be explained from Case IV. (c) Normalized transient EL
response.

and the corresponding EQE–current-density plots are
shown in Fig. S12 within the Supplemental Material [38].
From Table S5 within the Supplemental Material [38], it
can be seen that the conditions of both Case III and Case
IV can be applied for the 50 wt % TADF blend, as both kS
and kRISC are higher than those of the neat films. Therefore,
a significant reduction in efficiency roll-off for 50 wt %
doped OLEDs is observed compared to the neat devices.

IV. DISCUSSION

We investigate the role of the intrinsic photophysical
parameters associated with exciton decay rates of TADF
emitters, i.e., kS, kISC, kRISC, and kT, and quantum effi-
ciencies, i.e., φP, φD, φISC, and φRISC, in optically excited
decays, EQE roll-off, and transient ELs by considering a
total of 240 TADF systems in six categories. Our results
suggest a reduction in EQE roll-off while preserving a
high maximum EQE is quite challenging due to the com-
plex interplay between different deactivation channels in
TADF. A high RISC rate may not necessarily reduce EQE
roll-off if the contribution from the delayed component is
high, with a long delayed lifetime or long prompt lifetime
that gives rise to spin cycling. Both steady-state and tran-
sient EL studies indicate that one of the possible ways to
reduce EQE roll-off and maintain a high maximum EQE
is to improve the RISC rate by shortening the delayed
lifetime and increasing the delayed contribution simul-
taneously. Besides the delayed component, the prompt
component can also play a significant role in EQE roll-off
behaviors, as shortening the prompt lifetime and increas-
ing the prompt contribution can reduce EQE roll-off. In
addition, TADF compounds exhibiting a short prompt
lifetime and a long prompt contribution can also be

selected as the host to enhance the performance of TADF-
assisted fluorescence OLEDs, also commonly known as
hyperfluorescence (HF) OLEDs [66,74–76]. It is worth
noting that either shortening the prompt lifetime or increas-
ing the prompt contribution, or both, can result in an
increase in kS, which can amplify the Förster energy-
transfer rate from the assisting TADF host to the fluores-
cent dopant in HF OLEDs.
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APPENDIX: EXPERIMENTAL METHODS

1. Photophysical measurements

UV-visible absorption and PL spectra of blend films
are measured on quartz substrates using a Cary-5000
UV-Vis spectrophotometer and FS5 spectrofluorometer
(Edinburgh Instruments), respectively. Time-correlated
single-photon-counting measurements are performed with
a Jobin-Yvon Fluorolog-3, by exciting the samples at an
excitation wavelength of 372 nm generated by a pulsed
LED and an instrument response of about 1 ns. The
thin-film PL quantum yields are measured in a calibrated
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integrating sphere under continuous nitrogen flow with
a He-Cd laser as the excitation source (excitation wave-
length = 325 nm).

2. OLED fabrication and characterization

The OLEDs are fabricated by using glass substrates with
a 100-nm-thick prepatterned ITO layer purchased from
Xinyan Technology Ltd. The substrates are cleaned by
ultrasonication in Alconox solution, deionized water, ace-
tone, and 2-propanol for 10 min in each solvent. Then
the substrates are treated with UV-ozone for 30 min.
Next, PEDOT:PSS (Ossila AI 4083) is then spin-coated
at 4000 rpm (1 min) onto the substrates and annealed at
150 °C for 20 min. For emissive-layer deposition, solutions
of the host and TADF emitters are prepared separately
in chloroform and mixed to produce the blend solution
with a concentration of 5 mg ml−1. This mixed solution
is spin-coated onto the PEDOT:PSS layer at 1500 rpm
for 1 min under the N2 atmosphere. The thickness of the
spin-coated layers is determined by using a Dektak 150
profilometer. Finally, BP4mPy, LiF, and Al are deposited
via thermal evaporation under vacuum (∼10−7 mbar). All
the steady-state current-density–voltage–luminance char-
acteristics of the OLEDs are measured using Keithley 2400
source meters, a calibrated photomultiplier tube (PMT,
Hamamatsu H10721-20), and a luminance meter (Konica
Minolta LS100). The EQE is calculated (assuming Lam-
bertian emission) using the brightness, current density,
and emission spectrum of the device [77]. The transient
EL responses are obtained by using a PMT (Hamamatsu
H10721-20) connected to a digital oscilloscope (Teledyne
LeRoy, 2 GHz). An AVTECH pulse generator (AVX1011-
B1-B) with a short rise and fall time of <5 ns is used
as the electrical excitation source for the transient EL
measurements.
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