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ABSTRACT: Materials with thermally activated delayed fluorescence (TADF) realized TSP: Keper >> ks, nid STATTA L J, 1

100% internal quantum efficiency (IQE) but suffered significant efficiency roll-off. Here, T S

an exciton dynamics study reveals that materials with TADF may play opposite roles in \% _’\ FRET\=w %\Ml
affecting the efficiency roll-off: decreasing the triplet density due to the fast reverse Guest , kisc
intersystem crossing, on the one hand, and increasing the triplet density due to the /Sos (‘ /Sy

weakened singlet radiation. We show theoretically and experimentally that TADEF-

sensitized phosphorescence can break this trade-off by exploiting the efficient Forster 1] —+—TADF
energy transfer and simultaneously achieve 100% IQE and low efficiency roll-off (with a : j % —*—TSP
1/2 <

critical current density of 460 mA cm™2).
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he progress of organic light-emitting diodes (OLEDs) has

stimulated interest for their high-brightness applications
in, for instance, organic lighting,1 picoprojectors,2 and electri-
cally pumped organic lasers.> For high-brightness applications,
devices that can realize high efficiency at high brightness are
desired. However, the efficiency of OLEDs decreases
significantly with increasing current density (j) or brightness
(a well-known phenomenon called efficiency roll-off*).
Efficiency roll-off can be quantified by the critical current
density (J;,), the current density at which the quantum
efficiency drops to half of its maximum value.* While ideal
OLEDs for high-brightness applications require both high
quantum efficiency and ]/, these two merits are hard to
achieve simultaneously in traditional strategies for OLEDs.

For phosphorescent (PH) devices, although an internal
quantum efficiency (IQE) close to unity has been achieved by
taking advantage of the spin—orbit coupling in metal—organic
complexes,®” the efficiency roll-off is always very strong mostly
owing to strong triplet—triplet annihilation (TTA) induced by
the intrinsically high triplet density.*” Fluorescent (FL) devices
instead show higher critical current densities owing to the
relatively low quenching rates of singlets.'® However, their IQE
values are typically lower than 25% because of the spin statistics
limit under electrical driving conditions.""

A possible way to bring high IQE and ], , together is to break
the spin statistics limit of fluorescence. The efforts include TTA
delayed fluorescence and thermally activated delayed fluo-
rescence (TADF). In TTA delayed fluorescence, the triplets
positively contribute to the fluorescence through TTA at low j,
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while decreasing the efficiency at higher j through singlet—
triplet annihilation (STA) ."> As a result, J; /s, comparable to that
of the FL devices has been achieved. However, the upper limit
of the triplet harvesting efficiency through the multiple TTA
process is 37.5%'> or 62.5%."> The recent breakthrough in
TADF OLEDs has realized FL yields close to unity by
converting the nonradiative triplets to radiative singlets through
thermally activated reverse intersystem crossing (RISC).'*'
Unfortunately, the efficiency roll-oft is often found to be serious
(Table S1 in the Supporting Information, SI). While the long
lifetime of the delayed singlet lifetime is often to blame,'® the
mechanism of their efficiency roll-off remains elusive. Recently,
we used 2-phenyl-4,6-bis(12-phenylindolo[2,3-a]carbazol-11-
yl)-1,3,5-triazine (PBICT) as the host for tris(2-phenyl-
pyridine)iridium [Ir(ppy);] to fabricate host—guest PH
OLEDs."” High efficiency and low efficiency roll-off were
noticed. However, the mechanism of their efficiency roll-off was
not thoroughly discussed.

Here, an exciton dynamics study reveals that STA and TTA
are the main origins for efficiency roll-off in TADF OLEDs. To
suppress STA and TTA by lowering the triplet density, both
small singlet—triplet splitting (AEgr) and large singlet radiative
rate (k,) are indispensable. However, small AEgy is intrinsically
accompanied by small k. We demonstrate that the strategy of
TADF-sensitized phosphorescence (TSP) can break this trade-
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off by utilizing the more efficient Forster resonance energy
transfer (FRET) rather than singlet radiation.

To investigate the effect of thermally activated RISC on the
efficiency roll-off, exciton processes containing exciton
generation, ISC, RISC, TTA, STA, singlet—singlet annihilation
(SSA), and exciton polaron annihilation (SPA or TPA) are
considered (Figure 1). To analyze the TSP process, FRET
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Figure 1. Exciton dynamics in a TADF host and an efficient PH guest.
Red and blue full circles respectively represent the singlets and triplets.
Open circles represent the ground states.

between the emission of the host and the PH guest is also
introduced. The exciton generation process is described by'®

dnp j 2

— == —In

dt ew L (1)
where np is the polaron density, j the current density, e the
elementary charge, w the charge recombination layer thickness,
and k; the Langevin recombination rate constant.'” We assume
a balanced hole mobility (1;,) and electron mobility (p,) with a
charge recombination factor of 1. The TTA process follows one
of two pathways:

a
k —T + S
T+4-5xy

a
=S, + S, (2)

where kpp is the TTA rate constant. Here we assume a to be
25%.* Thus, this process would lead to a singlet generation rate
constant of '/gkrr and a triplet attenuation rate constant of
3/¢krr. We note that a may be larger than 25% in some FL
systems.12 The SSA, STA, SPA, and TPA processes are
described by'*>*%*!

kSS
S;+S5 =85 +S, 3)
kST
SS+ T — S, + T, (4)
kgp/ k
S/T, + P == S, + P* ()

where kg, ker, kgp, and kpp are the SSA, STA, SPA, and TPA
rate constants, respectively. Thus, the exciton dynamics can be
described as

dng 1 2 1 2
— = —kinp” — —keants” — (kjoe + ko + kepnr + kopn
a 4 5 Csshs (kysc S sthT spp)

1 2
ng + kyscnr + ngTnT

(6)

dny 3 2 _ 5 2

— = —kymp” — —kppnp” — (kpge + kg + kpphp)n

at 4 g TT'T (krusc + kr + krpnp)ny
+ kigeng (7)

where ng is the singlet density, ny the triplet density, kg the
singlet radiative rate constant, ky triplet radiative rate constant,
kigc the ISC rate constant, and kggc and the RISC rate
constant. When egs 1, 6, and 7 are solved under steady state,
the IQE of FL can be described as

IQE = kgng/(j/ew) (8)

The parameters used in the calculations (Table 1) refer to
the typical values in the literature. k; is calculated by e(u;, +

Table 1. Parameters Used in the Calculations

parameter value ref
w/nm 20
ky/em™ s7! 4.5 x 107!
kg/s™! 0.9 x 108 22
kyse/s™! 1x10°¢ 22
ker/cm ™3 57! 1.9 x 107104 21
kgp/cm ™3 s7! 3x 1071 21
kgg/cm™3 57! 6x1071e 22
kp/s™! 8 x 10°% 23
kpp/em™3 571 5.6 x10783°P 23
kpp/cm™3 71 3% 10728/ 5 x 1071%¢ 23 and 24

“Values of tris(8-hydroxyquinoline )aluminum. “Values of Ir(ppy)s.
“Value of 4,5-bis(9H-carbazol-9-yl)phthalonitrile, a typical TADF
material.

w.)/ (e.£0)," assuming pp, = g = 1 X 107" em® V7! 7% kpygc s
described as kisc exp(—AEgy/kT),*® where k is the Boltzmann
constant. For TADF or FL materials, kpp is on the order of
1075 cm™ s7',** while for PH materials, kpy is controlled by
Dexter transfer and has a larger value on the order of 107'*
em 3 LY

IQE and exciton density as a function of j for the FL, PH,
TTA-FL, and TADF devices are calculated and depicted in
Figure 2. The theoretical maximum IQE values for the FL, PH,
and TTA devices are respectively 25%, 100%, and 40%,
respectively. Both ng and ny increase almost linearly with j at
low j but sublinearly with j at high j, showing the nature of roll-
off. For the FL and TTA-FL devices, ISC merely leads to an
efficiency reduction of a constant proportion and has a
negligible effect on the efficiency roll-off. STA contributes to
most of the efficiency roll-off at the operating j region. For the
PH device, TTA is the main cause for efficiency loss at the
operating j region. The TADF device with a AEg; of 0.1 eV
(Figure 2d) shows a maximum IQE of 98%, which is
comparable to that of the PH device, and a ], , value of 0.08
A cm™2, which is much larger than that of the PH device. The
increased fluorescent efficiency can be ascribed to the
upconversion of triplets through RISC, and the increased J;/,
can be ascribed to the sharply decreased STA at the operating j
region. Besides, the roll-oft of the triplet density induced by
TTA is converted to the roll-off of the delayed fluorescence
through RISC.

To quantify the contribution of each exciton dynamics
process to the efficiency roll-off, we introduce the concept of
fractional efficiency (FE), which is the ratio of the rate of one
process to the fluorescent radiative rate. FE of STA is described
as
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Figure 2. Simulated IQE (black edges), exciton density, and polaron density plotted with the current density (j) for the FL (a), PH (b) TTA-FL (c),
and TADF (d) OLEDs. The contributions of the exciton dynamics processes on the efficiency loss are labeled in red font. The gray dashes refer the
densities under no efficient roll-off, and the red dashes designate J, ,. In the TADF situation (d), all processes are considered with a AEg value of 0.1
eV. In the FL situation (a), we assume no TTA fluorescent and RISC. In the PH situation (b), we assume no RISC and an ultraefficient ISC process
so the singlet density is close to 0 under steady state. In the TTA-FL situation (c), no RISC is taken into account. k. for the simulations in parts a, c,

and d is set to 1 X 10° s7%,
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Figure 3. (a) IQE versus j at various AEgy and (b) exciton densities versus j at various AEgy. kg used in parts a and b is 1 X 10% s7'. AEgy = 20kT
refers to the traditional FL device. (c) IQE versus j at various ks and (d) exciton densities versus j at various k. AEgy used in parts c and d is 0.1 eV.

Black circles designate J;/,. Red dashes refer to the density o;j.

FEgra(j) = kgrng(j) n(j)/kng(j) = kernr(j)/ks (10)

Equation 10 suggests that the contribution of STA to the
efficiency loss is proportional ton(j). The increasing n(j) with
j is the origin of efficiency roll-off caused by STA. Similarly,
FEgp, and FEgg, are respectively proportional tony(j) and ng(j).
However, SSA (or SPA) is always nonessential because of the
much smaller ng (or np) than ny. For ISC and RISC, FE can be
described as

FE5c(j) = kiscns(j)/ksns(j) = ksc/ks

FEpisc(j) = kriscnr(j)/kshs(j)

(11)
(12)

15156

Equation 11 indicates that the contribution of ISC to IQE loss
is a constant; that is why ISC has no influence on the efficiency
roll-off. Equation 12 suggests that the contribution of RISC to
the efficiency roll-off of the TADF device is from ny to ng. The
roll-off of ny is mainly caused by TTA. From Figure 2d, we see
that when j > 0.1 A cm™2, TTA, instead of STA, becomes the
main cause of the efficiency roll-off.

Consistent with the analysis by Murawski et al,* it is found
that STA is the dominant process for the fluorescent efficiency
roll-off. When RISC is introduced, the influence of TTA also
becomes significant. Both intensities of the two processes
depend highly positively on the triplet density. Thus, the larger
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Figure 4. (a) Energy level diagram of the emitting layer. (b) Experimental kgpgr of PBICT/Ir(ppy); films and the simulated ]/, of the OLEDs at
various Ir(ppy); concentrations. (c) Experimental and simulated EQE—j curves of the PBICT/Ir(ppy); devices. (d) Exciton densities versus j for the
PBICT/Ir(ppy); (S wt %) device. (e) Ratio between the TTA rate and triplet radiative rate versus j for PBICT/Ir(ppy); devices with various x. (f)
Experimental and simulated EQE—j curves of the PBICT/Ir(ppy); (0.5 wt %) and DIC-TRZ/Ir(ppy); (0.5 wt %) devices.

J1/2 of the TADF device than those of the FL, PH, and TTA-FL
devices (Figure 2) can be ascribed to its much smaller triplet
density than those of the other three devices (Figure S2 in the
SI). According to eq 12, the coefficients that directly affecting
the contribution of RISC to TADF’s efficiency roll-off are kg
and kg, so their influences on the efficiency roll-off are studied
in detail.

The influence of kysc is investigated by varying AEgr in the
simulation. Both IQE and ], increase as AEgy decreases
(Figure 3a). For the limiting case (AEgy = 0kT), IQE of 1 and
J12 of 6 A cm™ are achieved. At AEg; larger than 6kT (0.15 eV
at 298 K), J; /, values are smaller than that of the traditional FL
device (for which we suppose a AEgy of 20kT). Because the
singlets of the TADF device are comprised of those from
prompt fluorescence and RISC, the larger efficiency roll-off of
TADF than that from prompt fluorescence at large AEgy
should originate from the roll-off of nr. According to Figure
3b, when AEgy > 4kT, the decrease of ny through RISC is not
significant, while ng increases by orders through this process. As
a result, the significant roll-off of ny greatly increases the
efficiency roll-off of the TADF device. However, as AEgy
decreases to small values, np decreases by orders of magnitude
due to the efficient RISC, leading to decreased TTA and STA.
The J,, values of the reported TADF devices (Figure S1 in the
SI) also show negative correlation with AEqr.

IQE as a function of j at various kg is depicted in Figure 3c. It
shows clearly that increasing ks can greatly decrease the
efficiency roll-off. Ceteris paribus, as kg increases from 1 X 10°
to 1 X 10" s7', ], increases from 0.2 to 4 A cm™> The
decrease of the efliciency roll-off can also be ascribed to the
decreased np, as shown in Figure 3d. For a constant AEgr,
increasing kg will increase the radiative efficiency (¢bs) and
decrease the ISC efficiency (¢sc), thus decreasing ny in the
multiple ISC—RISC circulations.

To take advantage of the small efficiency roll-off of the
TADF device, both small AEg; and large kg are requested.
Simulation at the limit situation (with AEg; = 0.01 eV and kg =
1 X 10° s7') even indicates J/, of 40 A cm™* (Figure S3 in the
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SI). However, a small AEg; is attainable in molecules
containing spatially separated donor and acceptor moieties,
which would inevitably lead to low kg according to Fermi’s
golden rule.”® Thus, OLEDs using TADF emitters with small
AEgr always suffer serious efficiency roll-off owing to the
emitters’ small kg.

Recently, OLEDs using TADF materials as sensitizing hosts
have shown high external quantum efficiency (EQE).””*®
These devices have the advantage of optimizing AEgy of the
host and kg of the emitter separately. Here, we demonstrate
theoretically that TSP can be feasible to achieve small efficiency
roll-off by exploiting the much larger FRET rate constant
(kgrgr) rather than kg. According to the FRET theory, kgpgpr
can be described as*

keper = kSRF6/rh—g6 (13)
where Ry is the Forster radius of the host—guest pair, r;,_ is the
distance between the donor and acceptor molecules. Rp® is
proportional to the overlap integral of the host’s emission
spectral and guest’s absorption spectral. For materials with
small AEgr, while kg is limited by Fermi’s golden rule, kpppp can
be much larger than kg by introducing guests with large Rz and
efficient PH radiation. To confirm this conception, the
efficiency roll-off of the PBICT/Ir(ppy); (x wt %) OLEDs is
discussed in detail (see the SI for the device structure).

The photophysical properties of PBICT have been
investigated recently. PBICT has AEgr of 0.1 eV (Figure 4a)
and balanced hole/electron mobility around 1 X 107* cm? V™!
s™L."7 Its emission spectral well overlaps the triplet metal-to-
ligand charge transfer absorption of Ir(ppy)s'’ enabling
efficient singlet—triplet FRET. The FRET rates of PBICT/
Ir(ppy); films are derived by comparing the singlet lifetime (z;)
to that of the pure PBICT film (Table S2 in the SI). Figure 4b
shows that kgpgy increases with increasing concentration (x wt
%) of Ir(ppy); and is much larger than kg of PBICT even at
small x. The reason is that r,,_, decreases with increasing guest
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concentration and becomes smaller than R; when x > 0.2
(krer > ks)-

EQE simulations of the OLEDs are also carried out for a
quantitative analysis. Upon the introduction of FRET, the
dynamics of ng in the host is adjusted to

(14)

where 1/7g = kgppr + ks + kige- ks, kst) kgp, and kpr used are
from Table 1. w is 30 nm according to the device structure. The
triplet dynamics in the Ir(ppy); emitter can be described as

dnp,

dt

5 2
= Kepprts — kT,g"T,g - ngT,gnT,g - kTP”T,g"P
(18)

where the subscript g represents the parameters of the Ir(ppy);
guest, of which the rate constants are adapted from Table 1.
The values of kpgpr and 7, are from Table S2 in the SI. The
nonradiative decay of Ir(ppy); is neglected owing to its high PL
efficiency of 0.97.>° EQE through the emission of Ir(ppy); is
described as oy ghrg/(j/ew), where 11, is the out-coupling
efficiency, which is set to 25%.

Simulations of the EQE—;j curves of the PBICT/Ir(ppy);
OLEDs are shown in Figure 4c. The simulation results well fit
with the experimental ones. As kpgpr increases (from 3 X 107 to
2.5 X 10° s7') with increasing x (from 0.5 toS), the maximum
EQE increases from 17.5% to 23.1% and the efficiency roll-off
becomes smaller. The experimental results indicate that
increasing kpppr has an effect on the device efficiency similar
to that for increasing ks. At x > S, the roll-off is no longer
improved (Figure SS in the SI) because ¢hpggy is saturated and
ny decreases very slowly when kg is large (Figure 3d).

We note that the low concentration of Ir(ppy); may lead to a
Forster-type TTA with krrg of about 1 X 1075 em™ s71° so0
the guest—guest TTA (with kpp of 3 X 1072 cm™ s7") is not
underestimated, even though the TTA quenching rates for
Ir(ppy); are much lower (<6.2%, Figure 4e) than the triplet
radiative rates owing to the relatively low triplet density, leading
to a similar efficiency roll-off of Ir(ppy);’s emission (nT,g)
compared to that of the singlets in the PBICT host (ng; Figure
4d). These results indicate that the efficiency loss in an efficient
PH emitter of TSP OLEDs is very small. Thus, TSP can serve
as a promise mechanism to realize the limiting J,,, of 40 A
cm™> ]}, extrapolated from the simulation curves (Figure 4b)
also increase with increasing kpppr. All of these results well
support our theory of suppressing the efficiency roll-off by
using TSP. A maximum J; , of 460 mA cm ™ is obtained at § wt
% Ir(ppy)s. To the best of our knowledge, this J;, is much
larger than that of the reported TADF devices (Figure S1 in the
SI). At EQE of 23.1%, Jegy is larger than those of the reported
OLEDs (Figure S6 in the SI).

As can be inferred from Figure 3, decreasing AEgy leads to
increasing IQE and J,/,. To further confirm this, we replaced
PBICT with 2,4-diphenyl-6-bis(12-phenylindolo)[2,3-a]-
carbazol-11-y1)-1,3,5-triazine (DIC-TRZ) as the host material
in the same device structure. AEgy of DIC-TRZ is 0.06 eV.>® As
depicted in Figure 4f, both EQE and J,/, of the DIC-TRZ/
Ir(ppy); device are improved.

In summary, we find that the efficiency roll-off of the TADF
OLED:s is mainly caused by STA and TTA. It is always serious
because small AEg; is always followed by small kg, so a low
triplet density is hard to realize. We show that the strategy of
TSP can simultaneously realize high efficiency and low
efficiency roll-off by replacing the small kg with the much
larger kpggr. The TSP device using the PBICT/Ir(ppy); system
realizes ], of 460 mA cm™ at EQE of 23.1%, and the superior
efficiency roll-off is well explained by the exciton dynamics
model. Further works will be focused on developing host
materials (including molecules and exciplexes) with smaller
AEgr and host—guest systems with larger spectral integrals.
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