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Analytical description of the charge-to-photon conversion efficiency for
electroluminescent devices based on thermally activated delayed fluorescence
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The efficiency of electroluminescent devices based on thermally activated delayed fluorescence (TADF)
is a complex interplay of spin-allowed radiative and nonradiative singlet and triplet recombination as well
as spin-flip (reverse) intersystem crossing processes. An analytical description of exciton dynamics based
on the various singlet and triplet transition rates would strongly facilitate the evaluation of the effects of
different processes on device performance. We present unified and analytical expressions for the exciton
densities, photoluminescence quantum yield (PLQY), and charge-to-photon (CTP) conversion efficiency
in TADF-based electroluminescent devices. The derivation is based on a three-level model that can also be
applied to conventional fluorescence- or phosphorescence-based devices. The model allows us to analyti-
cally calculate the fundamental kinetic rates in TADF systems as well as the CTP efficiency in devices with
only PLQY and transient photoluminescence decay as experimental inputs. Evaluation of the individual
kinetic processes reveals that TADF emitters with PLQY as high as around 90% that exhibit pronounced
delayed fluorescence, intuitively treated as potential candidates for high-performance electroluminescent
devices, can still result in a CTP efficiency of only 50%—60% due to the direct competition between triplet

recombination and reverse intersystem crossing.

DOI: 10.1103/PhysRevApplied.21.044037

I. INTRODUCTION

Organic luminescent semiconductors have been suc-
cessfully applied for different kinds of organic electrolu-
minescent devices, such as organic light-emitting diodes
(OLEDs), organic light-emitting transistors, and electro-
chemical cells [1-3]. The charge transport is typically
governed by a hopping mechanism, which has been exper-
imentally verified and theoretically described by a unified
extended Gaussian disorder model [4,5]. The proportion
of generated excitons of different spins under electrical
excitation, i.e., singlets and triplets, is a ratio of 1:3 in
OLED:s, intrinsically determined by the spin of charge car-
riers after bimolecular recombination [6,7]. Therefore, the
kinetic behavior of singlets and triplets plays different roles
in device performance [8,9].

Organic luminescent materials with different emis-
sive properties have been widely applied for organic
electroluminescent devices, with either only the singlet
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radiative transition as prompt and conventional fluo-
rescence, heavy-atom-assisted triplet radiation as phos-
phorescence, or singlet-triplet cycling as thermally acti-
vated delayed fluorescence (TADF) [3,10—12]. Because
of dark processes such as intrinsic molecular relaxation
or aggregation-induced quenching or trapping, the photo-
luminescence quantum yield (PLQY) and the charge-to-
photon (CTP) efficiency in the electroluminescent devices
can hardly reach unity, especially for red or near-infrared
emitters in which nonradiative losses are pronounced [ 13—
16]. In order to evaluate the performance of an emitter,
the first step is typically the determination of the PLQY,
followed by the measurement of the transient photolu-
minescence (PL) decay. Empirically, for TADF emitters
the transient PL decay can then be fitted with a biex-
ponential function 4;exp(—t/tpr) + Arexp(—#/tpr), with
Ay, A, Ter, and TpF as fitting parameters. Here, 7pr and
Tpr are the lifetimes of the prompt and delayed fluores-
cence, respectively, i.e, Tpr < Tpr. However, in order to
obtain more quantitative information about kinetic pro-
cesses, such as singlet radiative and nonradiative decay,
intersystem crossing (ISC), and reverse ISC (RISC), the
exciton kinetics are modeled numerically because coupled
differential equations need to be solved to fully describe
the singlet and triplet behavior. However, even with the
rate constants of the various processes known, it is still
difficult to directly evaluate the impact of the individual
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processes on the device performance [17-20]. In practice,
after numerical modeling of the PL decays, OLEDs are
fabricated and, to determine the CTP efficiency, the exter-
nal quantum efficiency (EQE) is measured and compared
with the calculated light outcoupling efficiency, which in
turn also requires a number of optical input parameters
that need to be experimentally determined. This series
of numerical modeling and experimental steps makes the
development of new efficient emitters a cumbersome pro-
cess. It would be highly beneficial if the rate constants
of the various excitonic processes as well as CTP effi-
ciency could be directly determined from the PLQY and
a biexponential fit of the transient PL decay only. Then
not only could the OLED performance be directly pre-
dicted, but the effect of the various kinetic processes on
OLED efficiency could also be quickly evaluated. How-
ever, analytical descriptions of the CTP efficiency with
kinetic parameters related to singlet and triplet transitions
in electroluminescent devices are still absent.

In the present study, analytical formulae for PLQY and
CTP conversion efficiency for devices based on organic
semiconducting materials have been derived in a unified
manner for materials with different photophysical proper-
ties, i.e., with conventional fluorescence, phosphorescence,
or TADF emission. Furthermore, combined with transient
PL decay, based on the derived analytical description
of exciton dynamics, the intrinsic kinetic rates and CTP
conversion efficiency in devices can be estimated.

II. RESULTS AND DISCUSSION

A. Theoretical derivation

The derivation is based on a three-level model with a
ground state, a singlet state, and a triplet state, in which
nonradiative kinetic losses from singlets and triplets are
treated separately. There are reports about higher lying
triplet states being involved in efficient TADF emission,
but here we only use the simplest model to derive the exci-
ton kinetics [21]. As we demonstrate in the following sec-
tions, it turns out such a simple model can already explain
many important photophysical properties for TADF emit-
ters.

The exciton kinetics under pulsed excitation for singlets
and triplets is schematically illustrated in Fig. 1, in which
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FIG. 1. Jablonski diagram for different types of organic emit-

ters with a unified three-level model, consisting of a ground
state, singlet state, and triplet excited state, with consideration
of the spin-allowed and spin-flip processes. Initial exciton densi-
ties under photoluminescence (PL) or electroluminescence (EL)
are indicated.

the initial exciton densities under PL or electrolumines-
cence (EL) are indicated.

The exciton dynamics for singlets and triplets, intrinsi-
cally determined by the kinetic competition of fast spin-
allowed and spin-flip transitions normally with a slower
rate, can be described with the following rate equations in
a unified matrix form [22,23]:

d[ns| _ [—ks —hisc krisc ns (1)
dt | nr kisc —kr — krisc | | 7]

In this equation, ng is the singlet density and ny the triplet
density, kg is the sum of the singlet radiative krS and nonra-
diative rate k;fr, while kisc and kgrisc are the ISC and RISC
rates, respectively. The triplet transition rate k7 includes
both radiative and nonradiative relaxations.

Here, since we only consider the transient behavior for
singlets and triplets, the generation term is omitted in
Eq. (1) [24]. In such a case, we can treat the initial exciton
densities generated either by photon (i.e., PL) or electri-
cal (i.e., EL) pulses as the initial conditions for Eq. (1).
There is no generation term in the transient case, which is
different compared to steady-state excitation [24].

To solve this equation, in which nonlinear molecu-
lar interactions are not considered, one can calculate the
eigenvalues (A, A,) for the coefficient matrix of Eq. (1) as
follows:

— (ks + kisc + krisc + k1) + v/ (ks + kisc — krisc — kr)? + 4hischrisc

1=

Ay =

> (2a)

—(ks + kisc + krisc + kr) — v/ (ks + kisc — krisc — kr)? + 4hischrisc

5 (2b)
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One can determine that 0 < (—A;) <(—X2), —(A1+Ap) =
(ks + kisc + krisc + kr), and AjAp = (kskr + kskrisc + kr
kisc). Therefore, with two selected eigenvectors, the gen-
eral solution for Eq. (1) is

ns| _ [Ai+krsc +hr Ao+ kjisc + kr | [ Crett!
nr| |kisc kisc Gyt |”

)

while constants C; and C, should be determined by the
initial condition. Under PL excitation with the initial con-
dition ng=ng and ny=0, one can obtain the analytical
expression for singlet and triplet densities as a function of
the relaxation time,

WL no(A1 + krisc + k1) St no(Az + krisc + kr) o,
§ Al — A2 AL — A2

(4a)
nbl = JSCM0 i g (4b)
T = '
Therefore, in the transient case we are discussing here,
the fraction of the integrated radiative singlets over the
total generated singlets by the excitation pulse gives the
PLQY for TADF emitters. The fluorescence PLQY, deter-
mined by the singlet radiative rate k>, can be calculated as
follows:

fl 1 >
MpLQy = n_o/o

K5 (krisc + kr)

kskr + kskrisc + krkisc”
(5)

KnPtdt =

e No(hi + krisc + kr) (322
nEL —

— kisc + 3krisc + 3kr) Sl

Similarly, under PL excitation, the nonradiative quantum
losses from singlets () or triplets (1. ) can be derived
as Egs. (A1) and (A2) in the Appendix. Experimentally,
one would measure the PLQY by cw excitation under
steady-state conditions. In such a case, the experimen-
tal PLQY is defined as the ratio of emitted photons to
the total of absorbed photons within a specific duration.
Therefore, Eq. (5) represents the description of PLQY in a
kinetic manner, which can be experimentally measured by
cw excitation, under the assumption that annihilation pro-
cesses are absent during the measurement. In other words,
the measured PLQY of TADF emitters under steady-state
conditions is intrinsically determined by the kinetic rates
given by Eq. (5).

For transient PL measurements with laser pulses as the
excitation source, the intensity of each input pulse can be
described by a Gaussian function with a full width at half
maximum of #y. In such a case, the initial exciton density
ny is also time dependent on the laser intensity evolution.
However, it should be noted that, for organic emitters, the
singlet lifetime is normally in the nanosecond region. As a
result, for pulsed lasers with a time resolution of hundreds
of femtoseconds (10~!3 s) or a few picoseconds (107'2 s),
the time resolution of the excitation source is orders of
magnitude lower than the decay lifetime. Therefore, for
organic emitters excited by femtosecond or picosecond
laser pulses, the initial exciton density can be reasonably
treated as a constant value n.

Meanwhile, under electrical excitation with the ini-
tial condition ng=Ny/4 and ny=3Ny/4 for Eq. (3), in
which N is the total number of recombined excitons
from charge-carrier pairs [25,26], we can then obtain the
analytical description for singlet and triplet densities as
follows:

No(A2 + krisc + kr) (kisc — 341 — 3krisc — 3kr) o,

S 4(hy — ADkisc 4(h2 — Akisc
(6a)
JEL No(BAy — kisc + 3krisc + 3kr) Y No(kisc — 3A1 — 3krisc — 3kr) o (6b)
! 400 — A1) 40k — M)

Therefore, the analytical description for the CTP efficiency nfl;, based on TADF emission, can be described as follows:

ELd —

()\1 + krisc + kr)(3Ap —

kisc + 3krisc + 3kr)

UCTP = _/

4(A1 — Ap)kasch

e (A2 + krisc + kr) (kisc — 3A1 — 3krisc — 3kr)

(7

4(h1 — A)kischa

We note that Eq. (7) can be simplified for conventional fluorescence or phosphorescence emitters, derived as Egs. (A3)

and (A4) in the Appendix.
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Here, similar to the PLQY of Eq. (5), Eq. (7) describes
the CTP efficiency from a kinetic perspective. Since only
the intrinsic exciton decay is considered, the trapping or
annihilation behavior under EL excitation is omitted here.
Therefore, the CTP conversion efficiency described by
Eq. (7) is the theoretical maximum of the internal quantum
efficiency for electroluminescent devices based on TADF
emitters. Whenever there are losses from exciton trap-
ping and/or annihilation, the experimental value should be
lower than that predicted by Eq. (7).

In this derivation, each kinetic process involved is
assumed with a constant rate. In the early stages, such a
treatment was successfully applied to describe the photo-
physical properties of TADF systems [9]. Recently, there
have been reports about the impact of different geometrical
configurations on the triplet-state energy in donor-acceptor
type TADF emitters [27]. From molecular simulations,
when the dihedral angle between the donor and acceptor
changes, the energy splitting between singlet and triplet
states also varies, leading to a distribution of RISC rates.
In the present study, which is focused on providing insight
into the role of the kinetic processes on OLED perfor-
mance, the ISC rate is assumed as a single value without
considering the RISC rate distribution for clarity. Such a
simplification indicates that all kinetic processes involved
are dominated by a main rate.

Furthermore, from Eq. (4), for fluorescent and phos-
phorescent emitters, a simplified monoexponential decay
behavior is predicted. Indeed, such decay has been exper-
imentally observed for many organic emitters with only
fluorescence emission, or phosphorescent emitters with
heavy-atom effects [28]. Moreover, from Egs. (3) and (4a),
when assuming a constant RISC rate for TADF emitters,
singlet relaxation can be described by Eq. (4) in the form
of a biexponential function exhibiting prompt and delayed
fluorescence decay, reported previously for many TADF
emitters [17,29,30]. Therefore, the simplified model with a
main rate for each kinetic process is a validated approxima-
tion to generally understand the excitonic kinetic behavior
in organic emitters.

B. Numerical analysis

The singlet and triplet densities under PL excitation
are numerically and analytically calculated and compared
in Fig. 2. For the kinetic rates we have chosen a range
that covers the typical reported rates for TADF emitters
[31]. Symbols are densities simulated numerically with
Eq. (1), while lines are densities calculated analytically
with Eq. (4). Identical singlet densities have been obtained
by numerical simulations and analytical formulae. For
triplets, there are tiny differences close to time zero, which
might result from the finite difference error of the numer-
ical method. For longer delay times, the numerical and
analytical results are identical for triplet densities as well.

10" 4 ng ny o Numerical
s Analytical
106 4 :
@ 15
§10 3
210"
0 10"
210"+ u
S kr (s7") LB
x ks 5.0x10"s™ )
w10y - 10x10° S e
1010 1.03x10° kgc 5.0x10°s \‘
10° 20x10° ||} kmge 1.0x10°s™ \
10910%10710%10°10*
Time (s) Time (s)

FIG. 2. Numerically and analytically calculated exciton densi-
ties for thermally activated delayed fluorescence (TADF) emit-
ters under photoexcitation. Here, the initial singlet density n
is assumed as 1.0 x 107 m™3. Numerical simulations are done
within the logarithmic time scale from 1.0 x 1072 t0 1.0 x 10™*s
with 1000 steps, with data points hidden for better visualization.

As shown in Fig. 2, when assuming ks =5 x 107 s7!,
kisc=5x 10° s7!, and kgisc = 1.0 x 10° s~!, the increase
of the triplet relaxation rate kr from 1.0 x 10* to
2.0 x 10° s~! will gradually decrease the delayed fluores-
cence lifetime and its contribution to the total fluorescence.
Since kisc and ks are fixed, the prompt fluorescence decay
in the nanosecond region is untouched.

The increase of the triplet relaxation rate k7 has signif-
icant impacts on the CTP efficiency at the device level.
Based on these assumed kinetic parameters for the total
singlet relaxation rate ks (5x 107 s7!), ISC rate kisc
(5 x 107 s71), and RISC rate kgisc (1.0 x 10° s~1), together
with the tuned singlet radiative rate k5 and triplet nonra-
diative rate k7, we can use the derived analytical formula
Eq. (5) to calculate ngLQY' Furthermore, the CTP effi-

ciency ngTP under EL excitation can be calculated with
Eq. (7). As shown in Fig. 3, increasing the singlet radia-
tive rate k&> will significantly increase the PLQY. In cases
that nonradiative singlet loss is suppressed close to 0, i.e.,
kS ~ ks, the nELQY can reach approximately 100%, even
though the nonradiative triplet rate k7 is 2 times higher than
krisc (1.0 x 10° s71). This is because the majority of the
generated singlets can emit directly without singlet-triplet
cycling, leading to limited triplet quantum loss n/..

A low singlet radiative rate k5 (e.g., 5 x 10% s7!) indi-
cates fast nonradiative relaxations (ks — k) when the total
singlet rate kg is assumed as a fixed value (e.g., 5 x 107 57!
here). In such a case, pronounced singlet nonradiative
quantum loss 15 occurs, giving rise to low PLQY or CTP
efficiency, as shown in Fig. 3. Increasing the singlet radia-
tive rate k¥ (e.g., 5 x 10 s=!) can suppress 1>, therefore
leading to a higher PLQY.
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FIG. 3. Calculated photoluminescence quantum yield (PLQY)

(a) and charge-to-photon (CTP) efficiency (b) for TADF emit-
ters with different kinetic parameters based on derived analyt-
ical formulae, with kg=35 x 107 s7!, kigc=5 x 10° s~!, and
krisc = 1.0 x 103 s~!, while different singlet radiative rates k°
and triplet relaxation rates ky are scanned. For TADF emitters,
the triplet relaxation is treated as a nonradiative loss.

The ISC rate plays an important role as well. As shown
in Fig. 4, when increasing kisc with a fixed singlet relax-
ation rate kg, there is a gradual decrease of the prompt
fluorescence lifetime, accompanied by an increased con-
tribution of the delayed fluorescence. However, since the
rates krisc and kyp are fixed, the triplet decay lifetime
is maintained, though the maximum triplet density is
changed.

Both PLQY and CTP efficiency are highly dependent
on the ISC rate for TADF emitters. As shown in Fig. 5(a),
close to unity PLQY can be obtained when there is no
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significant singlet nonradiative decay, i.e., krS ~ kg. How-
ever, because of the direct triplet nonradiative loss, the
CTP efficiency can reach only around 70% in these cases
when the ISC rate is 1 order lower than the total singlet
relaxation rate kg. Further increasing kigc to 1ks—2kg will
reduce the CTP efficiency to around 40%—50% [Fig. 5(b)],
with only a slight reduction of the PLQY to 60%—70%
[Fig. 5(a)].

In real cases of TADF emitters, it is most likely that
both singlet and triplet nonradiative losses are simulta-
neously present, i.e., kf < ks and k7> 0. As shown in
Fig. 3(a), it is still possible to obtain a PLQY as high
as around 90% in these cases with pronounced delayed
fluorescence as presented in Fig. 2. TADF emitters with
such high PLQYs and pronounced delayed fluorescence
are intuitively treated as potential candidates for high-
performance devices. However, the CTP efficiency highly
depends on the ratio between kgrisc and k7. Whenever the
rate kr is about 0.5kgisc—1krisc, the CTP efficiency will
significantly reduce to only 50%—60%, shown in Fig. 3(b),
as compared to the high PLQY around 90%. Consider-
ing the optical outcoupling efficiency of approximately
25% in EL devices [7] based on TADF emitters with such
a high PLQY and pronounced delayed fluorescence, the
maximum EQE can reach only around 12% at the device
level. Such a quantitative analysis based on analytical for-
mulae is consistent with the previous discussion based on
numerical modeling [18]. It indicates that the precise quan-
tification of nonradiative losses from triplets and singlets is
of vital importance for TADF emitters.

C. Paradox of high PLQYs with low CTP efficiency

Having an analytical description for the CTP efficiency
of OLEDs also enables us to clarify the counterintuitive
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FIG. 4. Numerically and analytically calculated exciton densities for TADF emitters under photoexcitation. Here, the initial singlet
density #g is assumed as 1.0 x 10'7 m~3, while the kinetics rates ks, kisc, krisc, and & are assumed in ranges experimentally determined
for many TADF emitters. (a) Singlet density and (b) triplet density. Numerical simulations are done within the time range from
1.0 x 1072 to 1.0 x 10~* s in a logarithmic scale with 1000 steps. Some data points are hidden in plots for better visualization.
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FIG. 5. Impacts of the ISC rate kisc and singlet radiative rate k&> on (a) PLQY and (b) CTP efficiency for TADF emitters with a fixed
total singlet relaxation rate ks = 5 x 107 s~!, calculated with the analytical formulae, with other kinetic parameters kgigc =1 x 10° s~

and kr=5.0 x 10* s~ 1.

simultaneous occurrence of TADF emitters with a high
PLQY but low CTP efficiency in devices. We demonstrate
that this apparent paradox can result from a subtle differ-
ence in kgisc or kr in these systems, though with similar
rates of other kinetic processes.

To explain the phenomenon in more detail, we here
consider two possible mechanisms: a change of krisc or
a variation in kr. We firstly assume TADF systems with
high and identical PLQY's of 90%, with the following com-
mon kinetic rates: kg =5 x 107 s™!, kjsc =5 x 10°s~!, and
kr=15x10* s7!, while &% is varied from 0.01ks to 1.0kg.
With these kinetic rates, from Eq. (5), we can calculate
the possible RISC rates to maintain the PLQY of 90%. A
non-negative RISC rate is obtained when &? is in the range
(4.6-4.8) x 107 s~!. With these calculated kinetic rates, as
shown in Fig. 6(b), the CTP efficiency changes signifi-
cantly when the RISC rate is varied. In other words, for
TADF systems with identical PLQY, the CTP efficiency
can be very different depending on the RISC rate. Never-
theless, in this case, a very different transient PL decay is
predicted by numerical modeling from Eq. (1), as shown in
Fig. 6(a). The fitted tpF is identical for all different combi-
nations of kf and kgysc, as shown in Fig. 6(c). However, the
intensity and lifetime of the delayed fluorescence greatly
changes, as shown in Figs. 6(a) and 6(c). As a result, when
a large difference in CTP efficiency for two TADF emit-
ters with nearly equal PLQY originates from a variation in
krisc, this is typically reflected as a strong variation in the
delayed fluorescence.

Alternatively, we discuss the case of TADF emit-
ters with equal PLQY but with different nonradia-
tive triplet decay rates. Additionally, here we assume
TADF systems with identical PLQYs of 90% and with
kinetic rates of kg=35 x 107 s~!, kisc=5 x 10° s~!, and
krisc=1x10° s7!, while &5 is varied from 0.01ks to

1.0kg. Similarly, with these kinetic rates, we can calculate
the possible k7 to maintain a PLQY of 90% from Eq. (5).
Using these kinetic parameters within the physically mean-
ingful range, we then obtain the decay kinetics of singlets,
as shown in Fig. 6(d). The fitted tpg, is identical for all
different combinations of k> and k7 as shown in Figs. 6(d)
and 6(f). However, as shown in Fig. 6(e), the CTP effi-
ciency in devices strongly decreases as k7 increases. The
CTP efficiency is only 45%—75%, with k° slightly changed
from 4.6 x 107 to 4.8 x 107 s~! and k7 from 2.8 x 10* to
2.0 x 10° s~!. Remarkably, such a change of k7 results in
only a relatively small variation of 7pf from 3.4 to 8.4 s,
while the intensity of the delayed fluorescence is main-
tained, as shown in Fig. 6(d). Furthermore, the PLQY is not
very sensitive to a small change of k7 [Fig. 3(a)]. There-
fore, experimentally, it is possible to see a very different
device efficiency in OLEDs based on apparently similar
TADF systems with close PLQY's and similar transient PL
decays. This apparent contradiction can be explained by
a subtle difference in triplet kinetics, especially the triplet
nonradiative decay.

D. Correlation with experimental results

Having set the analytical framework, we now demon-
strate how it facilitates the evaluation of TADF emit-
ters. First, the PLQY and transient PL decay are
experimentally measured. As mentioned, the transient
PL decay can be fitted with a biexponential function
Arexp(—t/tpp) + Arexp(—t/Tpg), with Tpg < Tpg. In com-
bination with the measured PLQY, one can calculate all
kinetic rates assuming a certain triplet nonradiative rate. A
detailed derivation with analytical formulae has been done
in the Appendix, Eqs. (A6){A13), with the full consider-
ation of singlet and triplet nonradiative losses. However,
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FIG. 6. The paradox of similar and high PLQY's with different and low CTP efficiencies in devices based on TADF emitters. Here,
PLQY is assumed as 90%, ks as 5 x 107 s™!, and kysc as 5 x 10° s™!, while &5 is varied from 0.01ks to 1.0kg, together with changing
krisc in (a)~(c) or k7 in (d)«f) to maintain the constant PLQY. However, with the given rates, non-negative kgisc or k7 can only be
assured [Eq. (5)] when kf is in a small range, roughly from 0.9kg to 0.98%s, as indicated in the plots. (a),(d) Normalized singlet decay.
(b),(e) PLQY and CTP efficiency. (c),(f) Fitted tpr and 7pg from the singlet decay in (a),(d).

in efficient TADF emitters, the RISC rate (typically in
the microsecond regime) is much faster than the spin-
forbidden (nonradiative) triplet recombination (typically
millisecond regime), such that nearly all triplets are recy-
cled and triplet losses can be neglected. In other words, one
can simplify these equations by only considering the sin-
glet nonradiative process. In such a case, with k7 = 0, these
equations simplify to

hisc = (A2 — A1) (tpF — TPF) + TpF + TDF’ (8a)
2TprTDF 2TprTDF
ol
= (8b)
TpFTDFARISC
kisc = (TpF — TPF)/TPFTDF, (8¢)
4krisc
with
A, — A —
o F +or (4 1)(Tor TPF), (8d)
2TprTDF 2TprTpF
and
ks = C — kisc, (8e)
K = ks — k5. (89)

As a result, Eq. (8) can be directly used to estimate
kinetic parameters using only the PLQY measurement and
biexponential fitting of the PL decay, which is widely
characterized for TADF systems. Furthermore, with these
calculated kinetic rates we can then directly calculate the
CTP efficiency for different TADF systems using Eq. (7).
Therefore, the derived formulae allow us to directly deter-
mine the CTP efficiency in electroluminescent devices
based only on the PLQY and biexponential PL decay
without the need for any numerical calculations or device
characterization.

E. Experimental verification

As an example, we here explain the detailed procedure
to calculate kinetic rates and CTP efficiency based on the
yellow TADF emitter CZDBA {9,10-bis[4-(9H-carbazol-9-
yl)-2,6-dimethylphenyl]-9,10-diboraanthracene} [30]. The
transient PL decay for the CzZDBA neat film can be fitted
with a biexponential decay function, with the fitting curve
and fitting parameters shown in Fig. 7(a). Furthermore,
the PLQY for a CzDBA neat film was reported previ-
ously as 90% [30]. Neglecting nonradiative triplet loss,
the kinetic rate constants are then directly obtained from
Eq. (8), resulting in a kisc of 1.0 x 10° s~! and kgsc of
2.7 x 10° s~!. These analytically determined rates are very
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FIG. 7. Kinetic rates and CTP efficiency calculation based on experimental results of CzZDBA neat film. (a) Biexponential fitting

for the experimental transient PL decay reported in Ref. [17], with the fitting parameters shown. (b) Calculated kinetic parameters.
(c) Calculated CTP efficiency for CzZDBA neat film organic light-emitting diodes.

close to previously reported values for the same TADF
system obtained from numerical modeling [17,28]. In this
way, the relevant kinetic rates are quickly approximated.

To further evaluate the possible impact of nonradiative
triplet recombination on the obtained rates, the more exten-
sive Eq. (A6) can be used. Using the PLQY and the fitted
Tpr and Tpr the sum of kgjsc and k7 can be calculated from
Eq. (A6f). The singlet radiative rate k> can be directly cal-
culated using Eq. (A7). Then the contribution of the RISC
rate krsc to the total triplet relaxation rate (krisc + kr) can
be varied, i.e., & = krisc/(krisc + kr) in Eq. (A8a). Finally,
the rest of kinetic parameters kisc, ks, and k;fr can be cal-
culated by Egs. (A11)A13) sequentially as function of «.
The obtained kinetic parameters for a CzZDBA neat film are
presented in Fig. 7(b).

We note that with minor triplet nonradiative contribu-
tions, meaning 0 < k7/kgrisc < 0.2, most calculated rates
are relatively insensitive to the exact value of «. As a
result, in most cases the simplified model [k~ 0 and
a~1.0, Eq. (8)] gives a very good quantification of the
rates already.

With the above estimated kinetic rates, together with
Eq. (7), we can further calculate the CTP efficiency, shown
in Fig. 7(c), for devices based on a CzDBA neat film. The
CTP efficiency is calculated to be around 80%—90% for
o between 0.8 and 1.0. Previously, we have investigated
CzDBA OLEDs experimentally. From EQE measurements
(19%) and the modeling of the light outcoupling effi-
ciency (25%) combined with a PLQY of 90%, the internal
quantum efficiency for CZDBA OLEDs was estimated at
around 85% [32]. The maximum internal quantum effi-
ciency was obtained at a relatively low driving voltage
(2.0-2.5 V), where bimolecular annihilation is not yet

pronounced [33]. In such a case, the internal quantum
efficiency approaches the CTP efficiency. Therefore, the
CTP efficiency calculated with the derived formulae is
consistent with the experimental results for CZDBA neat
film OLEDs. We note that deviations of the biexponential
decay behavior has also been observed for TADF emitters
under high-power excitation due to bimolecular annihila-
tion processes, which should be investigated by numerical
modeling [17]. At low excitation power there is a close
connection between the derived formulae and experimen-
tal results, which can be used to directly calculate key
parameters including kinetic rates and CTP efficiency in
electroluminescent devices.

We note that in previous works differential equations
were numerically solved to obtain kinetic rates from
PL decays, which is not straightforward [17,18]. In our
approach, analytical formulae are derived to obtain all rele-
vant rates with only the PLQY and the biexponential fitting
parameters of transient PL as input parameters. Although
similar analytical formulae based on kinetic models for
TADF models have been derived previously, a direct link
with OLED performance has not been obtained [22]. The
direct link between a biexponential fit of the PL decay with
device performance via analytical equations is of great
benefit for the fast screening of the suitability of TADF
emitters for OLEDs.

III. CONCLUSION

In summary, we have derived analytical formulae for
the exciton densities and PLQY for organic emitters with
three-level systems, with either conventional fluorescence,
phosphorescence, or TADF emission in a unified manner.
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Furthermore, the analytical expression of the charge-to-
photon conversion efficiency in electroluminescent devices
based on TADF emitters has been obtained. An exam-
ple has been given to illustrate the procedure to calculate
kinetic rates involved in a TADF system with derived
analytical formulae and experimental results. Such a quan-
titative analysis based on analytical formulae makes it
straightforward and handy to comprehensively understand
the transient and steady-state photophysical properties of
organic emitters and translate the results directly to device
efficiencies, facilitating the further development of organic
light-emitting devices.

APPENDIX

1. CTP efficiency for conventional fluorescence and
phosphorescence emitters

For conventional fluorescence emitters, the triplet emis-
sion is negligible and the emission stems from singlets
only, while the RISC process is absent because of the large
AEgr. With kgisc= 0, we can determine that A{ = —k7, and
Ay = —ks — kisc. The CTP efficiency for conventional flu-
orescence emitters 7, in devices can be simplified as
follows:

kS
oS S Al
et 4(ks + kisc) A

It is consistent with previous demonstrations that the CTP
efficiency for devices based on conventional fluorescence
emitters can reach only a quarter of the PLQY, without
the consideration of bimolecular annihilation-generated
emission singlets.

For phosphorescence emitters, in which the emission
comes only from triplets with fast ISC processes, krisc
can be dropped together with a high kisc rate. Therefore,
the analytical description for the maximum CTP efficiency
for electroluminescent devices based on phosphorescence
emitters is described as follows:

ph 1 * T EL
= — king-dt
Ncrp No fo t iy
_ krkisckl — kI (3ks — 4kisc + 3kr) (ks + kisc)
4(ks + kisc — kr) (ks + kisc)kr

(A2)

For efficient phosphorescent emitters with heavy atoms
such as iridium or osmium, in cases where kisc > kg
and kisc > kr, the CTP efficiency for devices based on
phosphorescence emitters ng}}], can then be estimated by
k! ks

2. Nonradiative losses

For fluorescent or TADF emitters, the triplet transi-
tion can be treated as a channel for the nonradiative loss,

obtained as follows:
L[ 5

— kTI’lT dt =
no Jo

while the nonradiative loss from singlets, can be derived as
follows:

krkrisc
kskr + kskrisc + krkisc

Mo = . (A3)

_ krisc(ks — k) + kr(ks — &)

UT — NPLQY =
- kskr + kskrisc + krkisc
(A4)

rlir:l_

3. Combining derived formulae with experimental
data to understand TADF photophysics

The derived analytical formula Eq. (6a) can be used
to directly fit the transient photoluminescence decay for
TADF emitters. In the normalized case, the initial exci-
ton density ny in Eq. (4a) is cancelled, so only the related
kinetic parameters impact the decay line shape, thus

A1+ krisc +kr) 50 Got ks + k)
N — A A — Ay '

™ =
(A5)

Experimentally, the transient PL decay can be fitted with
a biexponential decay function A;exp(—t/tpp)+ Arexp
(—t/tpr), with A4y, A>, TpF, and Tpr being positive fitting
parameters. Here, tpr and 7pp are fitted lifetimes for the
prompt fluorescence (PF) and delayed fluorescence (DF).
Comparing with Egs. (4a) and (A5), one can obtain

M+ krisc + kr

Aj=——F7—77——, A6
1 A= (Aba)
Mk k
A, = Mifmisc + ko (A6b)
A — A
1
= —, A6
TPF “r (Abc)
1
= —. Ao6d
TDF T ( )

According to Eq. (A6), in such a biexponential fitting
for transient PL decay, the sum of two prefactors 4; and
A, should be 1. In other words, Egs. (A6a) and (A6b)
are correlated, and they cannot be treated as two inde-
pendent equations. To mitigate the fitting uncertainty that
is normally observed with a biexponential fitting, from
Egs. (A6a) and (A6b), one can deduce that

(A2 — A1) (A — A2) — (A1 +12)
5 )

Equation (A6e) can be further written with fitting parame-
ters Tpr and T pg, according to Egs. (A6c¢) and (A6d),
(A2 — A1) (toF — TpF) | TeF + TDF

krisc + kr = + =B
2TprTDF 2TprTpF (A6
Al

krisc + kr =

(Abe)
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In other words, the sum of kgrisc and k7, denoted by
B, can be precisely determined with the transient photo-
luminescence measurement after a biexponential fitting.
Together with the experimentally determined PLQY, kinet-
ically described by Eq. (5) in the main text, one can
firstly determine the singlet radiative rate unambiguously
as follows:

kskr + kskrisc + krkisc

ks = nﬂ
’ PLQY krisc + kr
f
AA n
a 142 PLQY
= — < = . A7
NpLQY B TorTor B (A7)

Assuming the contribution of the RISC rate among the sum
of krisc and k7, thus,

krisc

_— = a’ Aga
krisc + kr (A8a)

together with Eq. (A6f), we can then estimate the rates
krisc and kr, respectively, as follows:

krisc = aB, (A8b)
kr = (1 — a)B, (A8c)
k 1-—
r_"% (A8d)
krisc o

When there is no triplet nonradiative decay, o approaches 1.

According to Eq. (2), it is known that (A; + 1) = —(ks +
kisc + krisc + k7). We can determine the sum of ks and
k]gc as C,

ks + kisc = — (A1 + A2) — (krisc + kr)
ter +Tor (42 — A1) (Tpr — TpF)

2TprTDE

=C.
(A9)

2TprTDF

Furthermore, according to Eq. (2), one can derive that

A=Ay = \/ (ks + kisc — (krisc + kr)* + 4kischrisc.
(A10a)

Together with Eqgs. (A6) and (A9), one can rewrite
Eq. (A10a) with the only unknown parameter kisc as
follows:

TDF — TpF

= \/ (C — B)* + 4kiscaB, (A10b)

TPFTDF

with B and C described by Eqgs. (A6f) and (A9). After-
wards, one can then calculate kisc by solving Eq. (A10b),

as follows:

(tor — TpE/TerTpF)” — (C — B)?
4daB '

kisc = (AT1)

Furthermore, one can calculate the total singlet relaxation
rate kg from Egs. (A9) and (A11) as follows:

(tor — ter/TerToR)” — (C — B)?
4aB '

ks = C—kisc = C—
(A12)

In the end, one can determine the singlet nonradiative rate
kﬁr from Egs. (A12) and (A7),

(ToF — TPF/TPFTDF)z —(C— 3)2
k§r=kg—kf=C— 4aB
ngLQY
TprTpFB’

(A13)

with B and C described by Egs. (A6f) and (A9) with
experimentally determined parameters.

In summary, from the PLQY and biexponential fitting
of a TADF system, with the assumption about the triplet
nonradiative contribution, i.e., @ in Eq. (A8a), one can
then further determine all kinetic parameters involved in
the specific TADF system. With these kinetic parame-
ters, it is then possible to calculate the CTP efficiency in
electroluminescent devices with Eq. (7).
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