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Organic light-emitting diodes (OLEDs) are arevolutionary light-emitting display
technology that has been successfully commercialized in mobile phones and
televisions*2. The injected charges form both singlet and triplet excitons, and for high
efficiency itisimportant to enable triplets as well as singlets to emit light. At present,
materials that harvest triplets by thermally activated delayed fluorescence (TADF) are a

very active field of research as an alternative to phosphorescent emitters that usually
use heavy metal atoms®*. Although excellent progress has been made, in most TADF
OLEDsthereis asevere decrease of efficiency as the drive currentisincreased, known as
efficiency roll-off. So far, much of the literature suggests that efficiency roll-off should
bereduced by minimizing the energy difference between singlet and triplet excited
states (AE¢;) to maximize the rate of conversion of triplets to singlets by means of
reverse intersystem crossing (kp,sc)’ 2°. We analyse the efficiency roll-offinawide range
of TADF OLEDs and find that neither of these parameters fully accounts for the reported
efficiency roll-off. By considering the dynamic equilibrium between singlets and
triplets in TADF materials, we propose a figure of merit for materials design to reduce
efficiency roll-off and discuss its correlation with reported data of TADF OLEDs. Our
new figure of merit will guide the design and development of TADF materials that can
reduce efficiency roll-off. It will help improve the efficiency of TADF OLEDs at realistic
display operating conditions and expand the use of TADF materials to applications
thatrequire high brightness, such as lighting, augmented reality and lasing.

Organiclight-emitting diodes (OLEDs) are now widely used in displays
and are being developed for applications in lighting, sensing and
communications'? They consist of layers of charge transporting and
light-emitting organic semiconductorsin between two electrodes, at
least one of whichis transparent. Whentheinjected charges recombine,
they formboth singlet and triplet excitons. Spin statistics suggest three
triplets form for each singlet, a ratio that has been verified for evapo-
rated OLEDs using low molecular weight emitters®. In OLEDs using
fluorescent materials, only the singlets emit light. Phosphorescent
OLED materials were therefore developed to obtain light emission from
thetriplets as well2. These work very well for red and green emission,
but there is not yet a blue phosphorescent emitter meeting all com-
mercial requirements®. Consequently, thereis currently greatinterest
in thermally activated delayed fluorescence (TADF) as an alternative
approach to obtaining light from triplets®*. Following the pioneering
work of Adachi and coworkers in 2011, there have been more than4,000
paperswith the keyword thermally activated delayed fluorescence**
(based on results from 16 February 2024 that mention thermally acti-
vated delayed fluorescence or TADF since 2011).

A probleminboth organic and inorganic LEDs is that as the drive
currentisincreased for more light output, the efficiency decreases®.
This is known as efficiency roll-off and is illustrated in Fig. 1a, which
shows the efficiency as a function of current density for prototypi-
cal examples of fluorescent, phosphorescent and TADF OLEDs>%"2%,

Figure 1ashows that the phosphorescent and TADF OLEDs have more
than four times the efficiency of the fluorescent OLEDs, but that their
efficiency decreases and particularly severely for the TADF OLEDs as
the current density is increased. To compare the behaviour of a wide
range of OLEDs of each type, we define /,, as the current density at
which the external quantum efficiency (EQE) falls to 90% of its peak
value, asillustrated in Fig. 1b.

We have extracted /o, from published dataonawide range of OLEDs
together with their EQE ata practical luminance of 1,000 cd m™. These
areplotted for each class of OLEDs and each colour in Fig. 1c. The ideal
behaviour would be high /,, (for low efficiency roll-off) and high EQE:
that s, the top right quadrant of the graph. Most fluorescent OLEDs
fall in the green rectangle (A), which is a region of high J,, but low
EQE. Most phosphorescent OLEDs (and a few others) fall in the blue
rectangle (B). The upper half of this rectangle represents OLEDs with
high efficiency and fairly high /,,. TADF OLEDs fall mainly in region
C. Notably, there is a much wider spread of both EQE and J,, than for
the other classes of OLEDs, possibly because TADF OLEDs is a much
younger field. The upper right part of region C shows that there are
some reports of TADF OLEDs with high EQE and moderately high /5,
although lower than for good phosphorescent devices. However, region
Calso extendsto extremely low values of /o that is, there are many TADF
devices experiencing significant efficiency roll-off at current densities
below 0.1 mA cm™. Even for a green device, this would correspond
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Fig.1|Examples of efficiency roll-off. a, Efficiency roll-off of prototypical
fluorescent (Alq,), phosphorescent (Ir(ppy),acac) and TADF (4CzIPN)
OLEDs*?"?%, b, Schematic graph showing definition of J,,. ¢, Graph of the
relation between Jo, and EQE, o, for TADF**43%4515 flyorescent (Fluo.)*!1412
and phosphorescent (Phos.)%¢ 8812815 devices emitting in the red (R), green (G)
and blue (B) regions of the spectrum (for the references, see Methods).

to a brightness of at most 100 cd m2, whereas typical displays run at
400 cd m2and theirindividual pixels often run at much higher bright-
ness to achieve an average 400 cd m™ on the display®. Hence, many
reported TADF OLEDs have severe efficiency roll-off and even the best
have significant efficiency roll-off (o, of a few mA cm™).

Efficiency roll-offin TADF devices

Thisbrings us to the central question of this analysis, whichis, what can
be done in terms of emitter design to reduce efficiency roll-off (that
is, increase J,,)? In other words, which photophysical processes need
to be tuned by molecular design to minimize inherent limitations of
the emitter that contribute to efficiency roll-off? Efficiency roll-off
arises both from the emitter design and the device design, but for an
optimized device design (for example, balanced charge carriers and
wide recombination zone) it will ultimately be limited by the proper-
ties of the emitter.

To identify the crucial parameters for emitter design, we first need
to consider what causes efficiency roll-off. Studies in phosphorescent
OLEDs have shown that triplet-triplet annihilation (TTA) and triplet-
polaron annihilation (TPA) are the main loss mechanisms as the cur-
rent density isincreased” . A similar understanding is developingin
TADF OLEDs inwhich TTA, TPA and singlet-triplet annihilation (STA)
may all contribute®*, These are all bimolecular processes and thus
much more severe at higher excitation densities. Furthermore, as all
these processes involve triplets, they can be mitigated by reducing
the triplet lifetime and hence reducing the triplet population. This
has been achieved successfully in phosphorescent OLEDs by engi-
neering the light-emitting material (for example, by using aniridium
complex) toshow alargeradiative rate constant from the triplet state
and thus achieving a relatively short triplet lifetime of around 1 ps.
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Fig.2|Simplified Jablonskidiagram of a TADF emitter. The excited singlet
andtripletstatesS,and T, respectively, are showninequilibrium duetothe
occurrence of both intersystem crossing (k,sc) and reverse intersystem crossing
(kgrisc) enabled by the smallenergy gap (AEg;) betweenS,and T,. ATADF OLED
emits light by radiative decay from Sl(kf), whereas non-radiative decay from
boths,(k})and T,(ky,), as well as the negligible radiative decay from T, (k; ) are
other deactivation pathways of excited species.

For comparison, delayed fluorescence lifetimes in organic TADF mate-
rials range from 1 us to beyond 500 pis. We briefly note that as well as
reducing efficiency, bimolecular processes involving triplets are also
amain mechanism of device degradation, providing a further reason
toreduce the triplet population in operating devices®.

Hencetoreduce efficiency roll-off, we need toreduce triplet lifetime
or, more precisely, the triplet population during device operation.
This, however, is not as simply achieved as in the case of phosphores-
cence. The key photophysical processes in a TADF emitter are shown
in Fig. 2. Singlets are converted to triplets via intersystem crossing
(ISC) with rate constant k¢, and triplets to singlets via reverse inter-
system crossing (RISC) at rate constant kg,sc. There is potentially radi-
ative and non-radiative decay of both triplets and singlets, although
in a good TADF material kf will be much larger than any of k,slr, k] and
k:r (refs. 36,37). The main approach advocated in the literature for
reducingefficiency roll-offis toincrease ky,sc, commonly by reducing the
energy difference between singlet and triplet excited states (AEg)
through molecular design by reducing the exchange integral between
the highest occupied and lowest unoccupied molecular orbitals. In
addition, there have been other attempts to increase k¢, forexample
by the use of heavy atoms, to increase spin-orbit coupling (SOC)>%.
The emphasis on kg is so strong that since 2016 there have been 16
publications in the Nature family alone exploring kg5 (refs. 5-20).
However, the expected improvementin /,, has not always materialized.

To understand how /o, depends on ksc, We have plotted the graph
shown in Fig. 3. There is some correlation (Spearman correlation
p=0.638) inso far as thereis a tendency towards higher /o, for higher
kgisc, but there is an enormous spread of the data (considering this is
alog-logplot). For example, the blue dashed rectangle shows that J,,
of roughly 2 mA cm™ can be achieved with kg from2t0 20 x10°s™.
The insufficiency of kysc as a guide for molecular design is vividly
demonstrated by the red dashed rectangle that shows J,, for mole-
cules designed with a high kysc of 8-15 x 10° s, The values of J,, range
from 0.03 to 40 mA cm™, that is, by more than three orders of mag-
nitude, showing kgsc alone is inadequate as a predictor of efficiency
roll-off.

Derivation of FOM

To develop guidelines for TADF materials design to reduce efficiency
roll-off in OLEDs, we should first look more closely at Fig. 2 and the
mechanism of TADF.
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Fig.3|Dataanalysis./,,of the reported TADF OLEDs with respect to kgsc
(Spearman correlation p = 0.638). Red crosses present TADF molecules
containing heavy atoms that benefit from enhanced SOC to increase kysc.
Datainside the dashed boxes are for comparison.

The physics of TADF is often studied using transient photolumi-
nescence (PL) measurements in which the emitter is excited using a
laser pulse. Excitons are generated in the excited singlet state (S,), and
the decay of the excited state is slowed by cycling to and from the tri-
plet state (T,) by ISC and RISC, respectively. In an OLED, charge injec-
tion leads to a buildup of both S, (25%) and T, (75%) excitons as well as
polarons. Thereis adynamicequilibriumbetween S, and T, facilitated
by the ISC/RISC cycling. To ascertain on which side the dynamic equi-
librium lies, an equilibrium constant K., is defined as

_I5d

Keq= ik

@

For athree-level TADF OLED under low constant current electrical
excitation, the equilibrium constant is given as follows (see Methods
for the derivation)

_ 3krisct k'
B+ ke |

2
where k*is the sum of the rate constants for ISC (kisc), radiative(kf)and
non-radiative (k;,)decay fromS,, and K is the sum of the rate constants
for RISC (kgisc), radiative (k:) and non-radiative (k:r) decay fromT,. As
explained earlier, to minimize the EQE roll-off a low T, population is
necessary to suppress TTA and to a lesser extent STA and TPA. For an
OLED operated at high brightness this translates to the requirement
of maximizing the S, population relative to the T, population, which
canbeachieved by maximizing K. Furthermore, accordingto Le Chat-
elier’s principle, an equilibrium can be moved to a desired product by
removing the product fromthe equilibrium. Here, the radiative decay
of S, excitons is the desired product. Therefore, to minimize the frac-
tion of triplet excitons in the steady-state OLED emitters should be
developed (or selected) to maximize the product of radiative rate con-
stant and equilibrium constant. Inagood OLED, nearly all electrically
excited excitons decay radiatively, thatis kﬁr = kIr =0.Thus, foraTADF
emitter with photoluminescence quantum yield near unity and no
phosphorescence contribution (k: =0), whichisreasonable for good
organic emitters, a figure of merit (FOM) for efficiency roll-off can be
formulated as
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Fig.4|FOM. Correlations between /o, and kaeq withaSpearman correlation
coefficient of p=0.700.Red crossesidentify TADF molecules containing heavy
atomsthatenhance SOC, whichleadstoanincreasein kysc. Ingrey circles, the
correlation of /oo and kg,sc from Fig. 3 is shown for comparison.

Figure 4 showsJ,, plotted asafunction of this FOM. Thereis astronger
correlation with J,, (p = 0.700) than kgsc With/y, (p = 0.638). Higher
kaeq leads to higher Jy,. Accordingly, maximizing kaeq and thus min-
imizing the T, population under electrical excitationis abetter strategy
forimproving efficiency roll-off than considering kysc alone. Figure 4
compares efficiency roll-off as a function of our FOM (black circles)
with efficiency roll-off as a function of kgsc (small grey circles). The
FOM has a narrower spread of values as would be expected for the
improved correlation.

Itisinteresting to apply thisFOM to recent attempts toincrease kjsc
by incorporating heavy atoms into the molecule to increase SOC>%,
These studies are shown by red crosses in Figs. 3 and 4. This strategy
is broadly successful at leading to fast kysc but does not necessarily
lead to the highest/,, as kisc alsoincreases, or kfdecreases.Thisinter-
play between these parametersis captured by the FOM as canbe seen
fromthered crossesinFig. 4 beinginthesameregion as other materi-
als. At the same time, incorporation of these larger atoms that result
inweaker bondsalso leads to faster non-radiative pathways and poten-
tially poor device stability. Here, we can see that ks and the proposed
FOM give distinct assessments of the heavy atom approach, and that
the latter is a better predictor of J,, for future molecular design.
Another possible guide for design is (as for phosphorescent devices)
short delayed fluorescence lifetime (tp)*’. The correlation of /,, with
Tpr is shown in Extended Data Fig. 1a. There is a good correlation
(p=-0.685), although still some scatter. Actually, 7, has a much
stronger correlation with the proposed FOM (p = -0.801) than with
krisc (0 =-0.709).In other words, the proposed FOM not only predicts
the efficiency roll-off, but also clarifies the key physical processes that
need to be optimized to achieve low efficiency roll-off. Although meas-
uring 7, would be an effective way of screening materials for low
potential efficiency roll-off after they have been synthesized, our FOM
gives more insight into how to design a material for low efficiency
roll-off by showing the exact combination of rate constants that should
be optimized.

For many TADF materials ks is substantially faster than kf, inwhich
case the FOM can be simplified to

KK,

Kk
eqz%fm ki =k} =ky=0and kigc> k; )

ISC
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This simplified FOM highlights the competition between kisc, kgisc
and k; very clearly. It is equivalent to kf‘Keq in the regime where k; is
smaller than k. (Extended Data Fig. 2).

Other factors affecting efficiency roll-off

Although there is a good correlation between J,, and the proposed
FOM, there is a significant spread of data points in Fig. 4. This can be
understood to arise because efficiency roll-offinvolves acombination
of the intrinsic properties of the emitting molecule with the extrinsic
properties of the device. An analogous situation exists when using
photoluminescence quantumyield as apredictor of device efficiency:
whether amaterial realizes its full potential also depends on the device.
Similarly, our FOM describes the best that could be achieved with a par-
ticular light-emitting material in adevice limited by the triplet popula-
tion. Inreal devices, many factors, especiallyimperfect charge balance,
could lead to worse performance than this ideal case, and hence can
explainthe spread of the datain Fig. 4.In addition, atlow current density
some devices show efficiency increasing with current density, as can
beseenforthedevicesinFig.1a. As/y,is taken asareduction from peak
efficiency, this will lead to higher values of J,, than in devices with peak
efficiency at very low current. There is another example of this effect
inExtended DataFig. 3 that compares two 2CzPN devices**. It should
also be noted that practice for determining rate constants varies™*,
which could also contribute to the spread.

Anotherimportant factor that could contribute to the spread of data
isthat the effect of agiventriplet population depends on the material.
In particular, reported TTA rate constants y;; are widely spread over
eight orders of magnitude (10™-107"° cm?s)*2*342*3 So, increasing
the FOMwillreduce triplet population, and is beneficial (increases /4,)
but the improvement arising from the reduced triplet population
depends on the value of y;1. Similar considerations apply to STA, in
which again there is a range of y;, and the relative importance of STA
and TTA depends on the relative values of yr and ;. As these rate
constants are not yet widely measured, we have not at this stage
attempted to incorporate them into a FOM. However, we show their
potential effect in Extended Data Fig. 4, which shows calculations of
how Jy, would depend on FOM for systems with k between 10° and

1057, k,sc/k between10™ and 103 and k}K, between 10>and10%s™
forarange ofvalues of Ysp, ¥rrand k Extended DataFig.3ashows how
for agiven FOM, each order of magnltude changeiny;;leadstoan
order of magnitude change in /,,. Extended Data Fig. 4b shows the
potentialinterplay between TTA and STA. The/,, value behaves nearly
linearly with kaeqwhen only TTAis considered (red dots, the slopeis 2).
If only STA is considered, there is still a correlation; however, at the
same FOM, higher J,, is achieved when kf islarge. Ifboth TTA and STA
aresignificant, thenthe efficiencyis limited by TTA at low FOM and by
k> at high FOM.

We also note that the kinetics of thin films can result in a multi-
exponential transient PL, which is caused by conformational disorder*.
Such a decay can be analysed using a Laplace transformation of the
three-level kinetics of each conformer®. Our analysis does notinclude
conformational disorder but could be applied in a similar manner to
the analysis of multi-exponential transient PL caused by conforma-
tional disorder.

Conclusion

Our analysis has important implications for the rapidly growing field
of TADF OLED development. At present, many such devices suffer
such severe efficiency roll-off that they are unsuitable for practical
application and, as we have shown, current emitter design focusing
on maximizing kysc alone is not an effective strategy. On the basis of
theinsight from considering the quasi-equilibriumin TADF, we instead
propose that the focus of materials design and development should
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shift to maximizing a FOM that combines the physical processes that
determine efficiency roll-off. Target values of the FOM will depend on
the requirements of particular applications, as well as device design
and severity of bimolecular effects. We estimate values of FOM required
for materials with chromaticity close to the BT2020 standard*, and
with Gaussian emission spectraof width15 nmintheblue,30 nminthe
green and 45 nm in the red. We use the calculation for Extended Data
Fig.4awith y;; =10 cm?®s™and find the FOM required to achieve 90%
of a peak EQE of 25% at a brightness 0f 1,000 cd m™. We find that for a
deep blue emitter (A, =467 nm, CIE1931 colour space (0.131,0.049)) a
FOMofatleast1.5 x10° s isrequired. For agreen emitter (A,,,, = 529 nm,
CIE (0.169,0.772)) aFOM of 5.1 x 10* s would be required, and for red
(Amax = 650 nm, CIE (0.708, 0.292)) an FOM of at least 1.3 x10° s is
needed.

In terms of material design for low efficiency roll-off, it is not nec-
essary to maximize kgsc, butitis very desirable to maximize kysc
relative to ks (without sacrlﬂcmg K 1) Itis also a useful strategy to
seek materials with high k (providing kysc/kiscis not reduced), which
is also the underlying physncs for hyperfluorescent OLEDs*, where
therate constant of Forster resonance energy transfer takes the place
ofkf in the FOM and lowers the triplet population on the TADF sen-
sitizer. At the same time, thereisaneed to understand which process
dominates the efficiency roll-off. Whereas all main annihilation pro-
cesses scale with the triplet population and thus inversely with our
proposed FOM, the relative importance of these processes in each
OLED s not sufficiently known. Therefore, there is aneed to measure
both ys; and y;1 in a wider set of devices to fully understand how
the excited-state kinetics of the emitter need to be engineered to
reduce efficiency roll-off.

We hope that our FOM and these insights will enable the field of TADF
OLEDs to overcome the challenge of efficiency roll-off and advance
more rapidly to applications in displays, lighting and beyond.
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Analysis

Methods

Data collection

We considered thereported efficiency roll-off behaviour of TADF OLEDs

publishedin peer-reviewed journals between2016 and 2022. The data

of the OLED and emitter were included in the analysis if the following

criteria were met:

1. The reported OLED was vacuum-processed, in a bottom-emitting
device structure with a TADF emitter in a host material.

2. Photophysical characterization of the thin film used as the emission
layer was reported.

3. The photoluminescence quantum of the emitter film was reported
to exceed 60%.

4. The calculation of all TADF rate constants was clearly detailed.

5. Device data clearly showed /o, data or the presented device data
allowed for areasonable estimation of /.

Applying these criteria led to a total of 66 devices from 46 publica-
tions being included in our analysis>383948-84156-160_

For comparison, Fig. 1c shows the relation between /,, and the EQE
at1,000 cd m2(EQE, 40,) for TADF OLEDs>****48 1B with representative
fluorescent®*12? and phosphorescent® 88128715 devices across red,
green and blue colours.

Steady-state population of the excited states

Thekinetics of a TADF emitter as shown in Fig. 2 under electrical excita-
tioncanbe described by the rate equations for the excited singlet state
(S, and the triplet state (T,) when neglecting annihilation processes
as follows.

d 1

81l = (ke + K+ ks [, + ksl Tl + 4 vInT; (5)
=kS

A, == T+ KT+ ks [T, + kiscl S, + >yl

deties r T Knr * Kpiso) Ll + Kl S1le 4V“z (6)

=kT

where k*is the sum of therate constants for ISC (k;sc), radiative (k; S)and
non-radiative (km) decay from Sl, where k" is the sum ofthe rate con-

stants for RISC (kg;sc), radlatlve(k )and non- radlatlve(km)decay from
T,, and y is the Langevin recombination rate. The derivative of the
polaron population [n], can be sufficiently approximated by not dis-
tinguishing between the charge of the polaron as

](t)

[n]t yInlZ, (7)

where/(¢t) isthe current density at time ¢, dis the thickness of the emis-
sionzone and eis the elementary charge.

Innormal device operation, the OLED is driven at constant current
density (J(t) =/..ns) SO the excited-state populations reach a steady
state given by equation (8).

‘/COHSI
= [ 8
[n]= ved (8)
The steady-state population of S, and T, ([S,] and [T,], respectively)
canbe obtained by substituting the differential equation for S, in steady
state into the differential equation of T, steady state

d 1
Fraib K[S11+ ks [Tl + LV = 9

kriscl Tl + % y[n)?

e (10)

:>[Sl] =

SIRI=— KT+ kilS,1+ 2 InP=0 a

Kuascl Tyl + yin]

IsC S (12)

3 2
*5vinl leCleSC [+ [kISC 3j yIn]?
k' k" K 4k"

kisc ) yin?
B s
( I 3 4T _ leC +3k

- —klic$}sc 4(k"k° - kisckiso)

_ 3k; + 3k, + 4kisc yIn?
AR + Kne) + sk + k)

=>[Tl=

s[T]= yIn]?

(13)

ket 3k°
(ka S- kISCkRISC)

\y[n]2
) 45

\y[n]2
J 45

=>[S,]= (kRISC[-I-l]+ 4V["] j [kRISC

(14)
kigc+3k°

=k
[ FSCRSUT + k) + Kysc (kS +KS,)

By inserting equation (8) in equations (13) and (14) the steady-state
populations are given as a function of the current density as

[Sl] — leSC 3k§ + 3kﬁr + 4'kISC + L-Iconst (15)
K (ki + k) + kisc (K2 +kn) )4k ed
[Tl] 3k + 3knr + 4'leC jconst (16)

4k (k +knr) +4leSC(k +knr) ed

Calculation of /,, for OLED examples

Asetof1,287 kinetic parameters for the equations (5) and (6) was gen-
erated, using the permutation of the input variables in Extended Data
Table1, with

3 leC] (17)

leSC k Ke [4 kS
r

and a thickness of the emission zone of d=10 nm, a Langevin recom-
bination rate'* of y = 6.8 x 10" - as well as all other rate constants
setto 0.

For the calculation of Extended Data Fig. 3a,b, the bimolecular
rate constants were set to the values shown in the figure. J,, was
obtained by minimizing equation (18) using the python package

SCIpyH’Z
2 2
)]
- 0.9} = ["'Qg - 0.9J
n IQE

where 17,4:(/) is the internal quantum efficiency (IQE) at current density
Jconsidering annihilation processes and ’71%5 is the IQE without con-
sidering annihilation processes. Both are given by

)
“rae as)

(1Tgqe — 0.9) =[
EQE

)Vd

(KIS,1+ k{[T;] 19

rllQF.

For r[,%E, the singlet population [S,] and triplet population [T,] were
obtained from equations (15) and (16), respectively.

For niqe(J), [S] and [T,] were obtained by minimizing the set of diff-
erential equations (20) and (21) with [n] given by equation (7), using
the python package scipy'*"'¢%



d 1
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Calculation of target value
The optical power flux @ leaving an OLED relates to the current
density/as

J

o, jw(/l)daj" g5 A= rzEQEjI Jd @)

where /(1) is therelative intensity of the OLED at wavelength A, ngqis the
ratio of photons leaving the OLED to the number of electrons flowing
around the electrical circuit (EQE).

Thetotal luminous flux @, can be calculated from the optical power
flux using the photonic sensitivity curve V(1) as

Oy=ky [ Q) V(/l)d/l=Kmi;—CrzEQE /| %I(/I)V(/l)d/l 23)

where K, = 683 Im Wis a fudge factor called the peak response.

Under the assumption of Lambertian emission, the luminance L, of

the OLED is then given as follows.
Dy

Ly="Y=K —qEQE /j TV

(24)

Therefore, the current density required to generate a given lumi-
nance by an OLED with a given normalized spectrum and given EQE
isgiven as follows.

1 me Ly N

1
J= K_mEFQEU v

(25)

Forthe calculation of the target value, we have taken three assumed
spectraforred, green and blue with a Gaussian shape and a full-width
at half-maximum of 45, 30 and 15 nm, respectively. The centre wave-
length was selected so that the colours of the three spectraare as close
as possible to the primary colours of the BT.2020 standard in the CIE
1931 colour space, which are given by the coordinates (0.708, 0.292),
(0.170,0.797) and (0.131,0.046), respectively*®.

The calculationwas performed atan EQE 0f22.5% for L,=1,000 cd m,
indicating amaximum EQE of 25%. The correlation for /,o to the FOM s

taken from the simulated relationship shownin Extended DataFig.4a
fory;r=10" cm?s™and y; = y4p = 0 as follows.

Joo s
lo 2 log -8.3764 26
o o)- -
S Iog[lAm 2]+8 ek O (27)

Sk Keq=10 2 s
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Extended Data Table 1| Parameters for Extended Data Fig. 4

B (s7Y)  Mse kSK. (s7Y)

105.0 10—1.0 102.0
105.5 10—0.5 102.5
1090 100 1039
109% 1005 1033
1070 10'° 100
107.5 101.5 104.5
108.0 102.0 105.0
108.5 102.5 105.5
1090 1030 1060
109 100
1010 107.0

107.5

108.0

Generating parameters for the tested set of theoretical emitters shown in Extended Data Fig. 4.
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