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Abstract: Modifying the energy landscape of existing mole-

cular emitters is an attractive challenge with favourable

outcomes in chemistry and organic optoelectronic research.

It has recently been explored through strong light–matter

coupling studies where the organic emitters were placed

in an optical cavity. Nonetheless, a debate revolves around

whether the observed change in thematerial properties rep-

resents novel coupled system dynamics or the unmasking

of pre-existing material properties induced by light–matter

interactions. Here, for the first time, we examined the

effect of strong coupling in polariton organic light-emitting

diodes via time-resolved electroluminescence studies. We

accompanied our experimental analysiswith theoretical fits

using a model of coupled rate equations accounting for all

major mechanisms that can result in delayed electrolumi-

nescence in organic emitters. We found that in our devices

the delayed electroluminescence was dominated by emis-

sion from trapped charges and this mechanism remained

unmodified in the presence of strong coupling.
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1 Introduction

Polariton chemistry has emerged as a promising new plat-

form for modifying the molecular energy landscape, thus

providing control over the photophysical and photochem-

ical processes at room temperature [1–5]. Polaritons in

planar optical microcavities are eigenstates resulting from

strong coupling between the cavity modes and the molec-

ular excited states in a material. In the simple picture of

coupling one exciton resonance and one cavity mode, two

eigenstates emerge which are called upper polariton (UP)

and lower polariton (LP) with energies above and below

that of the exciton resonance, respectively. The energy gap

between UP and LP is called the vacuum Rabi energy,

Ω, which scales up with increasing the number of active

molecules, N , in the cavity mode volume, V , as
√
N∕V .

Experimentally, a pragmatically attractive property of opti-

cal microcavities is the ease with which one can tune the

LP at a specific energy level by simply controlling the cavity

thickness. This tunability presents an intriguing opportu-

nity to explore the possibility of modifying the optoelec-

tronic properties ofmolecular semiconductormaterials and

devices. Similarly to molecular design, by modifying the

microcavity parameters the LP mode can be tuned to ener-

gies that match that of the triplet states [6]. This could

potentially assist or even facilitate triplet-to-singlet popula-

tion migration via mechanisms such as reverse intersystem

crossing (RISC) or triplet-triplet annihilation (TTA).

Under optical excitation, there are studies that investi-

gate the effects of polaritons on RISC and TTA [7–13]. Cur-

rently, the main debate is around the collective nature of

strong coupling in organic films due to the highly delocal-

ized photon content in the polariton mode, which dilutes

the polariton effect in intramolecular nonradiative pro-

cesses [14–17]. Thismeans that the dominantmechanism for
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populating the polaritonmodes is through the exciton reser-

voir, either by radiative pumping or vibrationally assisted

scattering [18], and possible direct RISC from the T1 state

to the LP will occur at a negligible rate. In materials with

pre-existing high rates of triplet-to-singlet population trans-

fer, namely thermally activated delayedfluorescence (TADF)

and TTA, one can expect that it is difficult to experimentally

resolve a process occurring at a negligible rate, hindering its

observation. To gain further understanding, it is beneficial

to extend these studies to fluorescent emitters.

Here for the first time, we study the time-resolved

electroluminescence (EL) from bottom-emitting polariton

organic light-emitting diodes (POLEDs) comprising a single

fluorescent emitting layer of 2,7-Bis[9,9-di(4-methylphenyl)-

fluoren-2-yl]-9,9-di(4-methylphenyl)fluorene (TDAF) sand-

wiched between aluminummirror electrodes and injection

layers of holes (MoO3) and electrons (LiF). Figure 1(a) shows

the schematic of the investigated devices. Under low injec-

tion current densities, delayed ELwas recorded from the LP

mode. We studied its origin and possible connection to the

energy gapΔELP−T1 as illustrated in Figure 1(b).

(a) (b)

(c)
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Figure 1: Overview of the study. (a) Schematic representation of the

bottom-emitting POLED structure consisting of an aluminum bottom

electrode (30 nm), MoO3 hole injection layer (5 nm), TDAF emitting layer,

LiF electron injection layer (1 nm), and an aluminum top electrode

(100 nm). For POLEDs with different LP resonants, we tuned the cavity

resonance by adjusting the TDAF thickness. (b) Energy landscape

for the used POLED with the possible relaxation pathways. (c) Transient

electroluminescence of POLED 1 (grey) with the fitting results using the

TTA model (red), TADF model (green), and TE model (blue). The inset in

panel (c) shows a photograph of the POLED. The scale bar is 4 mm.

Detailed description of the experiment in panel (c) presented in

Section 2.2.

2 Results

2.1 Steady-state measurements

TDAF is a well-established polaritonic organic semiconduc-

tor that has been used in studies of polariton lasing and

superfluidity and exhibits a Rabi-splitting of ∼1 eV [19–21].

The latter is rather important as it enables us here to

reach largeΔES1−LP without compromising strong coupling
(Figure 2). Density functional theory (DFT) calculations per-

formed at the screened range-separated hybrid LC-whPBE

level and refined by measured S1 and T1 levels [22] reveal

a large energy gap between S1 and T1 (ΔES1−T1 ) of ∼0.8 eV,
which is essential in this study as it hinders RISC from T1 to

S1 within themolecule. In fact, we can also neglect the oppo-

site ISC process, as the photoluminescence quantum yield of

TDAF reported in the literature (90 % [22]) – together with

the large energy gap – implies that only a negligible portion

of singlets decays directly into triplets. The landscape and

character of the TDAF energy levels are further discussed

in Supplementary Figure S1. Moreover, TDAF’s ambipolar

electrical character makes it a favorable material in POLED

studies [23, 24], and here it allows us to directly populate

the triplet states under electrical injection due to the spin-

statistic rule (25% singlets and 75% triplets).

Figure 1(c) shows a typical time-resolved EL measure-

ment from our POLEDs along with a picture of a blue-

emitting POLED in the inset. The POLED having an LP

at 2.95 eV yields blue emission with a full-width at half-

maximum of 0.13 eV and Commission Internationale de

l’Eclairage (CIE) coordinates of (0.167, 0.015). In organic emit-

ters, delayed EL from the S1 level can be generally associ-

ated with either TTA [25], TADF [26], or slowly recombining

charges in trapped states (trap emission – TE [27]). This is

shown in Figure 1(c) together with the fittings from a rate-

equationmodel thatwe present in Section 2.3. To investigate

whether polaritons influence the dynamics of delayed EL in

our POLEDs, we performed detuning- and injection current-

dependent experiments. Our results demonstrate that the

delayed ELmechanism remained the same regardless of the

ΔELP−T1 or the existence of strong coupling. To identify the
origin of the delayed EL, we carefully compared the exper-

imental data with fittings from our model considering TTA,

TADF, and TE parameters. Figure 1(c) demonstrates that TE

fitting is in perfect agreement with the experimental data.

We fabricated POLEDs with LP at 2.95 eV, 2.83 eV, and

2.67 eV. The corresponding reflectivity contour plots are

shown in Figure 2(a)–(c), respectively. Fittings of the cou-

pled harmonic oscillator model to the reflectivity dip result

in the Rabi-splittings of 0.92 eV, 0.88 eV, and 0.96 eV for

POLED 1, POLED 2, and POLED 3, respectively, which agree
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Figure 2: Polariton characteristics. Angle-resolved reflectivity of (a) POLED 1, (b) POLED 2, and (c) POLED 3. The dashed white line is the molecular

exciton energy, the dashed blue line is the cavity energy dispersion, the dashed black lines are fitted polariton dispersions, and the cross points are

the experimental reflectivity minima. (d) Exciton (red berry) and photon (grey) content of the LP extracted from the coupled harmonic oscillator model

at 15◦. (e) Normalized EL spectra of the different POLEDs and the reference device collected at a normal angle.

with previous reports on TDAF in strong coupling [19]. Using

the same fitting, we also estimated the exciton and pho-

ton content in each POLED shown in Figure 2(d). Interest-

ingly, even in a very negatively detuned microcavity with

LP at 2.67 eV, we find that the LP band bottom exhibits a

large exciton content of 28% and shows clear anticrossing

(see Supplementary Figure S2 for the individual reflectivity

spectra). Note that the POLEDs used in reflectivity mea-

surements were top-emitting to avoid absorption through

the UV-absorbing MoO3 layer, and the two POLED config-

urations showed identical delayed EL profiles albeit with

some detuning shifts shown in Supplementary Figure S3.

Furthermore, the semitransparent aluminum mirror was

thinned to 25 nm (instead of 30 nm) to have better visibility

of the UP. We also fabricated TDAF organic light-emitting

diodes (OLEDs) in which the bottom electrode was replaced

by an indium tin oxide (ITO) transparent layer to eliminate

the cavity mode, and we clarified that these reference

devices did not exhibit strong coupling. We refer to

this OLED device as the reference device throughout this

work. The angle-resolved reflectivity shown in Supplemen-

tary Figure S4(b) has a Lambertian absorption response and

the normal-angle EL [Supplementary Figure S4(c)] is typical

for uncoupled TDAF molecule emission, confirming that

no polariton modes are supported in these devices. More

information on the reference device is shown in Supplemen-

tary Figure S4.

Figure 2(e) shows the EL spectra of the studied bottom-

emitting POLEDs at the normal collection angle. The POLED

with emission at 2.95 eV shows a uniform Lorentzian distri-

bution with a full-width at half-maximum of 0.13 eV, while

the POLEDs with LP tuned at 2.83 eV and 2.67 eV have a full-

width at half-maximum of 0.14 eV and 0.15 eV, respectively,

and exhibit asymmetric emission. Comparing the POLEDs
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with the reference device’s EL spectrum, shown as a greyed-

out area in Figure 2(e) and in Supplementary Figure S4, we

attribute this asymmetricity to emission from theuncoupled

excitons escaping through the 30 nm-thick aluminum mir-

ror. It is worth noting that shifting the LP resonant closer

to T1 resulted in a substantial reduction of the EL intensity

(see Supplementary Figure S5). To our advantage, the thick-

ness variation for the selected detuning is ∼10 nm, while
TDAF is ambipolar and thus insensitive to small shifts of

the carrier recombination zone [28]. Previously, in TDAF

polariton OLEDs, a hole-blocking layer (BPhen) was used

between TDAF and LiF [23], whichwas not used in our study

because we found BPhen devices to degrade rapidly during

our measurements.

2.2 Time-resolved electroluminescence

We excite our samples using square electrical pulses with

rise and fall times of sub-9 ns and collect the time-resolved

EL using a custom-built k-space and time-correlated single

photon counting (TCSPC) spectroscopy setup. See the Sup-

plementary Figure S6 for details of the experimental setup.

To ensure the consistency of the time-resolved EL mea-

surements, we control the excitation pulse duration and

repetition rate to allow the system to reach a steady state

before we turn off the electrical pulse and collect the emis-

sion statistics. The injected current density was controlled

by increasing the excitation pulse voltage and measuring

the current with an oscilloscope. The EL from the POLEDs

was spatially and spectrally filtered before it was collected

by the TCSPC sensor. To ensure the consistency and valid-

ity of our findings, all the measurements were performed

using freshly made POLEDs that were kept in a vacuum of

∼10−3 bar. In addition, throughout the duration of the time-
resolved EL measurement we were tracking that the total

collected photon counts remained stable. In some cases,

samples degraded due to exposure to ambient conditions

or due to overuse, showing a decrease of total collected

photon counts over the measurement period resulting in

an inflation of their delayed EL. We discarded such results

from our final evaluation. An example of this inflation due

to sample damage is shown in Supplementary Figure S7.

To explore the effect of strong coupling in the delayed

EL of TDAF OLEDs, we compared the POLED 1 and the

reference device. As it is clearly shown in Supplemen-

tary Figure S4(d) the delayed EL of the reference device

is dominated by TE statistics, further proving that the EL

mechanism in the TDAF remained unmodified by the pres-

ence of strong coupling.

Figure 3(a) shows the time-resolved EL from POLEDs

1–3 at an injection current of 90 mA/cm2. Despite how

closely we approached T1 with the LP, we observed

identical trends. Moreover, all POLEDs display identical

matching trends for injection current densities varying

from ∼30 mA/cm2 to ∼150 mA/cm2 (shown in Supplemen-

tary Figure S8). This further confirms that the polariton-

alignment effect in the delayed emission of TDAF, if any, is

negligible and difficult to resolve in raw data. By increas-

ing the current density, interestingly, we observed a small

quenching in the delayed EL trends. Nevertheless, to iden-

tify its origin and current-induced quenching, we developed

a rate equation model that was used to fit the experimental

results.

Spin–orbit coupling calculations (SOC) (see Supple-

mentary Figure S1) reveal that S1–T2 SOC is an order of

3

2

1

0
(a) (b)

30.73 mA/cm2

63.50 mA/cm2

105.00 mA/cm2

148.20 mA/cm2

Fit

POLED 3
POLED 1
POLED 2
POLED 3

J   90 mA/cm2≈

Figure 3: Time-resolved EL results and fittings. (a) Normalized EL counts of POLEDs 1–3 (ELP = 2.95 eV, 2.83 eV, 2.67 eV, respectively) at nearly the

same current density. (b) Normalized EL counts of POLED 3 (ELP = 2.67 eV) and fitted TE functions (dashed curves) with four different current densities.
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magnitude larger than S1–T1 SOC. This indicates that under

the right conditions, TDAF could demonstrate “hot RISC”

[29]. In our case, the LP mode of POLED 2 is aligned with

T2 and also possesses substantial excitonic content of 30%,
thus acting potentially as a “hot RISC” channel directly pop-

ulating LP from T2 with a rate k
T2→LP

hRISC
> 0. As indicated by

Figures 3 and 4, we did not observe this. We speculate that

such a scenario will have interesting implications for the

device’s performance, and it is perhaps interesting to inves-

tigate further in the future.

2.3 Rate-equation model and fitting

The population dynamics in our system, following the pulse

turn-off, can be approximated by the following system of

coupled rate equations. Here, we account for the presence

of TTA, TADF, and TE [cf. Figure 1(b)] and consider both the

strong and weak coupling (i.e., reference device).

dS1
dt

= 1

4
L−

(
k
S1
r + k

S1
nr + kS1→LP

)
S1 + k

T1→S1
TTA

T2
1
, (1)

dLP

dt
= −

(
kLP
r
+ k

LP→T1
ISC

)
LP+ kS1→LPS1 + k

T1→LP

RISC
T1, (2)

dT1
dt

= 3

4
L−

(
k
T1
nr + k

T1→LP

RISC

)
T1 + k

LP→T1
ISC

LP− kTTAT
2
1
. (3)

Here, S1, LP, and T1 are the time-dependent populations

of S1, LP, and T1. L is the Langevin recombination rate

describing trapped charges. We assume that the excitons

formed by trapped charges obey the spin-statistic rule: 25%
populating S1 (or exciton reservoir) and 75% T1. k

S1
(n)r

is the

(non)radiative rate of S1, k
LP
r
is the radiative rate of LP, k

T1
nr

is the nonradiative rate of T1, k
S1→LP is the rate of internal

conversion from S1 to LP, k
LP→T1
ISC

is the rate of intersystem

crossing from LP to T1, k
T1→LP

RISC
is the rate of reverse inter-

system crossing from T1 to LP, kTTA is the rate at which two

first-order triplets annihilate, and k
T1→S1
TTA

is the rate at which

TTA populates S1. Note that, in general, kTTA ≠ k
T1→S1
TTA

. In the

strong-coupling regime, S1 becomes the exciton reservoir

and we have k
S1
r = 0, whereas all rates involving LP vanish

underweak coupling. Note also that we have not considered

uncoupled singlet emission in the strong-coupling regime.

This is because we only collect photons from the lower

polariton, and the uncoupled singlets in TDAF canbe treated

independently. For example, population transfer from the

uncoupled singlets first to the triplets and then to the lower

polariton is negligible.

Substituting Eqs. (1) and (2) to the EL intensity IEL ∝
R := k

S1
r S1 + kLP

r
LP, we get.

IEL ∝
1

4
L− k

S1
nrS1 −

dS1
dt

+ k
T1→S1
TTA

T2
1
− k

LP→T1
ISC

LP − dLP

dt
+ k

T1→LP

RISC
T1.

(4)

Note that IEL consists of both the prompt and delayed

part. Next, we solve the intensity of delayed EL (IDEL) in

different scenarios. For reasons that we will discuss later,

we normalize the solutions so that IEL(0) = 1.

TTA scenario: If TTA dominates, we have
dT1
dt

≈
−kTTAT21. Solving for T1, substituting to Eq. (4) under a sim-
ilar approximation, and normalizing, we arrive at (cf. Ref.

[25])

(c) (d)

POLED 2
POLED 3

POLED 1

(a) (b)

Figure 4: Parameters extracted from the fittings, as functions of current density. (a) The TE amplitude. (b) The characteristic recombination time.

(c) The effective decay rate. (d) The DEL-%. The error bars are standard deviations obtained from 100 independent fittings.
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IDEL(t) ≈
k
T1→S1
TTA

∕R(0)[
1∕T1(s)+ kTTA(t − s)

]2 , t ≥ s≫ 0. (5)

Here, s is some reference point of time belonging to the TTA-

dominant regime.

TADF scenario: If TADF and the ISC-RISC cycle given by

k
LP→T1
ISC

LP and k
T1→LP

RISC
T1 dominate, we have

dLP

dt
≈ −kLP→T1

ISC
LP+ k

T1→LP

RISC
T1, (6)

dT1
dt

≈ −kT1→LP

RISC
T1 + k

LP→T1
ISC

LP. (7)

Again, we solve for T1, substitute to Eq. (4), and normalize,
this time obtaining (cf. Ref. [26])

IDEL(t) ≈
[(
k
LP→T1
ISC

+ k
T1→LP

RISC

)
T1(0) − k

LP→T1
ISC

(
T1(s)+ LP(s)

)]
∕R(0)

× exp
[
−
(
k
LP→T1
ISC

+ k
T1→LP

RISC

)
t
]
, t ≥ s≫ 0. (8)

TE scenario: Finally, should TE dominate, we can see

from Eq. (4) that IDEL ∝ 1

4
L. Here, the Langevin recombina-

tion rate L is defined as [27]

L = 𝛾

d

∫
0

𝜌e(x, t)𝜌h(x, t)dx, (9)

where 𝛾 is the bimolecular rate constant and 𝜌e(h)(x, t) is

the density of trapped electrons (holes). Assuming that the

charges are normally distributed over the recombination

zone of thickness d [27], i.e.,

𝜌e(h)(x, t) =
Ne(h)√
4𝜋De(h)t

exp

[
− (x − d∕2)2

4De(h)t

]
, (10)

with N and D denoting the initial concentrations and diffu-

sion coefficients, L becomes

L = 𝛾NeNh

2
√
𝜋(De + Dh)t

erf

(√
𝜏

4t

)
. (11)

Here, 𝜏 := d2(De + Dh)∕(4DeDh) is the characteristic recom-

bination time of electrons and holes. Now, we can write the

normalized delayed EL intensity as

IDEL(t) ≈
𝛾NeNh

8R(0)
√
𝜋(De + Dh)t

erf

(√
𝜏

4t

)
, t ≫ 0. (12)

Fitting Eqs. (5), (8), and (12) to the time-resolved EL data,

we find that the TE model fits the best [see Figures 1(c), 3(b),

S4(d), and S9]. The mean absolute errors calculated from all

the fittings and the time span of 1 ms are given in Table 1.

From the errors, we see that also TTA could contribute

to delayed EL. Indeed, there surely are intermediate time

intervals with competing mechanisms. However, as the TTA

model clearly begins to deviate from the data after the char-

acteristic recombination time, while TE persists to fit well,

Table 1: The mean absolute errors of the fittings.

Device TTA TADF TE

POLED 1 0.0006 0.0013 0.0004

POLED 2 0.0006 0.0011 0.0004

POLED 3 0.0004 0.0010 0.0002

Reference 0.0009 0.0018 0.0006

we can explain the dynamics with the latter. With TADF, this

ismore apparent; Typically, TADF startsmuch earlier and its

contribution dominates the overall EL intensity [26]. That is,

we did not change the already negligible RISC rate of TDAF

with strong coupling.

In Figure 3(a), we have plotted the time-resolved EL

data of POLEDs 1–3 (ELP = 2.95 eV, 2.83 eV, 2.67 eV) with

nearly the same current density. We can clearly see that the

delayed EL is independent of detuning.

Figure 3(b) shows the time-resolved EL data of POLED

3 (ELP = 2.67 eV) and fit functions (12) with different current

densities. The TE model describes our data extremely well

– and although the model would seem to fit well with the

prompt EL too, one should notice that limt→0 IDEL(t) = ∞.

That is, prompt IEL near t ≈ 0 should be solved separately

from IDEL. In addition to the delayed EL models, we fitted

monomials to the data and obtained approximately 1∕t-tails
– a signature of trapped charges [27].

It is of interest to evaluate the delayed emission con-

tribution to the entire EL. We now define DEL-% as the

intersection of IDEL(t) and an exponential function exp(−kt)
fitted on the prompt IEL(t) (cf. [25]) – this is why we nor-

malized the EL intensities. Here, k is the effective decay

rate of prompt EL. All the fitting results of POLEDs 1–3 are

shown in Figure 4. Figures 4(a)–(d) show the TE amplitude

A := 𝛾NeNh∕8R(0)
√
𝜋(De + Dh), the characteristic recombi-

nation time 𝜏 , the decay rate k, and the DEL-%. Note that

the resolution of prompt time-resolved EL may cause some

error in our estimation procedure. Furthermore, the fitting

of 𝜏 is quite sensitive to noise, which can explain the more

fluctuating values in Figure 4(b) when compared to other

quantities. The error bars in Figure 4 were calculated using

100 perturbed data sets per current density and detun-

ing. In each case, we simulated repeated measurements by

adding white noise to the data, staying close to the original

envelopes.

In Figure 4(a), the TE amplitudes decrease smoothly

– perhaps exponentially – while the other quantities

behave more interestingly around J0 ≈ 30 mA∕cm2. Until

this point, increasing current density means trapping more

charges. Due to this aggregation, electrons and holes can



A. G. Abdelmagid et al.: Origin of delayed electroluminescence in polariton OLED — 2571

recombine faster (𝜏 becomes smaller), increasing the con-

tribution of delayed EL. When we go beyond J0, we start

to promote different non-radiative processes such as sin-

glet–singlet, singlet–triplet, and singlet–polaron annihila-

tion [30], which dominate over the emission of trapped

charges. That is, 𝜏 starts increasing and DEL-% decreasing.

Furthermore, as the singlets are involved in these processes,

the effective decay rates in Figure 4(c) increase at a slower

rate.

3 Discussion

In conclusion, we studied the time-resolved EL of POLEDs.

By comparing POLEDs and non-cavity OLEDs, we observed

that delayed EL in our devices remained unchanged. More-

over, the LP modes were tuned within the energy landscape

of the TDAF molecule. In particular, we explored the effect

of matching LP to the T1 energy level, while we scanned for

changes in the dynamics. We concluded that this particular

device system, despite offering a favorable test bed, did

not show a prominent change in the dynamics either when

introducing strong coupling or whenmoving the LP close to

the T1. These results suggest that strong coupling has a neg-

ligible effect on TDAF triplet management. In addition, we

performed a comprehensive analysis of the time-resolved

EL data using coupled rate equations that account for emis-

sion from the LPmode. Based on the analysis we performed

in this particular experiment, we identified that the delayed

EL in our devices originates from the recombination of

charges trapped within the TDAF layer.

It is also worth noting that intermolecular near-

neighbor processes – namely singlet fission, Förster energy

transfer, and TTA – are practically delocalized over many

molecules and thus offer an attractive system to be influ-

enced by photon-dressed polariton modes. Nevertheless, it

is worth bringing up that in densely packedmolecular films,

such as the one usually implemented in microcavity polari-

ton samples and OLEDs, intra- and intermolecular pro-

cesses coexist and are often difficult to distinguish (e.g. RISC

and TTA) [31].

Whether strong coupling can serve as the means for

post-molecular design of materials with accelerated RISC

and TTA is still an open question. There are enormous impli-

cations in such an approach as it could be used to address

the low brightness (luminance) problem of OLEDs. This is a

long-standing problem called efficiency roll-off. Macroscop-

ically, it appears as a reduced internal quantum efficiency

(IQE) at increased injection currents, while it microscopi-

cally originates from the microseconds-slow [32] delayed-

fluorescence contribution to the EL IQE [33, 34]. Importantly,

strong coupling and photonics do offer an alternative route

to investigate material properties that are usually inacces-

sible, and efforts towards this direction offer great future

possibilities in the field of polariton chemistry.

4 Methods

4.1 Fabrication

The POLED devices were fabricated on pre-cleaned glass substrates

using thermal evaporation at a base pressure below 10−7 Torr

(Angstrom Engineering physical vapour deposition system). We used

15 × 15 mm2 glass substrates that were cleaned by sonication for

10 minutes in soapy water (3% Decon 90), acetone, and isopropanol,

respectively. The cleaned glass substrates were dried with nitrogen

before device fabrication. A 30 nm-thick aluminium was deposited on

top of the glass substrate as a bottom electrode, followed by deposition

of 5 nm MoO3 as the hole injection layer, TDAF as emitting layer, 1 nm

LiF as the electron injection layer, and a 100-nm-thick aluminium as a

top contact. The detuning of the POLEDs was controlled by varying the

thickness of the emitting layer.

4.2 Characterization

The angle-resolved reflectivity wasmeasuredwith a J.A.WoollamVASE

ellipsometer in reflectivity configuration. The EL was collected using a

custom-made k-space setup (0.2 NA Microscope objective, 250 μm slit

width) consisting of a spectrometer coupled to a two-dimensional (2D)

CCD camera (Princeton Instruments, 1340 × 400 pixels). Time-resolved

EL was acquired using the same spectrometer and a pulse generator

(HM8150) as an electrical excitation source. The POLEDs were excited

electrically by 250 μs pulse with different current densities. Further

details can be found in Supplementary Figure S6.

4.3 Computational methodology

The electronic structure calculations were performed by using the DFT

at the screened range-separated hybrid (SRSH) method with optimally-

tuned LC-𝜔hPBE functional and 6-31G (d, p) basis set. The range sep-

aration parameter, 𝜔, was optimized using a minimization proce-

dure based on the expression: J(𝜔) = [𝜖HOMO(𝜔) + IP(𝜔)]2 + [𝜖LUMO(𝜔)
+ EA(𝜔)]2. A dielectric constant of 𝜖 = 3.5 was considered for the

SRSH calculations. The excited-state energies were estimated using

the Tamm–Dancoff approximation (TDA) within the Time-dependent

density functional theory (TDA-TDDFT) approach. The nature of the

excited states was characterized using the Natural Transition Orbitals

(NTO) analyses. The SOC values between the ground and excited states

were estimated using the PySOC code interfaced with TDA-TDDFT cal-

culations. These calculations are performed at two different dielectric

constants, 𝜖 = 3.08 and 3.5, commonly used for such materials and

following experimental conditions [35, 36]. Calculations by using two

different dielectric constants reproduced similar trends. All DFT and

TDA-TDDFT calculationswere performedwith the Gaussian16 program

package [37].
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