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Abstract 

Afterglow organic light-emitting diodes (OLEDs) with persistent emission after switching off the ap-

plied voltage have garnered extensive attention recently, but the available organic afterglow materials for 

electroexcitation remains rare, along with low device performance. Here, we report a series of high-per-

formance full-color afterglow OLEDs by employing tri-mode afterglow molecule as emitting layer doped 

with various phosphorescent complexes in a simplified thick-layer OLED architecture. The tri-mode af-

terglow by transforming the long-lived ultralong phosphorescence to phosphorescence and fluorescence 

through thermally activated exciton release and reverse intersystem crossing promotes significantly the 

afterglow efficiency. Indeed, the tri-mode afterglow OLEDs display blue to cyan afterglow with lifetime 

up to 253 ms and maximum external quantum efficiency (EQE) of 7.4%. After doping of phosphorescent 

complexes, efficient energy transfer from the tri-mode afterglow host to phosphor dopants results in highly 

bright and efficient green, yellow and red afterglow OLEDs with the maximum lifetime of 132 ms, total 

EQE of 24%, and afterglow EQE of 3.6%, representing the highest efficiencies reported so far of afterglow 

OLEDs. This study opens exciting prospects for the development of high-performance afterglow OLEDs, 

leveraging unique properties of organic semiconductors with rich triplet excited state behaviors for ad-

vanced optoelectronic applications and light-emitting technologies. 

 

Introduction 

Organic light-emitting diodes (OLEDs) have become the highly promising technology for displays and 

lighting owing to their distinct merits of lightweight, flexibility, wide color range, and low power 

consumption1, 2. Recently, in addition to traditional prompt electroluminescence (EL), afterglow OLEDs 

that continue to emit light over 1 s (lifetime > 100 ms) after the applied voltage is turned off have attracted 

increasing attention3-6 to take advantages of long-lived triplet excitons of room-temperature 

phosphorescent (RTP) or more precisely, organic ultralong RTP (OURTP) materials7, 8 for a wide range 

of potential applications such as emergency and safety lighting, wearable and nighttime illumination, 

decorative or architecturally integrated displays and time-temperature indicators9. RTP and OURTP 
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materials relay on efficient intersystem crossing (ISC) promoted by hetero/heavy-atom incorporations10, 

11 and inter/intra-molecular interactions12, 13 to facilitate exciton spin transformation from that on the 

lowest singlet excited state (S1) to the lowest triplet excited state (T1), while the spin-forbidden radiative 

decay of triplet exciton to the ground state (S0) effectively elongates the lifetime of T1 although generally 

with low RTP efficiency. Impressively, the unique purely organic RTP and OURTP materials with long-

lasting photoluminescence (PL) have also shown great potential in advanced applications of information 

anti-counterfeiting14, visual persistence displays15, low-power indicators16, and wearable 

optoelectronics17. However, to fabricate afterglow OLEDs, organic afterglow materials are essentially 

needed for the long-lasting EL after electroexcitation and more importantly, the emitting material should 

be semiconductive for electron and hole injection, transportation and recombination with matched fronter 

molecular orbital energy levels when used in the sandwich-structured devices5, 6. Therefore, the 

simultaneous requirement of afterglow feature and semiconductivity rules out a lot of organic luminescent 

materials, leading to rather rare applicable candidates for afterglow OLED emitters. 

Adachi et al.3 are the first to realize afterglow OLEDs using a deuterated RTP molecule as guest doped 

in a rigid steroid host modified by carbazole to increase the semiconductivity; the RTP afterglow OLED 

in normal phosphorescent OLED structure shows blue steady-state EL (SSEL) contributed mainly by the 

prompt fluorescence (PF) and green delayed EL from OURTP with lifetime up to 390 ms and total external 

quantum efficiency (EQEtotal) around 1%. Following the RTP afterglow mechanism (Fig. 1a), our group5 

found that commercially available carrier transporting organic materials can be also used to construct 

afterglow OLEDs via host-guest doping; the resultant low-voltage driving (5.8 V) devices exhibit green 

OURTP with maximum EQEtotal, luminance, and lifetime of 1.47%, 743 cd m-2, and 356 ms, respectively. 

Su et al.18 developed the thermally activated delayed fluorescence (TADF)-type afterglow OLEDs (Fig. 

1b) using TADF molecule with moderate singlet-triplet spitting energy (ΔEST = 0.46 eV) and moderate 

reverse ISC (RISC) rate to slow down the delayed fluorescence (DF) for afterglow; the fabricated green 

TADF afterglow OLED with 10 wt% doped TADF emitter achieved an EQEtotal of 14.7% and an EL 

afterglow lifetime of 157 ms. We firstly reported the hybridized local and charge transfer-OURTP (HLCT-
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OURTP) afterglow OLEDs (Fig. 1c) using a novel HLCT-OURTP molecule6, which can turn the spin-

forbidden triplet emission to the spin-allowed fluorescence through fast high-lying RISC process for high 

device efficiencies with the aid of its HLCT character, while its OURTP feature favors the long-lived 

afterglow lifetime of the EL emission when being doped in a rigid semiconductive host; a state-of-the-art 

maximum EQEtotal of 12% for the afterglow OLEDs was achieved along with an afterglow EQE 

(EQEafterglow) of 3.11% reported for the first time. Adachi et al4. also realized the afterglow OLEDs based 

on exciplex organic long-persistent-luminescent (OLPL) systems (Fig. 1d) composed of a mixture of 

electron-donating and electron-accepting components, where charge separation, diffusion, and 

recombination will happen for the exciplex-type OLPL emission in the power-law decay behavior; an 

EQEtotal of ~0.7% and a green afterglow duration time of 17 s at a driving voltage of 40 V were observed. 

Recently, Xie et al.9, 19 realized OLPL-type afterglow OLEDs (Fig. 1e) following the trap-induced 

persistent luminescence (TIP) mechanism by doping the TADF guest with low-lying the lowest 

unoccupied molecular orbital (LUMO) into a host to form trap state; under a driving voltage of 12 V, the 

device achieved an afterglow duration time up to 76 s and an EQEtotal of 2.31%. Despite these continued 

efforts in improving the afterglow OLEDs’ efficiencies and lifetimes, the development of afterglow 

OLEDs remains at an infancy stage with significantly lower EQEs compared to these of conventional 

phosphorescent (37.3%)20, TADF (43.3%)21 and RTP (33.2%)22 OLEDs, let alone the mainly green EL 

afterglow color. 

To develop efficient afterglow OLEDs, we envision the previously reported tri-mode afterglow 

mechanism would be helpful23, 24, by transforming the long-lived OURTP related to the radiative transition 

of the stabilized T1 state (T1
*) to T1 emission for the delayed RTP (DRTP) through overcoming the exciton  

trapping depth (ΔETD), followed by efficient RISC for the DF from the spin-allowed S1 emission. With 

rationally modulated ΔETD and ΔEST to low values, the thermally activated exciton release (TAER) of 

T1
*→T1 and RISC for T1→S1 will be significantly promoted and afterglow will be observed in OURTP, 

DRTP and DF (Fig. 1f), respectively. Similar to the RISC process in TADF molecules which is sensitive 

to ΔEST, TAER process is sensitive to ΔETD; when ΔEST and ΔETD are sufficiently low (< 0.37 eV)25, 26, 
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thermal energy of the environment can overcome these energy gaps for the efficient RISC and TAER 

processes at room temperature. Indeed, when we employed a tri-mode afterglow emitter of 2,3,5,6-

tetrakis(carbazol-9-yl)benzonitrile (4CzBN) as the emitting layer (EML) of OLEDs in a simplified thick-

layer device architecture, blue to cyan EL afterglow with lifetimes from 197 to 253 ms was realized 

depending on the thickness of EML. Based on the cyan afterglow OLEDs, green, yellow, and red 

phosphorescent complexes were doped into the afterglow EML to achieve full-color afterglow OLEDs 

via energy transfer from the long-lived 4CzBN host to these colorful dopants (Fig. 1g). 

Remarkably, the green, yellow and red afterglow devices exhibit corresponding afterglow lifetimes up 

to 132, 122 and 123 ms and the maximum EQEtotal of 24%, 22% and 24%, which are comparable with 

these of conventional phosphorescent OLEDs27, 28 and represent the highest value of the reported 

afterglow OLEDs to date (Table S1). Notably, the EQEafterglow up to 3.6% figured out by a full-time-range 

lifetime measurement system was also the best result ever reported in afterglow OLEDs. Compared with 

the conventional multilayer structures of OLED devices, the simplified thick-layer architecture with fewer 

organic layers is beneficial, especially for the flexible electronics, to scalable device fabrication with re-

duced complexity and high device performance by reducing the refractive-index mismatch between or-

ganic layers29, 30 and alleviating quenching of the long-lived triplet excitons31, 32. Therefore, this study 

significantly improves the performance of afterglow OLEDs by using the tri-mode afterglow emitter 

based on thick-layer OLED device architecture and efficient triplet excited state-involved energy transfer, 

representing significant concept breakthrough in modulating electronically pumped excited states for 

advanced flexible electronic applications. 
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Fig. 1 Organic afterglow mechanisms of a RTP afterglow, b TADF afterglow, (c) HLCT-OURTP, OLPL 

through d exciplex and e TIP emissions, and f tri-mode afterglow. g Tri-mode afterglow molecule of 

4CzBN and the full-color thick-layer device structures with green, yellow and red phosphorescent metal 

dopants. 

 

Results 

Tri-mode afterglow behavior of 4CzBN. 

The 4CzBN with four carbazole substituents on a central benzonitrile in donor-acceptor (D-A) structure 

was previously reported as a typical TADF molecule33, 34, showing blue emissions with a small ΔEST of 

0.19 eV in dilute 2-methyltetrahydrofuran (2-MeTHF) solution (Fig. 2a). Extraordinarily, we found that 

4CzBN can exhibit a visible afterglow emission at room temperature when 4CzBN is in neat film or 

heavily doped in polymethyl methacrylate (PMMA) (Figs. S1-2). The steady-state PL (SSPL) spectrum 

(Fig. 2b) of the neat 4CzBN film is broad with a significantly red-shifted fluorescent peak at 460 nm 

(lifetime = 1.7 ns) (Fig. S3) compared to that in dilute solution (448 nm). And, the emission is stronger in 
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N2 than in air, suggesting that the emission bands are related to triplet excited states that will be quenched 

by triplet O2. From the delayed PL spectra with a delay time of 10 ms to eliminate the contribution of 

short-lived fluorescence, three distinct emission bands around 460, 494 and 538 nm appear with 

corresponding lifetimes of 232, 223 and 215 ms at room temperature (Fig. S4 and Table S2) and become 

more apparent at lower temperatures (Fig. 2c). Interestingly, the luminescent intensities of these three 

emission bands exhibit very different temperature-dependent behaviors: the 538 nm emission band show 

continual intensity enhancement as temperature drops; the 460 and 494 nm emission bands exhibit an 

initial slight intensity decrease when the temperature drops from 300 to ~240 K, and then enhance at 

further reduced temperatures, except for that the 460 nm emission intensity begins to decrease as 

temperature is lower than ~150 K (Fig. 2d). As to their lifetimes, different temperature-dependent 

behaviors were also observed, although they have similar lifetimes at room temperature. For the 460 and 

494 nm emissions, the lifetimes elongate as temperature reduces from 300 to ~225 K and decrease rapidly 

when the temperature further drops to ~150 K followed by a slight lifetime increase at very low 

temperatures up to 78 K. For the 538 nm emission, the lifetime continuously elongates as temperature 

drops and reaches 1.2 s at 78 K (Fig. 2e). This spectacular temperature-dependent emission behaviors can 

be well explained by the previously reported tri-mode organic afterglow mechanism23. The three emission 

bands around 460, 494 and 538 nm are related to the radiative decay of S1, T1 and T1
* states for the DF, 

DRTP and OURTP, respectively. As the temperature reduces from 300 to 240 K, TAER is suppressed, 

leading to reduced intensities of the delayed emissions at 460 and 494 nm, while the also suppressed non-

radiative transitions result in enhanced 538 nm emission and elongated lifetimes of the three emission 

bands. When the temperature further drops to ~150 K, both TAER and non-radiative transitions are 

significantly suppressed but the impact of TAER becomes lower, leading to significantly enhanced 

intensities of these three emission bands and the reduced lifetimes of the 460 and 494 nm emissions, 

because the lifetime inherited from T1
* through TAER is gradually blocked by low temperatures. At very 

low temperatures below 150 K, RISC also tends to be blocked, leading to the decreased intensity of DF 
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at 460 nm; the greatly suppressed non-radiative transitions resulting in increased lifetimes of all the three 

emission bands.  

The experimental values of ΔEST and ΔETD for RISC and TAER processes are found to be 0.12 and 

0.33 eV in 4CzBN neat film obtained from the onsets of the fluorescent, phosphorescent and OURTP 

spectra shown in Scheme S1. Such small values are highly favorable for the occurrence of the tri-mode 

afterglow and the larger ΔETD explains the more temperature sensitive TAER process than the RISC 

process. The tri-mode afterglow behavior of 4CzBN is also supported by the first principle theoretical 

calculations. Time-dependent density functional theory (TD-DFT) calculations reveal that 4CzBN 

possesses a very small ΔEST of 0.13 eV and singlet-triplet energy gaps of S1-T1/T2 of 0.13 and 0.11 eV 

with corresponding large spin-orbit coupling (SOC) values of 0.11 and 0.66 cm-1, which are characteristic 

features of typical TADF materials as reported previously33, 34. Notably, the SOC between T1 and S0 is as 

high as 5.04 cm-1, which supports the possibility of efficient OURTP (Fig. 2f)35. In 4CzBN, the four donor 

units of carbazole are directly connected to the acceptor of benzonitrile in D-A structure, which typically 

results in a small ΔEST for facile RISC process33, 34. On the other hand, the abundant planar carbazole 

units are prone to forming H-aggregation23, 24, 36, which can effectively stabilize T1 to generate T1
* excitons. 

But, the twisted molecular structure of 4CzBN disrupts the π-π stacking23 with distances from 3.4 to 3.6 

Å between two intermolecular carbazoles as revealed by the molecular dynamics modelling37 (Fig. S5), 

leading to a relatively smaller ΔETD to enable the efficient thermally activated TAER process at room 

temperature. It should be noted that the small ΔETD for the efficient TAER process is the key to realized 

the tri-mode afterglow; 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), a classical TADF 

molecule structurally similar to 4CzBN, shows no afterglow in neat film because its large intermolecular 

π-π stacking distance (> 3.9 Å) prevents the formation of H-aggregation and the long-lived T₁* states (Fig. 

S6).  

To determine the proportions of the long-lived emission of the tri-mode afterglow, the widely used 

spectrum deconvolution method was adopted38; by fitting the SSPL spectrum using the delayed PL 

spectrum and supposed fluorescent spectrum, the contribution of the long-lived (lifetime > 1 μs) emission  
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Fig. 2 Tri-mode afterglow behavior of 4CzBN. a Normalized absorption (Abs.) and SSPL spectra at 

room temperature and phosphorescence (Phos.) spectrum at 78 K in dilute 2-MeTHF. b SSPL spectra of 

4CzBN neat film in N2 and O2 at room temperature. c SSPL spectrum at room temperature and tempera-

ture-dependent delayed PL spectra in film. d Temperature-dependent delayed PL intensity and e decay 

profiles of tri-mode afterglow peaks with lifetimes (inset) of the neat 4CzBN film. f TD-DFT calculated 

singlet and triplet excited state energies with corresponding SOC constants (cm-1). g Full spectral range 

(400-800 nm) PL decay profile presented in a double-log form over a time range from ns to ms, along 

with the emission contributions at different time scales of the 460, 494, and 538 nm emissions. The 

spectra are all excited at 330 nm and the delay time is 10 ms. 

 

is 58% (Fig. S7). Further, we used the full-time-range lifetime measurement technique to investigate the 

long-lived emission proportions39. It was found that owing to their rather broad and overlapped emission 

bands, three emission peaks at 460, 494, and 538 nm all have ns (S1 → S0), µs (T1 → S1 → S0 and T1 → 

S0), and ms (T1
* → T1 → S1 → S0, T1

* → T1 → S0 and T1
* → S0) scaled lifetimes (Figs. 2g and S8), and 

the µs and ms-scale emissions contribute as much as 67%, which is rather close to that by peak 
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deconvolution. Considering that only the ms-scaled emission meets the lifetime requirement of afterglow 

emission, the PL quantum yield (PLQY) of the afterglow of 4CzBN neat film was figured out to be around 

7.7% from its contribution of 15% and the total PLQY of 51%.  

Non-doped tri-mode afterglow OLEDs. 

Inspired by the unique tri-mode afterglow behavior of 4CzBN in solid film and its previous applications 

in OLEDs,33, 40 we applied it as EML in afterglow OLEDs to realize afterglow EL. It is worth noting that 

4CzBN needs to be in aggregated states through heavy doping or in thick neat film to emit efficient 

afterglow emission (Figs. 2 and S9). And, the conventional device structures based on low doping contents 

and thin (~20 nm) EML are not suitable for preparing afterglow OLEDs (Fig. S10). Encouraged by the 

recently reported thick-layer OLEDs using thick EMLs41-43, we fabricated tri-mode afterglow OLEDs 

with large thicknesses of 4CzBN EMLs of 120, 140 and 160 nm in a structure of indium tin oxide 

(ITO)/MoO3 (3 nm)/mCP (15 nm)/4CzBN (120, 140, 160 nm)/TPBi (10 nm)/LiF (1 nm)/Al (100 nm), 

where 1,3-di(9H-carbazol-9-yl)benzene (mCP) and 2,2',2''-(1,3,5-benzenetriyl)-tris(1-phenyl-1H-ben-

zimidazole) (TPBi) serve as the hole- and electron-transporting layers, respectively (Figs. 3a and S11). 

Notably, the thick OLEDs with broad exciton recombination zone and reduced exciton quenching caused 

by interfaces and electrodes44, 45 would favor the efficient long-lived electrically driven afterglow, espe-

cially because the HOMO and LUMO levels of 4CzBN are well aligned with the energy level require-

ments of the thick device for good charge carrier balance41-43.  

Excitingly, the rationally designed devices can be turned on at a low driving voltage of 3.2 V, showing 

maximum luminance and maximum current density up to 13160 cd m-2 and 608 mA cm-2, respectively 

(Fig. 3b). From their different device performance in terms of power efficiency (PE), current efficiency 

(CE), EQEtotal and EQEafterglow ranging from 5.4, 14 to 10 lm W-1, 6.3, 15 to 11 cd A-1, 3.1, 7.4 to 5.8%, 

and 0.47, 1.10 to 0.87%, the optimal thickness of 4CzBN EML is 140 nm for the highest device 

efficiencies (Figs. 3c and S12). The SSEL and delayed EL spectra are almost identical to PL spectra, 

showing a red-shifted and broader afterglow EL after a delay time of 10 ms to eliminate the  
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Fig. 3 Non-doped thick-layer afterglow OLEDs. a Device structure, b luminance-current density-volt-

age c and EQEtotal -luminance curves, d SSEL and delayed EL (delay 10 ms) spectra with corresponding 

photographs (inset) when the applied voltage (7 V) is turned on or off, e EL decay profiles (484, 490 and 

494 nm) and lifetimes (inset) at different thickness of EML. f SSEL spectra of the 140 nm-thick-device 

at 78 and 298 K and the delayed EL spectra at low temperatures when being warmed from 78 K for 5 

and 10 min in a room-temperature atmosphere. 

 

contributions of short-lived prompt fluorescence (Fig. 3d and Movie S1). Notably, there is an 8 nm redshift 

when the EML thickness increases from 120 to 160 nm, possibly due to the microcavity effects of the 

devices46, 47. And, the EML thickness dependent behavior was also observed in the afterglow EL decay, 

showing different lifetimes of 197, 253 and 228 ms for the devices with EML thickness of 120, 140 and 

160 nm, respectively (Fig. 3e). In contrast, the contributions of RTP, DRTP and OURTP emissions to the 

SSEL and delayed EL keep nearly constant at different EML thicknesses (Fig. S13). Therefore, the dif-

ferent lifetimes might be related to also the varied microcavity effects and/or the different recombination 

zones of the devices48, 49.  

When the EL spectra were measured at low temperatures, the SSEL of the 140 nm thick device also 

becomes broader due to the contributions of markedly enhanced long-lived emission of T1 and T1
*, as 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

evidenced by the significantly red-shifted delayed EL spectra (Fig. 3f). When the temperature is gradually 

increased from 78 K for 5 and 10 min, the OURTP-dominated delayed EL spectra blue shift gradually, 

revealing that the TAER and RISC processes are gradually activated to trigger the DRTP and DF emissions 

from T1 and S1. Moreover, the non-doped afterglow device exhibited no significant shortening or aging 

of the afterglow EL lifetime under repeated voltage on/off switching at a driving voltage of 7 V, indicating 

good operational stability (Fig. S14).  

Mechanism of the tri-mode afterglow OLEDs. 

Based on the tri-mode afterglow behavior of 4CzBN upon photoexcitation, the mechanism of electro-

excited tri-mode afterglow of the non-doped OLEDs can be proposed. When the voltage is turned on, 

holes and electrons are injected, transported and finally recombined on EML of 4CzBN to form excitons. 

Approximately 25% excitons populate the S1 state, generating prompt fluorescence emission, while the 

remaining 75% excitons occupy the T1 and T1
* states to exhibit long-lived RTP and OURTP emissions. 

The long-lived excitons on T1
* can transfer to T1 and S1 states through the TAER and RISC processes with 

the aid of thermal energy, resulting in DRTP and DF emissions. After the voltage is turned off, the prompt 

emissions disappear immediately. The remaining long-lived triplet excitons generate the tri-mode 

afterglow EL through direct emission of T1
* for OURTP, the TAER to populate T1 for DRTP, and TAER 

and RISC processes to populate S1 for DF (Fig. 4a). Notably, the realization of blue to cyan afterglow 

OLEDs lays the foundation for extending afterglow devices across the full visible spectrum by energy 

transfer from the bluish afterglow of 4CzBN to various emitters50, 51. In this sense, we rationally selected 

three phosphorescent Ir(III) complexes of bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato) iridium(III) 

(Ir(ppy)2acac), bis(2-phenylbenzothiazolato) (acetylacetonate) iridium(III)(Ir(bt)2acac) and bis(1-

phenylisoquinoline) (acetylacetonate)iridium(III) (Ir(piq)2acac), which show green, yellow and red 

emissions, respectively. These phosphorescent emitters exhibit significant spectral overlap between their 

absorption spectra (in dilute solution) and the SSPL and delayed PL spectra of neat 4CzBN film, ensuring 

the efficient energy transfer (Fig. S15). 
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Fig. 4 a Mechanisms of tri-mode afterglow EL based on thick EML of 4CzBN. b SSPL and delayed PL 

(delay 10 ms) spectra and c decay profiles and lifetimes (inset) of 526, 566 and 628 nm emission after 

doping 1.0 wt% Ir(ppy)2acac, Ir(bt)2acac and Ir(piq)2acac in 4CzBN film upon 330 nm excitation. d 

Mechanisms to realize full-color afterglow EL. 

 

Indeed, the SSPL of the doped films prepared by doping the three phosphorescent emitters into 4CzBN 

at a content of 1.0 wt% show two emission peaks upon photoexcitation. The short-wavelength emission 

peak around 467 nm originates from 4CzBN, while the long-wavelength emission peaks at 526 nm, 566 

nm and 628 nm are corresponding to the emissions from these phosphorescent emitters (Figs. 4b and 

S16). To our delight, all three doped films exhibit prominent afterglow emissions, showing dual emission 

peaks corresponding to both 4CzBN and the phosphorescent emitters (Fig. 4b). The photo-excited emis-

sion lifetimes at 526, 566, and 628 nm for green, yellow and red afterglow are 204, 214, and 187 ms (Fig. 

4c), respectively. The shorter lifetimes of these emissions than the pristine blue afterglow of 4CzBN host 

along with the reduced lifetime of 4CzBN emission (467 nm) upon the increased doping contents of phos-

phorescent emitters (Fig. S17) indicate the efficient long-lived triplet excited state-related energy transfer 

via Förster resonance energy transfer (FRET) and Dexter energy transfer (DET) from 4CzBN to these 

phosphorescent complex dopants50, 51. Encouraged by the successfully realized full-color afterglow of the 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

host-guest system upon photoexcitation, we can expect the realization of efficient full-color afterglow EL, 

since triplet excitons can be directly generated upon electroexcitation in a ratio of 75% (Fig. 4d). 

Full-color afterglow OLEDs. 

The devices were constructed in an identical structure of the non-doped thick-layer afterglow OLEDs, 

where the EMLs with the optimal thickness of 140 nm were co-deposited using the phosphorescent 

complexes and 4CzBN. The dopants of Ir(ppy)2acac, Ir(bt)2acac and Ir(piq)2acac were doped into 4CzBN 

at different contents of 0.5, 1.0, and 5.0 wt% for green (Device G), yellow (Device Y) and red (Device R) 

devices, respectively (Fig. S18). The devices performance was optimized and the optimal doping contents 

of the phosphorescent complexes is 1.0 wt% Ir(ppy)2acac, 1.0 wt% Ir(bt)2acac, and 0.5 wt% Ir(piq)2acac, 

respectively (Fig. 5a). At such low doping levels, the direct trapping of charge carriers on the metal 

complexes would be significantly low52, 53. And, distinct green, yellow and red afterglow EL emissions 

were successfully observed. Unlike photoexcitation, SSEL spectra have no emission bands of 4CzBN at 

even lower doping content, suggesting the enhanced energy transfer under the local electric fields54 and 

with better spectral overlap by the facilitated TAER and RISC processes for DRTP and DF to blue shift 

the emission spectrum at increased temperature when the device is on operation. The combined effects of 

the electric and thermal fields in OLEDs should be responsible for the much higher energy transfer effi-

ciency under electroexcitation. The delayed EL spectra are closely matched with the SSEL spectra, 

indicating that all emissions are originated from the doped emitters and the energy transfer from the long-

lived 4CzBN to the dopants is efficient and complete (Fig. 5b).  

Impressively, the EL lifetimes of the green, yellow and red OLEDs are extraordinary long, reaching up 

to 132, 122 and 123 ms at an applied voltage of 7 V (Fig. 5c). The shorter lifetimes of the green, yellow 

and red afterglow OLEDs than that of the dopant-free blue afterglow OLED (lifetime = 253 ms) (Fig. 

S19) suggest again the efficient energy transfer from the long-lived 4CzBN to the colorful dopants. 

Considering that triplet excitons have very long lifetime and diffusion length, both the long-ranged (up to 

10 nm) FRET and short-ranged (< 1 nm) DET from the energy donor of 4CzBN to the closely contacted 

phosphorescent dopants at low doping levels should play important roles here55, 56. The turn-on voltages, 
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maximum luminance and current-density of the doped afterglow OLEDs are 5.2, 3.9 and 4.5 V; 65781, 

47274 and 22873 cd m-2; and 369, 353 and 550 mA cm-2 (Fig. 5d), respectively. Extraordinary, the green, 

yellow, and red afterglow OLEDs exhibited high CE, PE and EQEtotal of 44, 55 and 13 lm W-1; 72, 55 and 

20 cd A-1; 24%, 22% and 24%, respectively (Fig. 5e); these values represent the highest performance 

reported to date among all afterglow OLEDs (Tables S1 and S3). Moreover, the EQEafterglow of these high-

performance afterglow devices would be as high as 3.6%, 3.3% and 3.6%, assuming that the proportion 

of long-lived emission is 15% revealed by photophysical investigations (Fig. 2g) and the energy transfer 

from 4CzBN to dopants is completely. Notably, these results break the records of EQEafterglow of afterglow 

OLEDs up to date, since the long-lived spin-forbidden triplet excitons can be successfully transformed to 

S1 for the spin-allowed DF through TAER and RISC and to the excited states of metal-complex for 

efficient phosphorescence through energy transfer. It should be noted thus obtained EQEafterglow may differ 

from the actual situation, because photonic and electrical excitations have different mechanisms in exciton 

formation pathways and energy transfer dynamics. Upon electroexcitation, 75% excitons are triplet with-

out need of ISC, which may breakthrough the long-lived emission proportion of 15% observed photo 

physically and the DET process will be more favorable; also, the electric field can directly influence the 

electron cloud overlap and energy barrier between the donor and acceptor for the enhanced energy trans-

fer54. Moreover, elevated temperature on the operation of OLEDs will facilitate the TAER and RISC 

processes for the enhanced delayed emissions and energy transfer. Principally, directly measuring the 

contribution of afterglow emission to the total electroluminescence under electrical excitation would be 

the most accurate way to determine EQEafterglow. However, due to current technical limitations and huge 

difficulties to measure the afterglow photon flux relative to the steady-state flux upon electronic excita-

tion, applicable methods to measure EQEafterglow directly are yet to be developed, along with rarely re-

ported EQEafterglow values of afterglow OLEDs6. 
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Fig. 5 High-performance green, yellow and red afterglow OLEDs. a Device structure, b SSEL and de-

layed EL (delay 10 ms) spectra with corresponding photographs (inset) when the applied voltage (7 V) 

is turned on or off, c EL decay profiles and lifetimes (inset) measured using a driving voltage of 7 V, d 

luminance-current density-voltage and e efficiency-luminance curves. 

 

Discussion 

In summary, we report for the first time that the conventional TADF molecule of 4CzBN exhibits the 

unique tri-mode afterglow at the aggregated state, featuring an afterglow PLQY of 7.7% and a lifetime of 

~230 ms at room temperature. Based on this extraordinary excitonic behavior, we designed and fabricated 

high-performance blue to cyan afterglow OLEDs in a simplified thick-layer architecture with different 

thicknesses of 4CzBN EML up to 160 nm; the non-doped devices deliver excellent afterglow EL 

performance, exhibiting a maximum EQEtotal of 7.4% and EQEafterglow of 1.10%, and an afterglow EL 

lifetime over 250 ms. Furthermore, through efficient energy transfer from the cyan afterglow to green, 

yellow, and red dopants, full-color afterglow OLEDs were realized, where the dopant molecules 

effectively harvest excitonic energy and inherit lifetime of the long-lived 4CzBN excitons in tri-mode 

afterglow observed firstly in electroluminescence. The colorful devices exhibit record-high EQEtotal 

values of 24%, 22%, and 24% for green, yellow and red OLEDs, representing the highest efficiencies 

reported to date for afterglow OLEDs. Also, a maximum EQEafterglow of 3.6% was identified, breaking 
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through the efficiency limit of afterglow OLEDs. These advances, based on the novel tri-mode afterglow 

mechanism in designing high-performance color-tunable organic afterglow OLEDs, hold promising 

potential for a wide array of optoelectronic applications, including advanced display technologies, 

information encryption, visual sensing, and next-generation lighting techniques. 

 

Methods 

Materials and characterization 

The materials used in this research include 2,3,5,6-tetrakis(carbazol-9-yl)benzonitrile (4CzBN) from 

Suzhou GeAo New Materials Co., Ltd.; 2,2',2''-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole) 

(TPBi), 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), bis[2-(2-pyridinyl-N)phenyl-

C](acetylacetonato)iridium(III) (Ir(ppy)2acac), bis(2-

phenylbenzothiazolato)(acetylacetonate)iridium(III) (Ir(bt)2acac) and bis(1-

phenylisoquinoline)(acetylacetonate)iridium(III) (Ir(piq)2acac) from Xi’an Yuri Solar Co., Ltd.; and 1,3-

di(9H-carbazol-9-yl)benzene, also known as N,N′-dicarbazolyl-3,5-benzene (mCP), from Jilin OLED 

Material Tech Co., Ltd. Poly(methyl 2-methylpropenoate) (PMMA) with a weight-average molecular 

weight of approximately 150000, and the organic solvents of 2-methyl-tetrahydrofuran (2-MeTHF) and 

dichloromethane (DCM) were purchased from Energy Chemical. All the organic materials and solvents 

were used directly without further purification. Ultraviolet-visible (UV-Vis) absorption spectra in solution 

were tested on a Jasco V-750 spectrophotometer under ambient conditions. Steady-state photoluminescent 

(SSPL) and delayed photoluminescent (PL) spectra (delay time of 10 ms), steady-state 

electroluminescence (SSEL) and delayed electroluminescence (EL) spectra, as well as PL and EL decays 

were measured on an Edinburgh FLS 980 fluorescence spectrophotometer equipped with a xenon arc 

lamp (Xe 900), a microsecond flash-lamp (µF 900), Function Generator (AFG3021C) and some 

picosecond pulsed light emitting diodes (LEDs) with several wavelengths. The PL and EL decay 

measurements were performed using two complementary detection modes: (1) the Time-Correlated 

Single Photon Counting (TCSPC) technique with the Time-Correlated Counter 900 (TCC900) acquisition 
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card, and a picosecond-pulsed LED as the excitation source for lifetimes in the range of approximately 

100 ps to 10 μs, and (2) the Multi-Channel Scaling (MCS) mode with the Photon Counting Scaler 900 

(PCS900) fast counter card and µF 900 or AFG3021C as the excitation source for longer lifetimes from 

about 1 μs to 10 s. The emission signal was collected by a photomultiplier tube (PMT) synchronized with 

the excitation pulse. 

 

Device fabrication and characterization 

In a general procedure, the indium tin oxide (ITO) substrates were washed by deionized water, acetone, 

and ethanol for 30 min in an ultrasonic bath and then treated with ultraviolet (UV)-ozone for 15 min. 

Devices were fabricated by evaporating organic layers at a rate of 0.05-0.2 nm s-1 at a pressure below 

5×10-4 Pa. Onto the electron-transporting layer, a layer of LiF with a 1 nm thickness was deposited at a 

rate of 0.01 nm s-1. Finally, a 100-nm-thick layer of Al was deposited at a rate of 0.5 nm s-1 as the cathode. 

All non-doped tri-mode afterglow OLEDs possess a structure of indium tin oxide (ITO)/MoO3 (3 

nm)/mCP (15 nm)/4CzBN (20, 80, 100, 120, 140 and 160 nm)/TPBi (10 nm)/LiF (1 nm)/Al (100 nm), 

while the colorful afterglow OLEDs are fabricated by doping the metal complexes into the 4CzBN host 

with the EML thickness of 140 nm. All the devices were characterized immediately at room temperature 

after encapsulation. The luminance-voltage-current density, CE and PE curves were recorded using a 

Keithley 2400 voltage current source and a calibrated luminance meter, respectively. EL spectra were 

measured by a spectra-scan PR655 spectrophotometer. The delayed EL spectra and lifetimes were meas-

ured using Edinburgh FLS980 fluorescence spectrophotometer with a 10 ms delay time by a short pulse 

(frequency: 20 Hz; pulse width: 20 ms). 
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