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Semiconductor lasers have typically been used to tackle speed 
and capacity bottlenecks in data communications1. However, 
due to the relatively high manufacturing costs and the rela-

tively complex driver circuits of lasers2, as well as eye safety issues, 
alternative solutions have been sought for future applications 
in human-centric systems, short-distance communications and 
indoor wireless data services. Light-emitting diodes (LEDs) are a 
cost-effective and low-power alternative2–4. LED-based links are, 
in particular, expected to be extensively used in Internet of Things 
(IoT) and 6G technologies, and in moderate/high-speed photonic 
interconnects, visible light communications (VLC), underwater 
communications and accurate indoor positioning applications2–5.

The potential use of LEDs in next-generation data communica-
tions is driven by the rapid development of energy-efficient LEDs 
that can function as illumination and signalling devices. The con-
cepts and fundamental principles of LED links are illustrated in 
Box 1. Micro-LEDs (µLEDs) based on crystalline inorganic III–V 
semiconductors have been widely examined for communications2. 
Because of advances in epitaxy, lithography and flip-chip techniques6, 
III–V µLEDs have delivered a modulation bandwidth from several 
hundred megahertz to over one gigahertz2,7. A non-polar m-plane 
InGaN/GaN µLED with a high modulation bandwidth of 1.5 GHz 
was demonstrated in 20187, and a 1.3 GHz electrical-to-optical 
bandwidth quantum dot (QD) µLED was recently reported with a 
data rate of 4 Gbps (ref. 8). Nevertheless, conventional approaches 
are challenged by the high requirements for low size, weight, power 
and cost of next-generation data communication systems5,9,10.

Organic semiconductors, colloidal quantum dots (CQDs) and 
metal halide perovskites offer tailorable optoelectronic proper-
ties, mechanical flexibility and low-cost processing10. These char-
acteristics make them attractive candidates for use in low-cost and 
low-power LED links in next-generation integrated and scalable 
data communication modules. Thus, while conventional inorganic 
thin-film technologies are likely to continue to play a dominant 

role in optical communications9,11, we believe that LEDs based on 
these emerging materials can provide a complementary role. In this 
Review, we examine the development of emerging semiconductor 
materials for LEDs and colour converters. We first consider the 
fundamentals of LED-based optical communication systems, and 
then explore efforts to boost the frequency response and enhance 
the external quantum efficiency (EQE) of LEDs based on emerging 
materials. Finally, we consider the challenges that exist in develop-
ing these LEDs for practical communication systems.

Emerging materials for fast LEDs
In general, organic semiconductors, CQDs or halide perovskites 
(Fig. 1a–c) serve as an emissive layer that is sandwiched between 
an electron transport layer (ETL) and a hole transport layer (HTL) 
to form a complete LED. As shown in Fig. 1d, electrons and holes 
are injected into the emissive layer under a forward bias through the 
ETL and HTL, respectively, accompanied by radiative recombina-
tion and photon emission. On the basis of the energy band of vari-
ous light-emitting materials (Fig. 1e), one should rationally choose 
electrodes and charge transport layers (CTLs) with suitable energy 
level alignments to construct an efficient LED.

The electroluminescent materials used in organic LEDs (OLEDs) 
can be classified into two types: small molecules and polymers. The 
electroluminescence performances of these two types of organic 
material are comparable, while small-molecule and polymer 
OLEDs rely on different fabrication methods (vacuum evaporation 
and wet chemistry, respectively). The first practical application of 
vapour-deposited OLEDs was reported in 198712. Subsequently, a 
breakthrough in OLEDs was the demonstration of electrolumines-
cence from conjugated polymers in 199013. Since then, after nearly 
three decades of intense research and development, OLEDs have 
entered the stage of commercialization for top-end displays14.

Inspired by the findings in semiconductor nanocrystals and 
electroluminescent polymers, the first CQD-based LED (hereafter 
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referred to as a QLED) was presented in 199415, which attracted 
tremendous attention afterwards. Advances in QLEDs have been 
achieved for high-colour-quality lighting and display technolo-
gies16,17. CQDs are semiconductor nanoparticles with sizes of a 
few nanometres and are normally covered with a shell layer and 
surface ligands. Due to the three-dimensional (3D) quantum con-
finement effect, the electronic states are discrete instead of con-
tinuous; thus, the bandgap of CQDs related to the Bohr exciton 
radius can be easily tuned by varying their composition and size. 
The typical electroluminescence of CQDs exhibits a narrow emis-
sion band with a typical full-width at half-maximum (FWHM) of 
~30 nm, which is determined by precise monodispersity control of 
CQDs. The colour purity and spectral tunability of CQDs from the 
visible (for example, CdSe-based CQDs) to the near-infrared (for 
example, PbS-based CQDs) regions broadly extend the emission  
spectra of OLEDs18.

Metal halide perovskites have a general ABX3 crystal structure, 
where the A site is an organic or inorganic cation (for example, 
methylammonium (MA+), formamidinium (FA+) and Cs+), the B 
site is a divalent metal cation (for example, Pb2+, Sn2+ and Ge2+) and 
the X site is a halogen anion (for example, Cl−, Br− and I−). Notably, 
metal halide perovskites possess a number of striking properties, 
such as high absorption coefficients (5.7 × 104 cm−1 for MAPbI3), 
long carrier diffusion lengths (exceeding 1 μm), high charge car-
rier mobilities (on the order of 10 cm2 V−1 s−1) and high defect toler-
ance19. Since perovskite materials were introduced into solar cells in 
200920, research on perovskite photovoltaics has increased, pushing 
the power conversion efficiencies from 3.8% to greater than 25% 
in only one decade21. This impressive progress also paves the way 
for the development of perovskite LEDs (PeLEDs). Within half a 
decade after the first demonstration of a room-temperature PeLED 
in 2014, efficient PeLEDs with an EQE of over 20% were simultane-
ously reported by four groups22–25. The rapid growth in PeLEDs has 
made them on par with the best-performing OLEDs and QLEDs. 
Compared with organic (FWHM >40 nm) and CQD (FWHM 
~30 nm) emitters, perovskite light emitters with high efficiency 

and colour purity (FWHM <20 nm) have been developed as strong 
competitors to these counterparts26.

Tremendous research progress in emerging light-emitting tech-
nology based on the aforementioned materials has been witnessed 
in recent years. These materials can attract such broad scientific and 
industrial interest for several reasons. Specifically, their widely tun-
able optoelectronic properties, including their bandgap, electronic 
energy level and carrier drift velocity, can be customized through 
synthetical and compositional engineering. This not only allows 
a tunable photoemission of the chosen material from the visible 
to near-infrared regions but also benefits the optimization of the 
band structure and carrier transport. Another distinct advantage 
is that these materials can be solution-processed and deposited via 
readily available manufacturing techniques under ambient condi-
tions, such as spin-coating, spray-coating, blade-coating and inkjet 
printing10 (Fig. 1f–i). These methods offer great merits for manu-
facturing complementary metal–oxide semiconductor-compatible 
photonic components without relying on comprehensive epitaxial 
growth and are even practical for low-cost, high-throughput and 
industrial-scale fabrication. Overall, these emerging materials are 
revolutionizing the light-emitting technologies, and much room for 
improvement of the device performance remains. In the meantime, 
their further application as LED links for optical communications is 
promising and gradually attracting intensive research interest.

Boosting the frequency response
LEDs with these emerging materials for communication purposes 
need to be optimized in terms of the modulation bandwidth. The 
response speed of LEDs is limited by the time delay from the receiv-
ing of an electrical signal to the generation of photons induced by 
carrier recombination (Box 2). Following the development and suc-
cess of OLEDs for display applications, part of the research focus has 
switched to the field of adopting OLEDs as transmitters for optical 
communications in the past decade27–34. During the development 
of OLEDs, various fluorescent and phosphorescent emitters have 
been found to provide highly efficient devices. Nonetheless, many 

Box 1 | Fundamentals of LED links

A typical LED-based communication system is enabled by modu-
lating light from an LED with a fast on–o! switching capability, 
using it as a data source. In the communication process, a trans-
mitter consisting of a driven circuit receives information from 
the signal generator to control an LED. "e electrically modu-
lated data are then transformed into a modulated optical signal 
by the LED transmitter. "is modulated light propagates over a 
waveguide link or free-space channel. Guided-wave LED links en-
able high-speed yet low-cost optical interconnection over plastic 
optical #bres or polymer waveguides for short-range communica-
tion in board-level interconnects, the IoT and indoor networks, 

while free-space LED links #nd application in optical wireless 
communications, such as light #delity (Li-Fi) and underwater 
communications. A$er its propagation through the channel, the 
light signal is subsequently converted back into an electrical signal 
and analysed by a receiver. "e receiver normally consists of an  
optics system, an opto-electrical converter including a photo-
detector, ampli#ers and a signal processing circuit. In general, 
intensity modulation is the most practical and cost-e!ective  
approach to modulate LEDs, while optical coherent modulation 
and demodulation incur high costs, making them impractical for 
most targeted LED-based communication applications.
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of them are not suitable for fast-response devices due to their long 
exciton decay lifetimes (several hundred nanoseconds to microsec-
onds)35–37. In response, organic emitters with shorter luminescence 
lifetimes (several to tens of nanoseconds) have been selected over 
many other more efficient emitters for fast OLEDs22,30,34,38. As in 
inorganic devices, the luminescence lifetimes of organic emitters 
can be reduced via doping; for example, the lifetimes of non-doped 
tris(8-hydroxyquinolinato)aluminium (Alq3) and rubrene-doped 
Alq3 are 16 ns and 10 ns, respectively39. Some efforts have been 
dedicated to doping emitters at a certain level to improve the device 
performance while obtaining short luminescence lifetimes29,34,38. 
Through the adoption of such emitters with short luminescence 
lifetimes, the potential communication ability of these OLEDs has 
been improved. However, only a few papers have reported band-
widths exceeding 10 MHz.

Currently, the active areas of most reported fast LED devices 
are approximately a few square millimetres, which are much larger 
than the areas of III–V µLEDs (normally less than 100 × 100 µm2). 
Therefore, the corresponding large resistor–capacitor (RC) time 
constants become the main obstacle to a fast response. Due to the 
low mobility in organic semiconductors, the total thickness of an 
OLED is several tens to hundreds of nanometres, forming a high 
capacitance and thus limiting the bandwidth. The impact of a large 
RC time constant can be effectively reduced by shrinking the active 
area to decrease the parasitic capacitance while maintaining a high 
injection level to mitigate the resistance effect38,40. For example, an 
OLED based on a well-studied blend of polymers was investigated  
for communications and demonstrated a −3 dB bandwidth of 

26 MHz (ref. 30). Such a high bandwidth is mainly attributed to its 
reduced active area (0.018 mm2) and the use of a conjugated poly-
mer blend with relatively high charge carrier mobility. Apart from 
the consequential large RC effect, the charge transit time might 
also affect these OLED devices due to the same issue of low charge 
mobility. The modulation bandwidth can be improved by intro-
ducing inorganic CTLs, the mobilities of which are several orders 
of magnitude higher than those of organic semiconductors (for 
example, by utilizing ZnS as an ETL)29. In addition, the energy band 
mismatch at the interfaces between the CTLs and other functional 
layers needs to be minimized; otherwise, the capacitance effect 
might be intensified because more charge carriers accumulate  
at the interfaces41.

A breakthrough in developing high-speed OLEDs with band-
widths in the range of hundreds of megahertz was achieved in 
202038. This study provided a comprehensive and systematic inves-
tigation on boosting the bandwidth of OLEDs from the material 
to the device engineering level (Fig. 2a). In these OLEDs, a small 
active area was employed (0.092 mm2) to obtain a low device capaci-
tance. The contacts were carefully designed to minimize the series 
resistance. The additional electron blocking layer (EBL) and hole 
blocking layer (HBL) enabled the device to operate at high current 
densities. The oxidized silicon substrate with high thermal con-
ductivity was chosen over the traditional indium-tin-oxide-coated 
glass to realize better heat management, thus reducing the effect 
of a temperature rise38. In this scenario, the device resistance and 
charge transit time could be effectively reduced under high elec-
tric fields. As the RC time constant is enormously decreased 
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through these approaches, the impact of the luminescence life-
time on the device bandwidth would gradually dominate. A type 
of fast-emission material (3 wt% 4,4′-bis[4-(diphenylamino)styryl]
biphenyl (BDAVBi) doped into 2-methyl-9,10-bis(naphthalen-2-yl)
anthracene (MADN)) with a 1.1 ns lifetime was thereby selected 
for the emitting layer. By simultaneously optimizing all the aspects, 
an exceptionally fast OLED with a −6 dB bandwidth of 245 MHz  
(Fig. 2b) and free-space data rates beyond 1 Gbps over a distance of 
2 m was demonstrated.

Interest in the possible use of CQD and perovskite-based LEDs 
for communications has only recently emerged. These LEDs were 
initially used for high-speed transmission in the photolumines-
cence mode, where these materials are optically excited to provide 
balanced white emissions42–44. In the past two years, several stud-
ies have investigated the modulation performance of electrolumi-
nescent CdSe/ZnS QLEDs45–47, and a 3 m free-space VLC link with 
a data rate of 4 Mbps using such a QLED was recently reported46. 
Similar to the previous studies on OLEDs, the bandwidth of these 
QLEDs could be improved via the reduction of the device area and 
optimization of the CTLs46,47. The large surface-to-volume ratio 
of CQDs can normally promote the formation of trap states or 
vacancies18, this might also lead to an increase in the device capaci-
tance. Measures including surface passivation to minimize the 
charge accumulation in traps48 and surface ligand modification49 to 
enhance the carrier injection might also boost the modulation per-
formance of QLEDs.

For electroluminescent PeLEDs, a two-dimensional (2D) 
Ruddlesden–Popper perovskite nanoplate-based LED was first 

made for communications in 201950. Its −3 dB bandwidth is 
0.02 MHz, which is relatively small compared with the bandwidths 
of other reported devices. Such small bandwidth should be attrib-
uted to the large RC time constant caused by its large active area 
(approximately 9 mm2) and defects in the nanoplates. In addition 
to the issue of defects in perovskites, device stability is another 
major challenge for realizing real-world communications using 
PeLEDs as high-level injections are required to deliver high band-
widths. Most recently, a bidirectional data transmission link via two 
dual-functional perovskite diodes was developed51. High electrolu-
minescence performance (peak EQE of 21.2%) and device stabil-
ity were achieved via employing rational passivation of trap states 
on the perovskite crystal surface52 (Fig. 2c,d). By applying different 
bias directions, the device could work in both emission and detec-
tion modes, and bidirectional data transmission between two iden-
tical diodes was realized (Fig. 2e). Combined with size reduction, 
the parasitic capacitance was greatly decreased, correspondingly 
yielding a small RC time constant under relatively high injections. 
As indicated in Fig. 2f, the maximum −3 dB bandwidth reached 
21.5 MHz when the device size was decreased to 0.1 mm2. Figure 2g 
shows the development of three types of emerging high-speed LEDs 
with various emission wavelengths and approximate device areas as 
a function of the operating current densities. In general, the smaller 
the device active area, the larger the modulation bandwidth, which 
matches the expectations of a reduced RC effect. The investigation 
of these LEDs towards high-speed applications was begun rather 
late, and the bandwidths for most of the reported studiess are still 
within the several to 20 MHz range.

Box 2 | Theoretical bandwidth limitations of LEDs for data communications

In an LED communication link, a$er receiving an electrical sig-
nal, the generation of the corresponding optical signal results from 
charge injection, transport and recombination. A typical equiva-
lent circuit of an LED can be simpli#ed as a single diode resistor 
(Rd) and capacitor (C) network with a series resistor (Rs). "e di-
ode resistance varies nonlinearly with the applied electrical #eld, 
while the series resistance is the equivalent resistance of the overall 
resistance associated with the contacts, wiring and drive circuit, 
which is expected to be a constant value. "e diode capacitance 
originates from the dielectric behaviour of the device and charge 
accumulation at the interfaces between di!erent functional layers. 
As a result, there is a time delay corresponding to the RC e!ect, 
charge transit and recombination processes before a new equilib-
rium is established in the device.

"e relationship between dynamic injected current I(t) and 
applied voltage V(t) can be derived from this simpli#ed equivalent 
electrical model as follows40
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frequency response of an LED is given by137
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where τ can be the value of either carrier lifetime τc or τRC, depend-
ing on which one is the dominant factor limiting the modulation 
performance. Here the −3 dB modulation bandwidth f−3dB of an 
LED is defined as the modulation frequency at which electri-
cal power available from a detector is reduced by half. The cor-
responding −3 dB optical bandwidth is the frequency at which 
optical power is half of the unmodulated value and is given by 
√
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−�. However, fast LEDs based on emerging materials, 

especially with organic functional layers, have much lower carrier 
mobilities (for example, ~10−6–10−2 cm2 V−1 s−1) than those of III–V 
semiconductors (for example, ~102–103 cm2 V−1 s−1). Therefore, 
other than those fast µLEDs with fairly small RC time constants 
(neglected in the most of cases)7,8,138, such an effect becomes sig-
nificant in LEDs focused on in this Review. In addition, the charge 
transit time τtr, which is the time over which the injected carri-
ers drift from the terminals to the recombination region, may 
not be neglected in the optimization of high-speed LEDs with  
these materials38.
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Enhancing the EQE towards practical applications
A high EQE of an LED is always the long-term aim that research-
ers have been pursuing. For the high-throughput scenarios (for 
example, wireless optical links and underwater communications), 
efficient LEDs with higher output powers enable a more stable and 
longer transmission distance. As for the low-power system cases 

(for example, IoT and integrated sources for on-chip photonics), the 
on-chip LEDs with energy and power constraints require high EQEs 
for lower power consumption, thus enabling a lower energy-per-bit 
metric (Box 3).

However, the EQE at a high current density still suffers from 
severe roll-off, which could be attributed to unbalanced charge 
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injection, non-radiative recombination and Joule heating22,53,54. In 
addition, such an effect can strongly narrow the modulated linear 
dynamic range of the device, reducing its practical use. The EQE 
can be defined as
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where ηinj is the injection efficiency (fraction of injected carriers that 
form excitons), χ is the fraction of spin-allowed excitons, ηPLQY is the 
photoluminescence quantum yield (PLQY), ηout is the outcoupling 
efficiency and IQE is the internal quantum efficiency. Note that IQE 
is directly related to the proportion of radiative recombination in 
the total charge recombination process. This formula provides three 
important messages: the numbers of effective electrons and holes 
injected into the emissive layers should be equal; the non-radiative 
recombination should be minimized; and the released photons 
should be effectively extracted. Here, we review the recent strategies 
for pushing the limits of the above processes.

OLEDs. For injected carriers with uncorrelated spins, each exciton 
has four possible spin states: one singlet state with a total spin of 
0 and three ‘triplet’ states with a total spin of 1. As a consequence 
of quantum spin statistics, conventional fluorescent OLEDs suffer 
from a limited IQE of 25% as only the singlets can decay radiatively 
without spin–orbit coupling55 (Fig. 3a). Phosphorescent OLEDs can 
emit from both singlet and triplet excitons, allowing their IQEs to 
reach almost 100% (refs. 55–57). This is commonly achieved by using 

rare noble metal atoms (for example, platinum or iridium) with a 
large spin–orbit interaction to facilitate intersystem crossing (ISC) 
and triplet emission56. Since the first efficient organic phosphores-
cent emission was found in 199856, numerous types of phosphores-
cent emitters have been developed over the past two decades, and 
several studies have demonstrated maximum EQEs exceeding 30% 
(refs. 58,59). Despite the relatively high efficiency attained from phos-
phorescent emitters, these materials fail to deliver low-cost devices 
due to the use of expensive heavy metal complexes35. We believe 
that adopting phosphorescent OLEDs in data communication links 
might face the same challenge.

To overcome the efficiency limitation in fluorescent OLEDs, flu-
orescent materials should effectively enhance the emission by har-
vesting both singlet and triplet excitons. For example, triplet–triplet 
annihilation (TTA) fluorescent molecules allow two triplet excitons 
to fuse into one singlet exciton. This process is also known as triplet 
fusion, and the maximum IQE of TTA-based OLEDs can theoreti-
cally reach 62.5% (ref. 60). Major efforts have been made to achieve 
highly efficient blue OLEDs because TTA-based OLEDs can work 
at subbandgap voltages through the triplet fusion process, which is 
beneficial for wide-bandgap blue emitters37. Thermally activated 
delayed fluorescence (TADF) molecules were first proposed in 
200961, and they are classified as another type of organic fluorescent 
material that can utilize both singlet and triplet excitons for emis-
sion. In TADF molecules, the singlet–triplet energy splitting (∆Est), 
the energy gap between the lowest singlet (S1) and triplet (T1), is 
small (<0.2 eV), and therefore, the triplet excitons can possibly 

Box 3 | Necessity of e"cient devices in LED-based communication links

A larger modulation bandwidth can be expected if one reduces the 
transport-related time constants of an LED and improves the ra-
diative recombination rate of the emitting layer (directly re%ected 
as a shorter luminescence lifetime). An LED for communications 
normally requires a small active area, thus allowing relatively low 
parasitic capacitance and current overshoot during the charge and 
discharge processes. However, a reduction in the active area is ac-
companied by an absolute electroluminescence intensity drop even 
at higher injection current densities. An optical data link would fail 
if the received radiant power is decreased to the minimum detect-
able power of photodetectors during the transmission. In a single 
free-space LED link, the received radiant power ΦR (W) is de#ned as
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where the radiance LR (W m−2 sr−1) denotes the power emitted, 
reflected, transmitted or received by a surface per unit projected 
area, per unit solid angle dΩ; θ is the angle with respect to the nor-
mal direction; dALEDcosθ1 and dAPDcosθ2 are the orthogonally pro-
jected areas of the LED and photodetector in a plane normal to the 
given beam direction, respectively; r is the distance between LED 
and photodetector; noise-equivalent power NEP (W Hz−1/2) mea-
sures the threshold above which a signal can be detected, which 
defined as the signal power that gives a signal-to-noise ratio of 1 
for a given output bandwidth Δf.

"erefore, it is necessary to improve the EQE as much as 
possible for reliable data transmission at a certain distance as the 
EQE is also found by
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where Iȋ̄ is the average photon energy and q is the elementary 
charge; Φ

3

�Iȋ̄ presents the photon flux (photons per second). A 
reasonable trade-off is required to maintain a detectable power 
while decreasing the device active area ALED for a given injected 
current density Jinj.

For a guided-wave link, the loss of the system roughly 
comprises of coupling losses, propagation loss and excess loss. "e 
propagation loss is induced by absorption and scattering e!ects 
in the waveguide material, and it thus increases as the length 
of the waveguide L increases. "e excess loss is caused by the 
geometry of the device such as bending loss of a bent waveguide. 
Hence, similarly, a high EQE is also essential in a guided-wave 
system to ensure a desirable data rate at a #xed device area and  
transmission distance.
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upconvert to singlet states through an efficient endothermic reverse 
ISC (RISC) process35 (Fig. 3b). Theoretically, TADF material-based 
OLEDs can reach 100% IQE62,63. Similarly, benefiting from the RISC 
process, hybridized local and charge-transfer organic molecules and 
carbene metal amides were successively proposed to enable a theo-
retical unity IQE64–66.

Although a high device efficiency can be achieved by using these 
materials, they might not be very applicable for high-speed applica-
tions because of the existence of delayed fluorescence behaviour (for 
example, TTA and TADF)35,37,65 as the lifetime of triplet excitons is 
much longer than that of singlet excitons, which might affect the 
fast switching ability (for instance, delayed electroluminescence  
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Springer Nature Ltd; g, ref. 22, Springer Nature Ltd; h, ref. 53 under a Creative Commons licence CC BY 4.0; i, ref. 24, Springer Nature Ltd.
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was observed after turn-off in some TTA-based devices37,67). 
Alternatively, the issues of triplet excitons could be bypassed 
through organic radicals68. Specifically, open-shell molecules have 
a singly occupied molecular orbital in the ground state, yielding an 
overall spin-1/2 doublet (Fig. 3c). The doublet-spin nature circum-
vents the formation of triplet excitons that limit the efficiency of 
non-radical-based OLEDs68,69. Recently, a highly efficient deep-red/
near-infrared OLED based on doublet emission with a maximum 
EQE of 27% and a radiative decay rate of 2.9 × 107 s−1 was demon-
strated68. This work is believed to overcome the efficiency limitation 
of OLEDs. In addition, the nanosecond-level luminescence lifetime 
(17.2 ns) indicates the potential of delivering fast response devices 
with high efficiency.

QLEDs. Although CQDs have no emission limitation of excitons 
compared with organic semiconductors, the high density of surface 
defects and dangling bonds of CQDs cause a low PLQY. To address 
this issue, substantial research has been devoted to suppressing the 
non-radiative recombination of CQD emitting layers, which can fall 
into two broad categories: surface-shell and ligand engineering70,71. 
The former category uses a core/shell design in which the CQD core 
is coated with a wide-bandgap inorganic semiconductor shell layer 
(such as ZnS, CdS and ZnSe), while the early core-only structure 
is generally adopted in CdSe-based high-performance QLEDs18. 
Through further optimization of core/shell structures with favour-
able shell thicknesses72, alloying shells73 or graded intermediate 
shells74, the CQDs not only alleviate the lattice strain at the inter-
face but also reduce the overlap of electron and hole wavefunctions 
by exciton confinement in the CQD core, thus effectively lowering 
the Auger recombination75 (Fig. 3d). The latter category also plays 
a crucial role in the nucleation and growth of CQDs76. The ligand 
length can be carefully controlled via ligand exchange, avoiding 
the aggregation of CQDs in solvents. Concurrently, the balance of 
charge carrier transport is maintained77.

So far, the combination of these two CQD surface engineering 
procedures has promoted the PLQY of CQDs to close to unity and 
the maximum EQE to above 20% (refs. 16,78). Nevertheless, for the 
close-packed CQD thin films, the decreased interdot spacing can 
lead to Förster resonant energy transfer (FRET) of the excitonic 
energy of adjacent CQDs79. This non-radiative FRET process spon-
taneously accompanies multiple energy transfer and self-quenching 
processes, thus largely reducing the PLQY of the CQD emitting 
layer. Even though one can increase the shell thickness or ligand 
length to suppress the interdot FRET, the large core/shell lattice mis-
match and the intrinsic insulation of long-chain ligands can directly 
affect the electrical properties of the CQD films. This may cause 
relatively low device conductivity, profoundly limiting the response 
speed in optical communications. Alternatively, embedding CQDs 
into a host matrix has been considered a feasible approach to passiv-
ate surface traps and avoid inhomogeneous CQD aggregation (Fig. 
3e). Most recently, several different inorganic80 and perovskite48,81,82 
matrixes were reported to serve as carrier-injection media of 
CQDs. By incorporating near-infrared CQDs into the host matrix, 
such structures provide balanced carrier supplies and excitonic 
energy transfer to the emitting CQDs. Although the maximum 
EQEs of these QLEDs have not hit a record comparable to many 
other devices, the use of high carrier mobility matrix materials 
(for example, binary ZnO/PbS80, layered perovskites81 and hybrid 
perovskites82) is expected to provide a faster carrier transport capa-
bility, which is essential for high-speed LEDs. In addition to the 
intensively studied CdSe-based QLEDs, a landmark result for InP/
ZnSe/ZnS QLEDs was reported recently. The uniform InP core and 
highly symmetric core/shell shape are enabled by in situ core sur-
face etching during the high-temperature growth of the shell, result-
ing in a PLQY near unity and a theoretical maximum EQE of 21.4% 
(ref. 17; Fig. 3f). The research has yet to demonstrate high-speed 

cadmium-free QLEDs, but interest in heavy-metal-free CQD mate-
rials and devices is increasing.

PeLEDs. By virtue of the success in perovskite solar cells, consider-
able progress has also been made in PeLEDs, such as overcoming 
insufficient film coverage, controlling crystallization and suppress-
ing non-radiative recombination22,52,83–85 (Fig. 3g). However, the low 
exciton binding energy in perovskites is conducive to charge sepa-
ration in solar cell and photodetector applications. Unfortunately, 
the unexpected non-radiative recombinations, trap-mediated and 
Auger recombination, limit the emission performance of PeLEDs 
under moderate carrier densities86. As such, a variety of approaches 
via spatial confinement engineering have been carried out to 
increase the binding energy and the exciton oscillator strength for 
high PLQY87.

Compared with their bulk counterparts, low-dimensional 
perovskites (for example, nanocrystals (NCs), QDs, nanorods, 
nanoplates and so on), have shown distinct advantages in enhanc-
ing the bimolecular radiative recombination and avoiding the for-
mation of morphological defects. Soon after the first embodiments 
of hybrid perovskite QDs88 and all-inorganic perovskite NCs89, 
a series of studies started to focus on defect passivation90, surface 
ligand engineering23 and NC nucleation control91. These attempts 
pioneered perovskite QDs/NCs with PLQYs surpassing 70%. The 
corresponding EQEs of QD/NC-based LEDs rose quickly from less 
than 1% to over 20%. Another approach utilized 2D or quasi-2D lay-
ered perovskites (for example, Ruddlesden–Popper perovskites) as 
emissive layers that can offer a much larger exciton binding energy 
(320 meV) at room temperature92. The small organic or inorganic 
cations of 3D perovskites can be substituted by organic cations with 
a large ionic radius that exhibit mismatch with the corner-sharing 
lead halide octahedral structure. The 3D perovskites can therefore 
be separated into quasi-2D perovskites (monolayer or multilayer), 
and the dominant number of layers directly depends on the propor-
tion of long-chain organic cations.

In 2016, two groups independently developed mixed quasi-2D 
perovskites by introducing phenylethylammonium iodide (PEAI)93 
and 1-naphthylmethylamine iodide (NMAI)94 to create a mul-
tiple quantum well (MQW) structure, realizing efficient cascade 
energy transfer53 (Fig. 3h). Subsequently, a number of interesting 
studies were performed, including structure design (for example, 
quasi-2D/3D perovskite–polymer heterostructures25 and quasi-2D 
Dion–Jacobson structures95), phase control96 and composition tai-
loring19. Inspired by the concept of strongly confined perovskites, 
blue PeLEDs have achieved an improvement in the peak EQE from 
~1% to 12.3% (refs. 97,98), though a gap remains compared with the 
state-of-the-art green and red PeLEDs.

On the basis of the unique advantages of both high carrier mobil-
ity and relatively balanced bipolar charge transport in perovskites87, 
further improvement of the device performance, particularly in the 
response speed, is promising. In particular, even for polycrystalline 
films with a large amount of grain boundaries, their carrier mobilities 
(~1–10 cm2 V−1 s−1) can still be several orders of magnitude higher 
than those of many typical organic semiconductor films (for example, 
N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 
(α-NPD) ~10−4–10−3 cm2 V−1 s−1, Alq3 ~10−6–10−4 cm2 V−1 s−1)99. 
Nevertheless, the excess long-chain cations in low-dimensional 
perovskites may also prohibit charge transport due to their inherent 
insulating property. With this in mind, one should be very careful 
to suppress the exciton quenching by doping long-chain cations100 
without compromising the electrical conductivity.

Light outcoupling. Prominent improvements in the PLQY in  
these three types of material have been made, while the exter-
nally measured device efficiencies are still far below their internal  
luminescence efficiencies. Previous demonstrations have attributed 
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this discrepancy to light trapping in planar-type LEDs101. Due to the 
relatively high refractive indices of perovskites, this effect is more 
severe in PeLEDs than in OLEDs and QLEDs102. The generated light 
in the emissive layer would induce several different optical modes 
including an out-coupled mode, a surface plasmon polariton mode, 
a substrate mode and parasitic absorption. Among these optical 
modes, only the out-coupled mode contributes to the out-of-plane 
light emisison103. Recently, a patterned submicrometre-scale struc-
ture was utilized in PeLEDs to reduce the optical losses in lateral 
waveguide substrate modes24 (Fig. 3i). Consequently, the outcou-
pling efficiency was improved from 21.8% to 30% compared with a 
reference device with a conventional flat emissive layer. Other strat-
egies to improve out-of-plane coupling demonstrated in OLEDs can 
also be applied to QLEDs and PeLEDs, such as the use of low-index 
grids104, textured substrates105 and microcavity structures106. In con-
trast, for low-power optical interconnects, on-chip devices generally 
require a high in-plane coupling efficiency over a high out-of-plane 
coupling efficiency. A few attempts of integrating light sources and 
in-plane photodetectors/polymer waveguides have been realized 
in either a stacked configuration of an OLED on top of a planar 
single-mode waveguide based on evanescent coupling scheme107 or 
a chip-based dual-beam sensor platform using integrated OLED 
and organic photodetectors108. However, it is still challenging to 
efficiently couple light from a Lambertian and incoherent thin-film 
light source into waveguides at the current stage. Continuous work 
on efficient photon outcoupling is highly desirable to promote both 
free-space and guided-wave communications.

Light fidelity (Li-Fi)
Among the future demands of monochromatic LED-based optical 
links, indoor wireless VLC and on-chip interconnects are seen as the 

most possible solutions. Recently, there has been increasing inter-
est in using solution-processed materials for light fidelity (Li-Fi), 
while the study of on-chip interconnects based on them relatively 
lags behind. Li-Fi is commonly regarded as an upcoming candidate 
to complement the less-sufficient and overcrowded radio-frequency 
communications2. The data are transmitted by modulating the light 
source; in parallel, the function of solid-state lighting can also be 
fulfilled due to the much higher frequency than the human eye can 
detect. The application of individual red, green and blue (RGB) 
pixel packaged LEDs with reliable performance for data commu-
nications currently seems immature due to, for instance, the diffi-
culties in colour balancing, signal processing and fabrication. Most 
present white-light system designs propose wide-bandwidth blue 
µLED chips combined with a layer of fluorescent material on top 
as a colour converter to realize white-light transmission109 (Fig. 4a).

Colour converters. As a typical example, a blue GaN/InGaN µLED 
is coated with a longer emission wavelength phosphor that down-
converts part of the blue light into yellow (or green and red) light, 
resulting in white emission110. Although µLED sources with large 
bandwidths (several hundred megahertz) have already been realized, 
the use of phosphors (for example, Y3Al5O12:Ce3+) with a relatively 
long luminescence lifetime of ~200 ns greatly slows the response, 
with a limited modulation bandwidth of only a few megahertz111. 
The modulation bandwidth of colour converters is inversely pro-
portional to their luminescence lifetimes42. In some cases, owing to 
the bandwidth limitation of light sources, the measured bandwidth 
of the converter is smaller than the estimated value112. To speed up 
the transmission, either filtering out the slow phosphor emission113 
or using optimized detection and signal equalization114 could be 
useful. However, replacing the slow phosphor by colour converters 

a b c

Electrode

ed

HTL

ETL

Side-by-side RGB Tandem RGB

Fluorophores

Blue LED

T
im

e 
(p

s)

103

102

101

100

Wavelength (nm)

–0.02

0

0.02

0.04

0.06

0.08

0.10

400 500 600 700 800
Wavelength (nm)

In
te

ns
ity

 (
a.

u.
)

400
0

0.2

0.4

0.6

0.8

1.0

500 600 700 800

ΔA/A
Absorption

Photoluminescence

Cs2Ag0.60Na0.40InCl6

Cs2Ag0.60Na0.40InCl6
Cs2AgInCl6 (×1,000)

Cs2NaInCl6 (×1,500)

Cs2AgInCl6

Fig. 4 | White-light wireless transmission. a, Schematic of a colour-converter-based white-light LED. b,c, Schematic of electrically driven side-by-side 
(b) and tandem (c) RGB white-light LEDs. d, Transient absorption spectra of Cs2Ag0.60Na0.40InCl6 under 325!nm wavelength laser excitation. ΔA/A is 
the optical density. A wide photoinduced absorption of Cs2Ag0.60Na0.40InCl6 that covers the visible light spectrum can be observed. e, Absorption and 
photoluminescence spectra of the double perovskites Cs2AgInCl6 and Cs2Ag0.60Na0.40InCl6. Cs2Ag0.60Na0.40InCl6 shows an enhanced broadband emission 
(400–800!nm). White emission of 500-nm-thick Cs2Ag0.60Na0.40InCl6 films under 254!nm ultraviolet illumination can be clearly observed in the inset. 
Panels adapted with permission from: d,e, ref. 126, Springer Nature Ltd.
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with a faster response time (luminescence lifetime of less than 10 ns, 
ideally less than 1 ns (ref. 115)) is expected to be the fundamental 
approach for overcoming such a bottleneck.

Since 2012, colour converters made from organic fluo-
rophores, CQDs and perovskites have been proposed for 
white-light VLC applications. For example, a conjugated polymer 
poly(1,4-phenylenevinylene (PPV)-based colour converter with a 
fast response of over 200 MHz and a recorded 1.68 Gbps data rate 
was demonstrated116. Further explorations of organic fluorophores 
as colour converters, including blended organic molecules and con-
jugated polymers with extremely short luminescence lifetimes (less 
than 1 ns), were subsequently reported117,118. Other organic catego-
ries, such as aggregation-induced emission luminogens (AIEgens) 
based on diphenyl isoquinolinium derivatives and dye encapsu-
lated metal–organic frameworks (dye@MOFs), were also studied 
as colour converters for VLC applications112,119. Possibly due to the 
shorter lifetime, the reported AIEgens show much larger −6 dB 
electrical modulation bandwidths (up to 279 MHz) than MOFs 
(3.6 MHz).

A few studies emerged soon afterwards, using CQDs (CdSe/
ZnS) or perovskite QDs (CsPbBrxI3−x) as colour converters with 
luminescence lifetimes of several to tens of nanoseconds42,44,120. 
These materials exhibit a large colour gamut and a high PLQY, 
while the modulation bandwidths are still smaller than those of 
organic fluorophores. Further research has resulted in the pioneer-
ing work of a laser diode-powered perovskite NC (CsPbBr3)-based 
colour converter achieving a −3 dB bandwidth of 491 MHz, mani-
festing its great potential in high-speed VLC applications43. For 
carbon dots, the reported luminescence lifetimes are several nano-
seconds with efficient emissions in the solid state after particular 

post-treatments121,122. Such heavy-metal-free colour-converter 
materials are also expected to be promising candidates with a mod-
ulation bandwidth comparable to that of organic fluorophores.

White LEDs. In addition to downconverter-based white-light 
sources, electrically driven RGB white-light LEDs with unique 
merits of high colour saturation and low energy consumption are 
considered an alternative choice for VLC applications. The stable 
white emission of these LEDs can be obtained by either side-by-side 
RGB pixels or stacked diodes (tandem structure) (Fig. 4b,c). Such 
types of device, including OLEDs and QLEDs, have been exten-
sively investigated for displays123,124. However, the study of VLC 
applications has rarely been reported, which might be due to the 
intrinsically unmatched frequency response between each diode. 
This situation could soon change due to the demonstration of 
full-colour RGB-mixed QLEDs, where three different colours of 
QDs are integrated into a single emitter125. However, the unavoid-
able charge transfer between QDs with various bandgaps would 
cause a voltage-dependent colour evolution. More recently, the 
white-light-emitting double perovskite Cs2Ag0.6Na0.4InCl6 was intro-
duced126. Through breaking of the parity-forbidden transition and 
reduction of the electronic dimensionality, this double perovskite 
exhibits a broad emission spectrum (400–800 nm) and a high PLQY 
(Fig. 4d,e). Although further device application of these materials 
will be challenging, it is implied that fast VLC could also be realized 
by single-emitter-based white LEDs.

Outlook
LEDs are potential candidates for transmitters in next-generation 
optical data communications. Photonic devices for IoT and 6G 
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communication systems must though be high-speed, low-cost and 
easy to integrate3,5,9 (Fig. 5). Organic semiconductors, CQDs and 
perovskites are promising materials that could be used to comple-
ment and/or compete with conventional inorganic counterparts 
in particular optoelectronic applications. However, the develop-
ment of LEDs for optical communication purposes based on these 
solution-processable materials has only begun, and their perfor-
mance is still far from what is required.

The modulation performance and device efficiency are the 
two key elements for fast LEDs, but only a handful of studies 
have addressed both parameters. With respect to the materials, 
charge carriers in emitting materials are expected to recombine 
radiatively with a short decay time. For organic semiconductors, 
although several types of material can potentially deliver very 
high IQEs, emitting materials must be carefully selected because 
of their long luminescence lifetimes causing delayed emission. 
For CQDs and perovskites, major efforts have been devoted to 
the optimization of material synthesis, defect passivation and 
compositional engineering for higher energy conversion effi-
ciencies. Some of these procedures might bring about a relatively 
long luminescence lifetime, but this is detrimental to obtaining a  
rapid response.

A possible way to achieve a short lifetime is to raise the carrier 
recombination rate. Rational doping of emitting materials could, 
for instance, be an effective solution to increase the possibility of 
recombination thus reducing the carrier lifetime127,128. However, 
introducing excess dopant may sacrifice the radiative luminescence 
efficiency and increase the heat generated inside the devices. This 
twofold effect would affect both modulation performance and 
device efficiency. In view of Fermi’s golden rules, the decay rate Γ, 
given by Γ = (�ɿ�Ī)

∑

|〈G|) |J〉|

�

Ȃ (&
J

− &

G

), where ħ is the reduced 
Planck constant, |〈G|) |J〉|

� is the matrix element of the transition 
from the initial state |J〉 at energy Ei in the valence band to the final 
state 〈G| at energy Ef in the conduction band, is governed mainly by 
the transition dipole moment and local density of states129. To this 
end, effort has been devoted to manipulating the transition dipole 
moment (such as via wave function engineering by synthesizing 
low-dimensional materials130) or controlling the local density of 
optical states (such as via photonic environment engineering by 
using hyperbolic metamaterials129). Nevertheless, the study of these 
materials and devices still lags far behind that of the µLEDs, and fur-
ther explorations are required. Moreover, the most efficient QLEDs 
and PeLEDs contain toxic heavy metals (such as cadmium and 
lead). Thus, toxic-metal-free devices must be developed to deliver 
a sustainable communications technology17,131.

In terms of device engineering, a large RC time constant is, so 
far, the major limiting factor to achieving high-speed operation. 
Typically, the most straightforward method to weaken the impact 
of the device RC time constant is to reduce the device active area, 
while maintaining a high injected current. Appropriate contact 
optimization is also crucial to minimize the device series resistance. 
In particular, the relatively high density of surface traps in QLEDs 
and PeLEDs could aggravate the charge accumulation effect, 
which might bring extra capacitance to the devices. Therefore, 
interface engineering, including defect passivation, requires  
additional attention.

The luminescence lifetime will gradually dominate the modula-
tion performance of an LED when its RC time constant is lower 
than the threshold. In addition, the charge transit time may be a fac-
tor under high-speed operation, particularly for those devices using 
organic functional layers with intrinsically low mobilities. This 
could be effectively reduced by employing large electric fields and 
high-mobility CTLs. However, in the modification of functional 
layers, charge imbalance issues87, including energy level mismatch, 
incompatible carrier mobilities between the ETL and HTL, and cur-
rent leakage, should be avoided to prevent extra charge accumula-

tion. Therefore, more rational selection and optimization of CTLs 
need to be further investigated for high-speed LEDs.

Due to the nonlinear current–voltage characteristics of LEDs, 
high-level injection is required for a large bandwidth. To further 
improve the modulation performance, good heat management is 
necessary to allow devices to work at higher current densities with 
long-term stability, which is especially difficult in PeLEDs. So far, 
most of the reported bandwidth optimization strategies are based 
on experience from inorganic fast μLEDs. Clarifying the mecha-
nisms for achieving a high-frequency response for each type of 
emerging LED is equally important.

In terms of systems-level development, and owing to the 
solution-processable advantage of these emerging LEDs, the key 
goal is to develop mature scalable fabrication techniques (such as 
advanced printing techniques132,133). This will enable easy integra-
tion with other photonic components133,134—including polymer 
waveguides, optical microlenses and photodetectors—providing 
low-cost, low-coupling loss, industrial-scale and highly integrated 
communication systems. Finally, considerable effort has been 
devoted to expanding the data transmission rates in communica-
tion systems through advanced equalization algorithms2,135,136. We 
believe that the way ahead lies in combining these with emerging 
LED links to achieve practical high-speed data transmissions for 
next-generation communications.
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