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Abstract

Near -infrared light-emitting diodes based on solution-processed semiconductors, such as organics,
halide perovskites and colloidal quantum dots, have emerged as a viable technological platform
for biomedical applications, night vision, surveillance and optical communications. The recently
gained increased understanding of the materials structure-photophysical property relationship
has enabled the design of efficient emitters leading to devices with external quantum efficiencies
exceeding 20%. Despite significant strides made, challenges remain in achieving high radiance,
reducing efficiency roll-off, and extending operating lifetime. This review summarizes recent
advances on emissive materials synthetic methods and device key attributes that collectively

contribute to improved performance of the fabricated light-emitting devices.

Light-emitting diodes (LEDs) with emission in the near-infrared (NIR) part of the spectrum (700-2500
nm) (termed as NIR-LEDs) support a large variety of applications such as optical diagnosis and
biomedical imaging', optical communication, remote sensing, security, night vision and data storage”.
The specific application field determines the spectral range of interest within the NIR (Fig. 1a). With
regard to in vivo bioimaging, the semi-transparency of biological tissues, oxygenated and deoxygenated
blood in specific NIR wavelength regions, also known as biological windows, makes NIR particularly
appealing for optical imaging, biomedical sensing and photodynamic therapy. In the field of optical
wireless communications, the spectral range is also divided in bands, which correlate with the

wavelength regions where optical fibres have small transmission losses’. NIR-LEDs are also in demand
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for security authentication, optogenetics, life-cycle management of crops, light fidelity and
surveillance®.

Common NIR-LEDs are epitaxial heterostructures of III-V inorganic semiconductors (e.g. GaAs,
InGaAs, InGaAlAs)’’. Commercially available products also employ inorganic phosphors, namely
compounds doped with transition metals®, or rare-earth trivalent ions’. An external quantum efficiency
(EQE) of 72% at 880 nm has been reported for an AlGaAs/GaAs/AlGaAs III-V-LED®, and 44.5% at 775
nm for LEDs based on LaMgGa;019:Cr’* phosphors'®. However, I1I-V LEDs require post fabrication
substrate replacement with high reflective mirror structures to increase their poor power output
originating from the refractive index mismatch between those materials (>3.0)’ and common substrates.
Additionally, inorganic phosphors require very high temperature sintering treatment (above 1000 °C).
These processing requirements are an obstacle for low-cost, handheld portable implementations.

Organic (OSCs)"', metal-halide perovskite (HPs)lz, and colloidal quantum dot (QD)"?
semiconductors, can be processed using low cost and low temperature methods on a wide variety of
substrates. For example via solution-based processes such as ink-jet printing, doctor blade and spray
coating (Fig. 1b). These qualities make these thin-film LEDs a potentially cost-efficient alternative to
their inorganic counterparts and of interest for emerging applications in wearable, implantable and
portable electronics. Although there has been progress in different performance metrics such as EQE,
challenges remain in reducing the efficiency roll-off, increasing lifetime and to alleviate toxicity issues
of some of the emissive materials. In this review, we provide an overview of strategies used to achieve
high performance in these thin-film LEDs. The material and device design considerations affecting the
peak emission wavelength, efficiency and operational stability are described. We conclude with an

outlook on future improvements linked to specific applications.
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Toward high-efficiency solution-processed NIR-LEDs

The key performance metrics of a NIR-LED are the EQE, optical output power (P) and radiance (R)
(Box 1). The EQE is the product of four parameters namely the probability of electrons and holes
recombining (), the probability of radiative recombination to occur (r), the photoluminescence quantum
yield (PLQY or ¢p.) of the emitter and the light outcoupling efficiency (70.) that describes the
probability a photon escapes the device in the viewing direction. The parameters » and @pp are intrinsic
properties of the selected emitters, y also depends on the device configuration and the charge injection
interlayers whereas 7., depends on the refractive indices of the functional layers and the substrate. To

maximize the EQE, it is crucial to simultaneously optimize all four parameters'*'¢

. In the following
sections, we present the recent progress on the development of narrow bandgap OSC, HP and QD

emitters and devices with efficient and stable electroluminescence in the NIR.

Recent progressin NIR organic light-emitting diodes
To maximize organic light-emitting diode (OLED) efficiency, both » and ¢pr. should approach unity; the
latter is defined as the ratio of the radiative (k,) to total decay rates (k. + k). Spin statistics suggest that
r is upmost 25% for pure fluorescent emitters and nearly 100% for phosphorescent'’, and thermally
activated delayed fluorescent (TADF)'® ones. Furthermore, via triplet-triplet annihilation (TTA), » can
reach 25% + 0.5 x 75% = 62.5%'’, under the requirement that the singlet populated states are spin-
allowed. Finally, singlet-fission in the presence of a suitable sensitizer can potentially increase » up to
200% (Fig. 2a-c).

To extend the emission of m-conjugated molecules to the NIR, the gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) must be reduced?'. This

can be accomplished by a number of chemical modifications that extend the effective conjugation length
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or selectively influence the energy level of the HOMO or the LUMO (Fig. 2d)*. The introduction of
electron-withdrawing (acceptor) substituents in the aromatic ring can reduce its aromatic character and
as a result reduce the electron confinement. Inserting electron-releasing (donor) substituents to a -
conjugated molecule tends to increase the HOMO energy more than that of the LUMO, and as such
effectively reducing the gap between them. Another approach relies on the planarization and
rigidification of the conjugated system.

However, there is an intrinsic quenching mechanism known as the “energy gap law” according to
which, as the energy gap decreases, coupling of the zero-vibration level of the lowest excited state
(either singlet, S, or triplet, T;) with the higher vibration levels of the ground state (Sp) promotes non-
radiative recombination pathways®. The energy gap law induces fundamental constraints on how much
the energy gap of OSCs can be effectively decreased, thus limiting the emission of many OSC emitters
below 900 nm (Fig. 2e).

Most fluorescent molecules have two electrons in their HOMOs at the ground state, referred to as “a
closed shell”. Upon excitation, the excited state is either a singlet or triplet. Most organic molecules can
only harvest the singlet-excited states radiatively at room temperature, as the transition from a triplet to
the ground state is forbidden. This means that these molecules are subjected to  ~25%. As the result,
NIR-OLEDs using conventional closed-shell emitters, without assistant’s sensitization and in the
absence of outcoupling structures or photon recycling, are limited to EQEs of 5%°*%.

Open-shell radical emitters, have a singly occupied molecular orbital (SOMO) in the ground state,
giving an overall spin-1/2 doublet (Dy). If holes and electrons are injected into the HOMO and SOMO,
respectively, a fluorescence doublet excited state (D,) is obtained which gives a spin-allowed emission
and r approaches unity (Fig. 2f)***®. One such organic radical, termed as TTM-3NCz, incorporating 3-

substituted-9-(naphthalen-2-yl)-9H-carbazole (3NCz) and 3-substituted-9-phenyl-9H-carbazole (3PCz)
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added to the tris(2,4,6-trichlorophenyl)methyl (TTM) core, has recently achieved a high ¢p; of (85.6
5.4) % when doped in CBP*. The fabricated OLEDs emitted at 710 nm with EQEs of 27 and 10% at
current densities (/) of 5x107 and 1 mA cm?, respectively.

In TADF emitter based LEDs excited long living triplet states can decay via the singlet states
through reverse intersystem crossing radiatively (Fig. 1a) and as a result, » can approach unity. To
enable this process it is essential that the singlet-triplet energy difference (AEst) is small. Generally,
AEgr is minimized by localizing the HOMO and LUMO orbitals on different fragments of the emitting
molecule. This is observed in systems containing spatially separated donor (D) and acceptor (A)
heterocycles with twisted linkages. Emission from such molecules occurs from intramolecular charge
transfer (CT) states. It is therefore difficult to achieve a low energy gap, small AEgr and a large
fluorescence rate (ki) in one molecule®. The first successful TADF NIR-OLED employed a
phenanthrene-based molecule with a small AEgt of 0.13 eV as non-doped emitter; it achieved an EQE of
2.1% at a peak emission of 710 nm®. Since then, several studies have also reported NIR
electroluminescence (EL) from TADF molecules, albeit with EQE values hardly exceeding 10%>'3*,
These devices were mostly based on multiple donor-acceptor (D;-A;) structures. One successful example
is an emitter composed of two triphenylamine donor and one acetylacetonate boron difluoride acceptor
(inset in Fig. 2g)*>. This material exhibited a @p. up to 70% when doped (~6%) in a 4,4'-bis(N-
carbazolyl)-1,10-biphenyl (CBP) host (Fig. 2g). The LEDs showed a maximum EQE of 10.0% (at 721
nm) and a high radiance of 3000 W sr™' m ™2, albeit at a very high J, of 1000 mA cm™. Recently, NIR
TADF emitters employing simpler D-A structures having strong and planar acceptor units were found to
enable J-aggregate formation with strong intermolecular CT**. Favored by the fast radiative decay rates
of the aggregated emitters, the fabricated OLEDs reached an EQE of 14.1% (at 700 nm and J=107 mA

cm™). Through donor substitution, the intermolecular CT was further strengthened and tuned the OLED
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emission at 1010 nm’°. Similarly, a D-A acenaphthene-based emitter greatly stabilized the
intramolecular CT; the fabricated OLEDs displayed a peak EL at 904 nm’’. Notably, apart from
leveraging NIR emission, TADF molecules were recently applied as assistant dopants in
hyperfluorescent OLEDs***°, demonstrating promising EQEs up to 3.8% (J=5x107 mA cm™) with a
narrow EL peak (full-width at half-maximum, FWHM, of 40 nm) centered at 840 nm>®.

The most successful examples of NIR OSCs, are organometallic complexes based on third-row
transition metal elements, such as platinum (Pt(Il)), osmium (Os(Il)) and iridium (Ir(Il1)). In these
emitters » = 1 as all the triplet states can decay radiatively at room temperature due to presence of strong
spin-orbit coupling enabled by the metal element. So far, Pt(II) phosphors are the most efficient NIR
emitters due to the strong metal-metal-to-ligand charge transfer (MMLCT) transition character at the
excited state manifolds and the shortest radiative lifetime for phosphorescence®. Os(II) phosphors
represent the next more efficient class of NIR emitters due to the high metal-to-ligand charge transfer
(MLCT) contribution, originating from the lower oxidation potential of the metal d, orbitals combined
with reduced radiative lifetime to sub-microsecond region. In contrast, Ir(IlI) phosphors present longer

radiative lifetime and inferior efficiency compared to Pt(Il) and Os(II) ones**

. For example, the state-
of-the-art Ir(Ill)-based NIR-OLEDs have reached a maximum EQE of 9.59% (at 706 nm) by using
cyano groups attached in a commercial red emitter (Ir(piq)g(acac))43. The record performing Os(II)-
based NIR-OLEDs employ a series of trans-substituted complexes combining pyrazinyl azolate chelates
and dimethyl(phenyl)phosphane ancillaries*. They achieved a maximum EQE of 11.5% (at 710 nm),
which remained quite high (~8.2%) for a high /=100 mA cm™. A series of terdentate cyclometallated

Pt(IT) complexes (PtL’Cl) of high planarity enabled NIR-OLEDs with a peak excimer emission at ~700

nm and EQE of 14.5%".
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A breakthrough in NIR-OLEDs was accomplished through the strategic design of a series of 2-
pyrazinylpyrazolate Pt(IT) fluorinated compounds (1-3) (Fig. 2h); they achieved extraordinary ¢pp of 81,
55 and 85% in thin films at peak emission of 740, 703 and 673 nm, respectively (Fig. 2i)*®. OLEDs
based on compound 1 exhibited a remarkable EQE of 24% (at 740 nm) originating from exciton-like
emission along the 5d,2 direction of edge-on molecular J-aggregates. Owing to the short stacking
distance in these aggregates, a strong interaction among HOMO and LUMO levels was achieved, which
strongly prohibited non-radiative deactivation paths through exciton-optical phonon coupling according
to the energy gap law. More recently, the same group demonstrated that delocalized excitonic aggregates
can decouple the exciton band from highly vibrational ladders in the ground state, thus further enhancing
the @p; in the NIR region*™*’. On this basis, they successfully fabricated NIR-OLEDs achieving a high
EQE of 2.18% in the NIR region of 890-930 nm40; added to the merits, these devices exhibited
negligible efficiency roll-off for J up to 500 mA cm™. In a recent work a non-doped EML consisting of
only the Pt(Il) emitters enabled OLEDs with EQEs > 10 % at 794 nm (J=100 mA cm 2)*, with low
efficiency roll-off. Compared with host-guest EML, the complexity is reduced when no host is used, yet
the required amount of Pt containing emitters is increased.

Pt-metalloporphyrins also enable NIR electroluminescence with narrow emission spectra. As an
example, OLEDs based on Pt(II)-tetraphenyltetrabenzoporphyrin (Pt(tpbp)) presented a NIR emission
spectrum centered at 765 nm with a FWHM of ~35 nm and a EQE of 6.3% (J/=0.1 mA em?)®.
However, porphyrin-based phosphors, typically suffer from efficiency roll-off due to the long-lived
triplet exciton resulting in self-quenching. Lanthanide phosphors, such as europium (Er(Ill)) and
niobium (Nd(III)), also exhibit NIR emission bands at the 800-1600 nm spectral region, They originate
from efficient energy transfer from the triplet states of the organic ligand to the 4f states of the

lanthanide core and radiative recombination therefrom. However, the fabricated OLEDs achieved poor



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

EQEs not exceeding 0.15%°. OLEDs based on a rubrene singlet fission sensitizer blended with a

phosphorescence emitter (termed as ErQ;) have also achieved NIR emission centred at 1530 nm™.

The emergence of NIR perovskite light-emitting diodes

Metal halide perovskites exhibit an AMX; chemical structure (Fig. 3a), where A is a monovalent cation
(organic, such as methyl ammonium, MA, and formamidinium, FA, or inorganic like cesium, Cs, or
their combination), M is a divalent metal such as lead (Pb*") or tin (Sn*"), and X is a halide (CI’, Br,, I).
Their advantages for light-emitting applications include facile bandgap tunability through chemical
composition, high defect tolerance, symmetric and narrow emission spectra (FWHM<40 nm) and high
carrier mobilities®'; the latter is useful in achieving high brightness at low driving voltages. They can
access the 400 to 1100 nm NIR part of the spectrum via changes in composition and dimensionality”*>°
(Fig. 3a,b). To optimize the performance of NIR perovskite LEDs (NIR-PeLEDs), it is important to
simultaneously maximize the radiative recombination via defect passivation while suppressing non-
radiative Auger recombination. Three-dimensional (3D) perovskite emitters exhibit fast electron-hole
dissociation which decreases the probability of radiative recombination events. Strategies pursuing the
confinement of charge carriers via dimensionality tailoring, reduction in the grain size and/or film
thickness and growth of perovskite nanocrystals (NCs) have been widely explored.

The first successful NIR-PeLED employed a thin (~15 nm) EML of a mixed HP emitter, namely
MAPbI;Cl,, sandwiched between two charge injection layer557. The device achieved an EQE and IQE
of 0.76% and 3.4% (at 754 nm), respectively®. After this following attempts aimed at increasing the
device performance and extending the peak emission wavelength further into the NIR. The most

successful approaches include the development of formamidinium-based emitters such as FAPbI;*"®,

Pb-based mixed quasi-two dimensional (2D)/3D perovskites®>*’, mixed Pb-Sn* and Pb-free perovskites
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with either an organic®, or inorganic®, cation at A-site and 2D perovskites®**

. Partial or complete
replacement of the M-site cation, i.e., Pb*" (ionic radius=1.19 A), with alternative metals, such as Sn**
and germanium (Ge”") characterized by smaller ionic radii (1.02 A and 0.73 A, respectively), reduced
the bandgap and red shifted the emission. For example, systematic replacement of Pb>" with Sn*" in
MAPb,.Sn,I; perovskites extended the emission peak from 750 nm (for x=0) to ~950 nm (x=0.8)"". The
EML, stabilized by incorporating a large cation, e.g., 4-fluorobenzylammonium iodide (FPMAI),
exhibited an EQE of 5% (at ~917 nm). A longer NIR emission (at 950 nm) with an EQE of 3.8% was
reported for CsSnl; perovskite67.

Point defects present in the polycrystalline films, such as A- and X-site vacancies, interstitials and
Pb-X anti-sites, act as non-radiative recombination centres and require passivation approaches to
suppress electronic trap states and increase ¢pp. close to unity for efficient NIR-PeLEDs’ 86! This can be
accomplished through the incorporation of passivation agents (PAs) into the precursor solution or via
post-deposition treatments. Effective passivation materials contain functional groups for coordination to
undercoordinated Pb*" or halide ions or ionic bonding to neutralize charged defects®’. They include
Lewis acid and base moieties, alkali metal ions, charged organic components, etc. For example, a
breakthrough was achieved by introducing amino-acid additives into the FAPbI; precursor solutions™.
These additives passivated surface defects and reduced non-radiative recombination, increasing ¢pr to
~70%. Moreover, they led to the spontaneous formation of submicrometre-scale structures (Fig. 3c),
which improved the outcoupling efficiency and viewing angle (Fig. 3d). NIR-PeLEDs employing a 3D
FAPbI; perovskite EML achieved an EQE of 20.7% (at 803 nm, J=18 mA cm?)*, Notably, these
devices showed a high photon flux of 2.33x10” m? s at the peak EQE. Amino-functionalized PAs
have also proven effective in suppressing non-radiative recombination in FAPbI; perovskites®”. Control

over the hydrogen bonding between the functional moieties of the PA and the organic cation of

10
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perovskite led to a record EQE of 21.6% for NIR PeLEDs (at 800 nm, ¢pr. of 65%, radiance of 308 W
st ' m?, J=15.8 mA cm™).

Improvements in NIR-PeLEDs have also been accomplished using mixed 2D/3D domains that lead
to an electron-hole confining cascaded energy landscape (Fig. 3b). Therein, the carrier population is
funneled within a few picoseconds to the lowest bandgap domains and remains confined therein such

6263 The spatial and energy distribution of the

that radiative recombination and EL emission increase
different domains within the perovskite films is crucial to maximize a homogeneous energy funnelling
to the lowest bandgap light emitting domains. Addition of 1-naphthylmethylamine iodide (NMAI) into a
perovskite precursor solution (FAI:Pbl,) resulted in the formation of multiple quantum wells (MQWs)
through self-organization®’. The MQW-based LED exhibited an EQE of 11.7%. This performance
originated from highly confined charge carriers within the lower bandgap light-emitting 3D regions by
the higher bandgap (2D) regions of the perovskite MQWs. The efficiency of this 2D/3D system was
further improved by blending a small fraction of an insulating polymer into the perovskite EML -a
technique that has been able to simultaneously reduce non-radiative defects and the refractive index of
the perovskite film®. The latter also led to an enhanced light outcoupling from PeLEDs. A device using
a quasi-2D/3D perovskite (NMA),(FA)Pb,I7) blended with an insulating polymer (poly(2-hydroxyethyl
methacrylate, PHEMA)) showed an EQE of 20.1% (@pr=96%, EL ~795 nm, J=0.1 mA cm?)®,
representing the best performance 2D/3D HP-based NIR-PeLEDs.

Colloidal HP NCs, pristine®”" or metal-doped”"”, have recently attracted attention due to their
advantages of quantum confined emission and low defect density with no shell passivation
requirements®®, NIR-PeLEDs based on FAPbI; NCs exhibited peak emission at 780 nm with an EQE of

2.3%69, whereas those using CscFAPb(Brily); NCs exhibited a narrow (FWHM ~ 27 nm) NIR

emission at 735 nm with an EQE of 5.9%°. In another approach, blend EMLs consisted of FAPbI; NCs

11
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embedded in a molecular matrix that also served as the electron-transporting layer namely 4,4'-
diaminodiphenyl sulfone (DDS). In this so-called perovskite-molecule composite (PMC) approach®, the
DDS matrix effectively controlled the nucleation process of the perovskite NCs, leading to the formation
of PMC thin films with gp. approaching 90% (Fig. 3e-g). NIR-PeLEDs with PMC EML achieved an
EQE of 17.3% (at 805 nm). Notably, the hybrid perovskite:metal NCs can achieve deeper NIR emission
as they rely on energy transfer from the perovskite to the metal and emission therefrom”. As an

example, ytterbium (Yb*")-doped CsPbCl; NCs showed NIR emission at 984 nm (EQE of 5.9%)".

Progressin NIR QD light-emitting diodes
Colloidal QDs are inorganic semiconductor NCs with emission properties that can be widely tuned
through size control due to the quantum confinement effect’””. They are prepared by wet chemical
synthetic procedures that offer precise control over shape and size, which allows them to access the
whole NIR spectrum. Their emission tunability can be achieved through increase size and compositional
engineering (Fig. 4a)’®. Lead chalcogenide QDs such as lead sulfide (PbS), selenide (PbSe) and telluride
(PbTe), pristine or capped, dominate the NIR applications’’”’. NIR emission from silicon (Si) QDs has
been also observed®. The appropriate selection of a wider bandgap inorganic semiconductor shell
epitaxially grown around the emissive QD leads to core-shell structures with significantly increased
exciton’s binding energy®. In these structures the electron wavefunction is shifted away from the
surface to the QD core reducing non-radiative recombinations. Organic ligands also decorate the core-
shell structure (Fig. 4a, inset) to enable solubility in a large variety of non-polar solvents and offer
additional surface passivation™.

In spite of the development of a large variety of NIR emissive QD species, the efficiency of NIR-

QDLEDs had been low. This was caused by self-quenching of QDs in the solid state leading to low gpr
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in thin-films combined with moderate carrier mobilities caused by the insulating organic ligands. Auger
recombinations are also high in QDs. To mitigate the self-quenching limitation, the first successful NIR-
QDLEDs employed EMLs consisted of QDs dispersed into an organic medium or forming a monolayer
embedded between two organic interlayers. The operation of these hybrid devices was based on exciton
formation in the organic host/surrounding interlayers followed by Forster energy transfer (FRET) to the
QDs by means of dipole-dipole interaction. The ¢pp of the EML depended critically on this energy
transfer step, which should compete against radiative and non-radiative recombination pathways prior
to energy transfer. Additionally, the performance of these devices was limited by the low mobility of the
organic medium/surrounding interlayers and the lack of materials with suitable energetics to enhance

charge injection™™

. For example, the first demonstration of a NIR-QDLED was based on core-shell
indium arsenide-zinc selenide (InAs-ZnSe) QDs embedded into a poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) matrix™. The devices exhibited emission from 1000 to 1300 nm,
albeit with low EQE <0.5%.

A breakthrough in NIR-QDLEDs was achieved through the realization of devices using pristine QD-
based thick (~40-50 nm) EMLs". Herein, excitons are directly generated on the emissive QDs, thus
enhancing the radiative recombination rates. In addition, the charge injection efficiency was separately
optimized using appropriate charge-transporting layers. As a result, a device using a neat PbS EML
exhibited a maximum EQE of 1.15% (at 1200 nm), representing a significant improvement over
previous reports. A further enhancement in NIR-QDLEDs performance was achieved through the
precise length control of the organic ligands of PbS QDs™. An optimized length of these ligands enabled
the simultaneous enhancement in radiative recombinations and carrier mobility in the QD films.

Appropriate interlayers injected charges directly to QDs allowing for exciton formation therein and

preventing their direct contact with the electrodes, thereby avoiding plasmonic quenching. As a result,
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an EQE of ~2% (at 1054 nm, J = 1.0 mA cm™) was obtained. An interlayer engineering approach was
also employed in the first reported Si QD NIR-LEDs, which displayed an EQE of 8.6% (at ~850 nm,
J=0.01 mA cm™)¥.

Some heavy metal-free QDs are considered promising for biological applications. These are either
binary, such as silver (Ag) sulfide, selenide and telluride (Ag,S, Ag,Se, Ag,Te), indium phosphide and
arsenide (InP, In As), or ternary copper (Cu) or Ag based materials (CulnSe,, CulnS,, AgInS,, AgInSe,)
with tunable fluorescent properties and emission maxima up to 1400 nm”. However, the reported
efficiencies of the fabricated NIR-QDLEDs had been low (<0.5 %™). Recently, an efficient heavy
metal-free NIR-QDLED was demonstrated using a giant shell In(Zn)As—In(Zn)P-GaP-ZnS QD
emitter’’. Strongly luminescent QDs were prepared through a continuous injection methodology, which
enabled a high @p; of 75% and NIR-LEDs with EQEs of 4.6% (at 857 nm, J = 1.5 mA cm™). Notably,
LEDs with high power and large spectral bandwidth based on InAs/GaAs QDs have also been
reported’”. They achieved strong emission at ~1255 nm, with a maximum output power of 2.6 mW at
room temperature.

Despite great progress in pristine QD-based NIR-LEDs, optimizing radiative recombination and
charge injection/transport simultaneously in these devices is challenging due to their wide bandgap
inorganic shells and long-chain organic ligands, which impede carrier transport in the neat QD film *>***,
Recently, this issue was successfully addressed by following a QD-in-perovskite approach using hybrid

EMLs consisting of QD emitters evenly distributed in a perovskite transport medium””'®

. Unlike prior
approaches, where QDs were either enclosed in a protective shell and/or insulating ligand or dispersed in
a low mobility organic medium, here, PbS QDs were embedded in a high mobility MAPbIBr;

perovskite matrix, which epitaxially grew around the QD surface also acting as an efficient surface

passivation agent. This hybrid system benefitted from the high @pr of QDs and the superior carrier
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mobility of the perovskite medium. The halide ratio in the perovskite was finely tuned in order to avoid
lattice mismatch leading to defect sites that would act as traps for non-radiative recombination (Fig.
4b,c)”. QD-in-perovskite LEDs achieved 150xhigher EQE (5.2%, emission peak at 1391 nm) and
15%higher brightness (2.6 W sr ' m > at 3.5 V) than a control QD-only LED.

This approach was further optimized through the incorporation of PbS QDs in a low-
dimensional layered perovskite'®'. The number of perovskite repeated units <n> confined between bulk
organic cations determined the bandgap and exciton binding energy of the resultant QW. This allowed
transitioning from a fully excitonic character (n = 1, 2) to a mixed scenario where free charges and
excitons coexist (n > 2). This was leveraged to manipulate energy transfer into the QDs achieving
balanced charge transport into the QD emitters and hence minimizing Auger recombination. The devices
achieved tunable emission in the 980-1600 nm spectral region with a maximum EQE of 8.1% (at
980 nm, J = 1.65 mA cm?, radiance of 7.4 W sr ' m ?). In another case, non-toxic silicon dioxide (SiO,)-
encapsulated Ag,S QDs were epitaxially dispersed in a caesium-containing triple cation perovskite
matrix'®. The optimized NIR-LEDs demonstrated an EQE of 17.0% (at 1397 nm, J = 11.28 mA cm’™),
originating from charge balance close to unity enabled by a thin porphyrin hole-transporting interlayer
that also protected the perovskite matrix from metal oxide (i.e., molybdenum oxide)-induced
degradation.

A different approach employed an EML that comprised of a ternary blend including a binary
host matrix and the QD emitters. This matrix consisted of small size, wide bandgap PbS QDs that
electronically passivated the larger size, low bandgap PbS QD emitters blended with zinc oxide (ZnO)
NCs to balance carrier supply'®. The larger size emitters exhibited reduced non-radiative recombination
rates and balanced charge injection (Fig. 4d-f). The fabricated QDLEDs showed a peak emission at

1400 nm with an EQE of ~7.9%, which is the highest reported value for any NIR-QDLED based on a
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neat QD EMLs. The same authors have recently achieved a higher EQE of 8.0% through further
engineering at the supra-nanocrystalline level and optimization of charge carrier balance within the

. 104
device .

Comparison between different solution-processed NIR LEDs

OLEDs and PeLEDs have already achieved high EQEs over 20% at wavelengths <1000 nm whereas
QDLEDs can span a larger part of the NIR spectrum with emission up to 1500 nm, albeit with lower
efficiencies (Fig. 5a, Supplementary Table 1). Metal halide perovskites and QDs generally enable

105,106
response speeds of ~100 ns

, whereas OSCs based on CT states have reached response times of 14.7
ns'®”. However, hybrid perovskite-polymer materials have reached high speeds of 5 ns'®, whereas QDs
recently attained an ultra-fast response of 74 ps (FWHM)'", by allowing carriers to be swept to the
electrodes before they fall into the band tail states; these values indicate that these solution-based
semiconductors will be soon appropriate for NIR-applications with high speed requirements. Device

engineering and the design and development of novel emitters have played a crucial role to reach such

performance.

I nterface engineering and light outcoupling appr oaches

The aforementioned classes of NIR-LEDs require similar architectural design considerations that mainly
target the reduction of charge-injection barriers, blocking of carrier leakage, and exciton confinement
within the EML. They have all benefitted from a rich knowledge gathered through progress in visible
OLEDs from which they have borrowed charge-transporting interlayers, such as organic small
molecules, polymers and metal oxides with appropriate energy landscapes. Extra caution, however,

should be paid as physicochemical interactions between these materials and novel emitters, for example,
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perovskite ones, may negatively impact on the device performance and reliability''’. Besides high
efficiency, other device performance metrics such as EQE-roll-off and operational lifetime are improved
through interface engineering as explained in the next sections.

Light trapping is a critical factor that restricts the thin-film LEDs efficiency. For example, the
high EQE of GaAs NIR-LEDs (~72%") would be <5% without the application of complex mirror
structures to extract light in the viewing angle. The low outcoupling efficiency of thin-film LEDs is due
to the waveguide modes in the multilayered sandwich structures and plasmonic quenching at the
metallic electrode. In addition, the photon reabsorption by the EML and the low transmittance of
indium-tin-oxide (ITO) transparent electrode also contribute to efficiency losses. The waveguide modes
have the major contribution in light propagation losses; they divide into the glass total internal reflection
and the ITO/functional layers guided mode. They are regulated by Snell's law according to the refractive
indices of the EML (i.e., 1.7-2.0 for OSCs'"', and >2.0 for perovskites and QDs''"''?), ITO (~2.0), glass
substrate (1.5) and ambient air (1.0), with the 7., of these devices to be limited at 20-25%. Due to the
high refractive indices of perovskites and QDs compared with those of the substrate and the commonly
used charge-transporting interlayers, a large portion of the generated light is confined in the EML and
propagates in the lateral direction, which further compromises #7oy.

To enhance light-outcoupling, numerous low-cost methods have been advanced, including patterned
or roughened substrates using wet-etching methods or insertion of low-index materials on the
substrate/air interface to extract substrate modes, low-index grids and index-matched functional layers
for extracting waveguide modes and corrugated metal electrodes for plasmonic modes'''. However,
adopting simpler methods such as manipulating the emitter’s morphology'", inducing spontaneous

. . 58 . . . . . . 46
formation of submicrometre-scale structures™, enhancing horizontal orientation of emissive dipoles™,

114,115 16

applying cavity engineering and top emitting devices , using small-thickness emissive layers''’,
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111,114

tuning the width in MQW structures or enhance photon-recycling''’, can beneficially influence

light extraction without increasing device fabrication cost and complexity.

L ow power output, EQE roll-off and lifetimein solution-processed NIR LEDs
To meet the technical specifications of III-V LEDs for commercial applications, these solution-
processed NIR-LEDs need a stable power output of ~10-100 mW for A<1000 nm and up to several mW
for A>1200 nm (at a J of 1000-2000 mA cm™). For example, for surveillance or night vision applications
(850-900 nm) the requirements are for a power output of 10-100 mW, which is equivalent to an
irradiance of 10>-10* mW c¢cm™. For bio-imaging in the first and second biological windows (Fig. 1a), the
requirements are for 10-100 mW cm™ dependent on the wavelength of interest. The recent developments
in all three classes of the solution-processed NIR-LEDs indicate that these devices will soon have the
potential for applications with lower power output demands such as bioimaging.

Another major issue in all LED technologies is the drop of EQE at high J, the so-called EQE roll-off,
which has been generally attributed to charge imbalance, field-induced quenching of luminescence,

Auger recombination and Joule heating'"®

. The significant EQE-roll-off also indicates that these devices
are subjected to increased electrical stress to achieve a given radiance, which in-turn reduces the useful
lifetime; that is the time after which the radiance (or EQE) drops below a predefined level. In OLEDs, in
particular, as the carrier concentration increases, the bound electron-hole pairs or excitons get
annihilated'"” and EQE typically drops at J>100 mA cm™. Apart from these reasons, notable underlying
processes for such efficiency loss are singlet-triplet and triplet-triplet annihilation, as well as host-

induced quenching (in doped OLEDs)"

. Through careful design of novel emitters, judicious
engineering of the host-guest system and adoption of non-doped EMLs based on J-aggregated emitters,

suppression of various inherent loss processes has been achieved. We note, the exceptional examples of

18



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

NIR-OLEDs based on the boron difluoride curcuminoid TADF emitter’?, or on Pt(Il) complexes
forming J-aggregates*, which showed negligible EQE roll-off for J values up to 700 and 500 mA cm,
respectively (Fig. 5b). Moreover, OLEDs have demonstrated moderate lifetime of x100-1000 h,
however, at J<50 mA cm™ (Figure 5c¢.d, Supplementary Table 2). Notorious reasons for low lifetime are
exciton quenching mechanisms explained above, presence of impurities in the EML, appearance of dark
spots, oxidation, corrosion, and electrochemical degradation all caused by the attack of moisture'*’.
Besides successful encapsulation, device engineering targeting to alleviate exciton quenching and
broaden the emission zone significantly boosts operational stability**. For example, incorporation of
diketopyrrolopyrrole emitters in a polymer medium demonstrated OLEDs with improved durability'"”.
Nevertheless, the device stability will need to be improved to enable practical applications (> 10000 h
depending on the type of application). Encouraging in these regards are the OLEDs using wide bandgap
perovskite charge-injection interlayers'**,

QDLEDs suffer from severe EQE roll-off ' (Fig. 5b), which originates, apart from charge injection
imbalance and Auger recombination rates, by the formation of electric-fields inside the QDs known as
quantum-confined stark effect (QCSE)'®. This causes a red shift of the exciton emission
energy accompanied with a strong separation of electron-hole wavefunctions that dramatically decreases
luminescence efficiency. When QDs are dispersed in a high mobility perovskite matrix this phenomenon
is suppressed due to increase in the carrier density that screens the QD field. Reduced Auger
recombination is also expected in the QD-in-perovskite architecture due to the epitaxial passivation
provided by the perovskite matrix and reduced energetic disorder, ultimately promoting radiative decay
pathways'>*. For example, the incorporation of PbS QDs in a quasi-2D perovskite EM'®' has been
reported to result in balanced charge injection up to high currents nearing J = 170 mA cm™. The devices

showed a maximum EQE of ~8% and threshold current density (Jy, corresponding to 50% EQE drop)
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approaching 400 mA cm™. This approach has also led to improved operational stability as the main
device degradation mechanisms have been alleviated (Fig. 5c,d). QDLEDs using a binary blend of small
and large-size PbS QDs exhibited an estimated Ts of more than 26000 h (at initial radiance of 1 W sr™!

1’1’1-2) 104

, paving the way for durable QDLEDs operating at low brightness.

Perovskites possess high carrier mobilities compared to OSCs and QDs which implies that charges
are spread uniformly in the EML even at higher J, mitigating Auger recombination'®’. Therefore, NIR-
PeLEDs show a lower EQE roll-off and a J, between 300-1500 mA cm>. For example, PeLEDs
employing a 3D perovskite Cs 17F A g3Pbl, sBrg s with an excess of FAI as the EML showed an EQE of
17.4% with a negligible roll-off up to J=600 mA cm * (Fig. 5b)°'. Similarly, PeLEDs based on 2D
perovskites retained a nearly stable EQE for J=1500 mA cm > (Fig. 5b)*. The observed EQE roll-off in
these devices is due to Joule heating, a mechanism that is more critical for PeLEDs than for other types
of LEDs. In fact, even small temperature changes significantly affect the device efficiency and induce
severe EQE roll-off''®. Joule heating originates from inefficient charge injection into the EML,
conductivity mismatch between the perovskite and charge-transporting interlayers and poor perovskite
film morphology that can increase series resistance. Selecting suitable interlayers pristine or doped'**'?’,
optimizing the device geometry, using sapphire substrates to better dissipate heat or attaching heat
spreaders and sinks, downscaling the device active area or driving these LEDs with current pulses are

few of the adopted thermal management strategies'**'*

. For example, through employing a polymer
hole-transporting layer with high ionization energy, large-area (900 mm?”) NIR PeLEDs emitting at 799
nm with a high EQE of 12.1% (EQE of small area devices 20.2%), were successfully demonstrated'?’.
Higher lifetime is generally accomplished in pure-phase 2D, mixed phased 2D/3D and passivated 3D

PeLEDs where mobile ions and defects are significantly suppressed'>*'*. Alleviating Joule heating and

interface degradation'**'** has prolonged PeLEDs lifetime considerably.
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| ssues with some of the emitters

135 and high costs of noble metals in

The presence of toxic elements, such as Pb in HPs and Cd in QDs
phosphorescent complexes, raises concerns about the suitability of such materials for consumer
electronics. The European Restriction of Hazardous Substances Directive (RoHS) has set strict rules
about the use of toxic elements in electronic equipment. The current limit is 1000 ppm for Pb and 100
ppm for Cd by weight of solid device components. Commercially available QD TV displays use QD
quantities within the RoHS limits (a 55-inch display requires about 1.5 mg of Cd). This will also stand
for perovskites which possess identical extinction coefficient (of the order of 10° cm™ M™) with QDs
and similar gpy at the same emission wavelengths (530 and 630 nm). Although efforts to find
environmentally benign alternatives are also underway, up to now OLEDs based on fluorescent and

TADF emitters are the elective choice for in vivo biomedical applications, where the material’s low

toxicity is an advantage.

Outlook and future directions

The inherent suitability of solution-processed semiconductors for large area applications allows
unparalleled design freedom in developing novel concepts in illumination systems. As highlighted in
this review, large progress in the development of narrow bandgap emissive materials and device
engineering has already been accomplished in recent years leading to high-performance solution-
processed NIR-LEDs. Primary challenges still remain in terms of high radiance, especially in the longer

wavelength range, and long operation stability.

Challenges associated with pristine emitters-Towards hybrid materials?

21



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

From a material engineering point of view, synthetic approaches have recently contributed towards the
improved device performance as they led to emitters with radiative efficiency approaching unity.
However, intrinsic material limitations pose restrictions on how much the bandgap of OSCs and HPs can
be effectively decreased constituting their emission efficient for wavelengths up to 1000 nm for the
former and below 900 nm for the latter class. QDs can efficiently span most of the NIR spectrum
through the size confinement effect; albeit with lower efficiencies.

Appropriate manipulation in the chemical design of OSCs and chromophores has led to some
notable performance levels in OLEDs in the 700-1000 nm wavelength region. Extending their
luminescence into the IR can be pursued by the design of molecules possessing a shallow potential
energy surface (PES) in their ground state, so that non-radiative recombinations originating from high-
frequency vibrational quenching would be significantly suppressed. Alternatively, J-aggregated emitters
allowing long wavelength emission from CT states also offer a viable path to significantly red shift the
emission wavelengths without compromising the device efficient and stable operation.

Perovskites show high performance levels with narrow emission spectra, albeit at shorter
wavelengths in the NIR region. Control over their composition/dimensionality raises the prospect of
further expanding their luminescence efficiency. Moreover, most of the passivation methods applied to
tackle the high defect density issue were borrowed from the solar cell research community using trial-
and-error approaches. With the increased demand for extended stability, these approaches are now
starting to reach their limits such that future major advances will require new methodologies that can
analyse the material and device characteristics and establish useful guidelines for rational device
optimization.

The unique optical properties of colloidal QDs have motivated an early surge of interest for their

application in NIR-LEDs. However, the low carrier mobility of thin-film QDs has precluded the
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achievement of high-performance. The recently proposed ternary QD and QD-in-perovskite hybrid
solutions offer a promising path to overcome this limitation, enabling QDLEDs with performance
metrics similar to those of OLEDs and PeLEDs at much longer wavelengths. These hybrid approaches
are characterized by the simultaneous achievement of high mobility and enhanced non-radiative
recombination rates not observed in independent QD emitters. Therefore, the hybrid systems offer all the
advantages of individual counterparts, including the long wavelength emission, and are likely to play a
central role in the next generation of NIR-LEDs.

The hybrid materials can indeed create functionalities that couldn’t have been possible otherwise.
Apart from the QD-in-perovskite approach, the perovskite-organic molecule composite represents a nice
example of how to overcome the weaknesses and strengthen the advantages of individual components to
some extent. In the same direction, could be the implementation of high mobility ambipolar perovskite
host matrices combined with J-aggregated or open-shell OSCs to alleviate constraints relative to poor
charge mobility of the latter. Inclusion of perovskite single crystals into conjugated polymer matrices to
form EMLs with a continuous transport phase or substitution of insulating ligands of QDs with high
mobility OSCs directly anchored onto the QD surface are some examples that might offer viable future
solutions. An added advantage to these hybrid materials is offered from the inherent solution-
processability of the individual components that facilitates their easy integration into devices and

systems to eventually transform present materials and prototypes into a promising technology.

Limitations associated with the device design and operation
From the device engineering point of view, significant progress has already been made based on
advances in charge-transporting interlayers developed for the more mature visible emitting OLED and

QDLED technologies. However, extra caution is needed prior to the application of conventional and
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novel interfacial materials in devices embedding HPs due to the suspected physicochemical interaction
at the heterointerfaces. Moreover, since the commonly used ITO transparent electrode presents high
absorption in the NIR, considering its replacement with alternative electrodes, such as silver
nanowires'*®, will offer advantages with respect to high efficiency and cost-effectiveness.

Challenges remain when targeting high and stable power output. Significant efficiency roll-off at
elevated J and moderate lifetimes below the 10000 h target remain key obstacles prior to the
commercialization of these devices. Besides the design of novel emitters, ingenious device engineering,
suitable encapsulation, successful management of thermal and electrical stress will prolong the device
lifespan considerably as they successfully counter the intrinsic and extrinsic degradation mechanisms.
To conclude, LEDs based on OSCs, HPs and QDs pristine and hybridized are suitable for many
established and emerging NIR lighting applications. There are of course important challenges ahead. As
research continues to progress both in the development of novel emitters and devices, we can expect
even more advanced performances through deepen physical understanding and optimization of each

technology combined with fruitful interactions and increased influence between them.
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Supplementary Information

Tables including key figure of merits and stability data of solution-processed NIR LEDs,

Box 1

The device architecture and key perfor mance parameters of solution-processed NIR-LEDs

Typical solution-processed NIR-LEDs consist of a multilayer architecture, embedding the semiconductor
emissive layer (EML) between an electron-injection (EIL) and a hole-injection layer (HIL), similarly to their
visible emitting counterparts, as illustrated in the Scheme la. In some cases, appropriate interlayers are also
applied to block opposite charges from leaking through the device (which are the hole blocking layer, HBL,
and the electron blocking layer, EBL). Under forward bias, electrons and holes injected from the electrodes
drift and diffuse within the EML (electrons are transferred to the lowest occupied molecular orbital, LUMO, of
the organic emissive semiconductor or the conduction band minimum of the inorganic ones, such as
perovskites and colloidal quantum dots, whereas holes are transferred towards the highest occupied molecular
orbital, HOMO, or the valence band maximum of either the organic or the inorganic semiconductor,
respectively, see Scheme 1b), and eventually recombine emitting photons or heat.
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Scheme 1 a, Device architecture and b, working principle of a solution-processed LED.

The key performance parameters of a NIR-LED are the the external quantum efficiency (EQE), the power
density (P) or radiance, the device lifetime and efficiency roll-off. EQE denotes the ratio of emitted photons
versus the injected charges under external bias and is expressed as the product of the internal quantum
efficiency (IQE) and the light outcoupling efficiency (o) (Eq. 1):

emitted photons

EQE = = 1QE X oy (1)

injected charges

The 1,y 1s the outcoupling efficiency while the IQE value (Eq. 2) is proportional to the probability for radiative
decay to occur (r), the photoluminescence quantum yield of the emitter (PLQY or ¢pr), and to the probability
that electrons and holes recombining (y):

IQE =7 X @p, Xy (2)
Luminance is a figure of merit not relevant to NIR-LEDs thus measuring the amount of radiant intensity per
unit projected area (the so-called radiance given in W m™ sr'') is more appropriate.
The emitted light intensity or power output density (P) of an NIR-LED is important for applications, such as
spectroscopy and sensing. This, is proportional to the EQE and the current density (J) (Eq. 3):

P= %EQE 3)
where EQE is derived by Eq. 1, E, is the energy of a photon and g is the elementary charge.

Figure captions

Fig. 1 Applicability and scalability of solution-processed NIR-LEDs. a, The infrared spectral region
and illustration of selected applications. NIR, near-infrared; SWIR, short-wave infrared. MIR, mid-
infrared; NIR sources are in demand for application in biosensing, optogenetics, biometrics, night
vision, data storage, surveillance and 3D imaging. Biological transparency windows are defined as
follows: first (NIR-I, 650-950 nm), second (NIR[JII, 1100-1350 nm), third (NIR-III, 1600—1870 nm)
and fourth (NIR-IV, centred at 2200 nm) NIR windows that allow for clearer imaging due to a scattering
and absorption reduction. The telecom window between 800-900 nm was originally used for
transmitting information, followed by the range 1260-1360 nm (or O-band) for short distance
communication, while today the 1530-1565 nm range (known as the C-band) is the most commonly
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used band for long haul optical transmission. b, Solution-processed NIR-LEDs can be processed from
inks using various methods as shown.

Fig. 2 NIR emission from or ganic semiconductors. Energy diagram depicting photophysical processes
for light emission: a, fluorescence (1), phosphorescence (2), intersystem crossing (ISC) from singlet to
triplet levels, and thermally activated delayed fluorescence (3), obtained upon reverse intersystem
crossing (RISC). b, Delayed fluorescence (DF) (4) due to triplet-triplet annihilation (TTA). ¢, Singlet
fission to two triplets (5). d, Molecular parameters controlling bandgap narrowing in organic
chromophores. €, Photoluminescence quantum yield (ppr) for different organic chromophores in relation
to their emission wavelength. The dashed line is guide to the eye. f, Electroluminescence by selective
HOMO and SOMO hole and electron injection. The scheme shows two routes to create D, (first doublet
excited state. [S] and [S, To, T+, T-]" denote negatively and positively charged intermediates. g, PLQY
values of CBP blend films doped with the curcuminoid NIR TADF emitter (shown as inset) at various
concentrations. h, Chemical structures of Pt(II) phosphorescence complexes 1-3: [Pt(fprpz),]
(compound 1), Pt(fprpz)(fppz)] (compound 2), [Pt(fprpz)(tbfppz)] (compound 3) and i, their normalized
PL spectra in thin films. Panels reproduced with permission from: d, ref.!' Wiley-VCH; e, ref.”* Wiley-
VCH; f, ref.”®, Springer Nature Ltd; g, ref.*?, Springer Nature Ltd; h,i, ref.*’, Springer Nature Ltd.

Fig. 3 NIR light emission from perovskite LEDs. a, Illustration of the crystal structure of
dimensionally engineered halide pure-phase (n = 1, 2 & 3), mixed phase (2D/3D) and a classical
polycrystalline 3D perovskite. b, Schematic showing energy (charge) funneling from larger to smaller
bandgap perovskite domains. The process takes place at ultrafast timescale (ps). C, Formation of
submicrometre perovskite structure via solution processing. d, Photoluminescence (PL) and
electroluminescence (EL) spectra of the device at different viewing angles. e-g, Device architecture, EL
spectra and EQE curves of LEDs employing 3D perovskite nanocrystals embedded in an electron-
transport molecular matrix of 4,4’-diaminodiphenyl sulfone (DDS). Panels reproduced with permission
from: c,d, ref.”® Wiley-VCH; e-g ref.”’, Springer Nature Ltd.

Fig. 4 NIR emission from colloidal QDs. a, Normalized photoluminescence from QDs with a core-
shell structure (shown as inset). b, QD-in-perovskite approach: radiative recombination dominates when
QDs and perovskite are lattice matched ( left). Lattice mismatch causes interfacial defects (dash line)
and non-radiative recombination (right). ¢, Variation of EQE with J in devices using mixed halide
perovskite matrices with different iodine molar concentrations. d, The emitter only QD array approach:
The pink spheres are the emissive QDs and purple spheres represent defective QDs. The charge-
collection zones illustrated as yellow circles around the QDs are defined by the carrier diffusion length
(Lq). €, The matrix inclusion architecture: large QD are dispersed in a matrix of smaller QDs. Radiative
recombination channels (green circles) increase whereas non-radiative recombination channels decrease.
f, EQE of the single, binary and ternary devices plotted against injected current. Panels reproduced with
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Fig. 5 Figure of merits of NIR-LEDs. a, EQE-wavelength of solution-processed NIR-LEDs based on
results of Supplementary Table 1. b, EQE roll-off of state-of-the-art TADF** and phosphorescence*
OLED, QDLED'®, hybrid (QD-in-perovskite) QDLED'"', 3D®' and 2D® PeLEDs and 3D p-PeLED'*
as a function of current density. c,d, Reported lifetime of various solution-processed NIR-LEDs based
on the data provided in Supplementary Table 2. In Fig. 5c the lifetime is plotted versus the initial device
radiance (given in W sr' m™) except for the OLED device where the initial irradiance is presented. In
Fig. 5d the lifetime is plotted versus injected current density into the device. Tgs and Tso (or half-
lifetime) denote the time of constant operation until the light output decreases to 85% and 50%,
respectively, of the initial value.
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