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The halide perovskite family has, arguably, become today’s most promising emerging material families for optoelectronic applications. In this commentary, we discuss the underperformance to date of the colloidal nanocrystal forms of these materials when employed in electroluminescent lighting devices relative to their counterparts in which the emitter layer is in the form of polycrystalline films. However, we highlight the bright future of halide perovskite colloidal nanocrystals in light emission technologies such as LCD displays, quantum light sources and even alternative LED configurations, as well as key guidelines for their further development to get there.
…………………………………………………………………………………………………..
Halide perovskites are a promising platform for offering light-emitting applications including light-emitting diodes (LEDs), colour conversion systems and quantum photonic technologies (i.e. highly-coherent single photon sources and entangled photon emitters) with high brightness, judicious band gap tunability and exceptional colour purity.1 The most efficient and stable perovskite LEDs to date have employed precursor-deposited polycrystalline halide perovskite thin films formed directly from the precursor salts upon deposition and incorporated into devices,2 with the crystalline size of the emitter layer ranging from microns to a few nanometres depending on the composition and forming conditions. Halide perovskite colloidal nanocrystals (c-NCs) offer additional benefits in optical properties over their polycrystalline counterparts, including faster radiative lifetimes, higher photoluminescence (PL) quantum yield (QY), and narrower emission linewidth, owing to the pre-formed dimensions within the quantum-confinement size regime and sizeable exciton binding energy.1 These remarkable properties should in principle make the c-NC counterparts better active layers for electroluminescent (EL) lighting; indeed, the recent record external quantum efficiency (EQE) – which quantifies the number of photons produced per electron injected – of >20% in the green and red were presented utilising c-NCs.3,4 Nevertheless, to date, c-NC-based electroluminescent emitters have yet to match directly deposited polycrystalline films in both performance efficiency and operational stability. These roadblocks and the fact that the quantum confinement regime can be accessible – to some extent – through self-assembly of precursors have given rise to debates over where pre-formed perovskite c-NCs will fit into such lighting applications and other future technology developments. 
In this comment, we briefly compare the employment of these two material forms as active layers for lighting technologies, including identifying areas where polycrystalline forms are advantageous over c-NCs. We then highlight how existing perovskite c-NCs, along with further developments, will enable new, orthogonal opportunities for lighting and display technologies offered by the nano-crystalline form that will be unrivalled by precursor-deposited polycrystalline films. The exquisite control offered by colloidal synthesis methods can be explored to control semiconductor-based nanoscale single emitters to an unprecedented level, for instance by tailoring size, shape and composition of these entities, thus opening new avenues in the emerging field of photonic quantum technologies.
…………………………………………………………………………………………………..
Precursor-Deposited Polycrystalline Forms: Advantages and Limitations
[bookmark: _Hlk77156157]Halide perovskites in both precursor-deposited polycrystalline and c-NC forms are classified as low-temperature solution processable semiconductors that can be fabricated as liquid inks via wet chemistry. One of the crucial differences between polycrystalline and c-NC thin films is that the crystal formation in the latter case is accomplished in a liquid phase through heterogeneous nucleation to yield a stable colloid (sol) for the subsequent deposition into thin films, whereas for precursor-deposited polycrystalline films the nucleation of the perovskite structure takes place after the deposition of the dissolved precursor components onto the substrate. Therefore, the nucleation and growth of halide perovskite polycrystalline films – steps that dictate structural and optoelectronic attributes – occurs in solid state and is dependent on the deposition process (e.g., deposition and solvent evaporation rate, annealing temperature) and chemical properties of the substrate surface (e.g. accounting for any underlying contact layer). This approach allows for the formation of uniform thin films of varying thickness comprised of well-packed grains on a variety of substrates. Film growth in this way can also be achieved with vapour processing, a long-established technique for high-quality semiconductor films including commercial organic light emitting diodes (OLEDs). Polycrystalline films of bulk halide perovskite have yielded excellent optoelectronic quality, leading to record solar cells that have exceeded 25% power-conversion efficiency and LEDs in the near-infrared with record EQEs approaching 22%.2 The thick, homogeneous films with low surface-area-to-volume ratio – minimising potential sites of interfacial recombination and redox chemistry – can be advantageous over films comprised of the higher surface area c-NCs building blocks for long operational stability of devices. The absence of organic surface layers, as in c-NC thin films, can ensure efficient and balanced charge carrier injection, an essential feature for highly performing LEDs. 
A key material parameter, crucial for solar cells, is the low exciton binding energy of the bulk, 3D halide perovskite materials comprising the workhorse polycrystalline films, which leads to predominantly free electrons and holes at room temperature (rather than excitons). However, the luminescence quantum yield is dictated by the competition between the radiative bimolecular recombination of these charges and non-radiative processes such as charge trapping (at low carrier densities) and multi-charge interactions such as Auger recombination (at high carrier densities).5 Even in monocrystalline perovskite samples, photo-generated charges rapidly diffuse and dilute and eventually are quenched by even a low density of traps; together with poor outcoupling of light from thick crystal samples, such monocrystalline samples generally have low external light emission efficiencies.6 The most widely deployed strategies to ensure radiative recombination efficiently competes with non-radiative channels in polycrystalline light-emitting devices involves the judicious use of organic molecules in order to: 1) passivate the surfaces, interfaces and grain boundaries to decrease trap densities and hence non-radiative recombination rates; 2) constrain the growth of grains during film formation, producing nanograins that spatially confine electrons and/or holes to increase effective carrier densities and hence enhance radiative recombination;7 and/or 3) tune the structural and electronic dimensionalities through formation of 2D and 2D/3D structures to exploit energy transfer processes and enhanced stability.8 Similar strategies to intermix phases each with different bandgap has led to fabrication of efficient white-LEDs.9 The formation of modular compositions of bulk films upon, and even after, deposition in principle allows control of the spatial location and energetic sites of recombination (including the resulting emission colours), though further efforts will be needed to realise absolute control of these distributions.
The general coupling of organic spacers with the inorganic backbones in bulk polycrystalline films, as in quasi-2D structures such as the Ruddlesden-Popper family employing interdigitated organic spacers, offers a wide degree of tunability of the band structure. The nature of the organic spacer cation such as size, shape, and charge have a significant influence on the optical properties of the inorganic halide skeleton, influencing not only octahedral tilts but also the stacking of the inorganic layers. The 2D cations also impart exceptional atmospheric and operational stability on the resulting films.7 Beyond insulating organic molecules, there are further opportunities to employ optically or electrically active spacer molecules which can facilitate charge or exciton transfer between inorganic sheets, provide chiro-optoelectronic character,10 and/or further modulate the band structure and rigidity of the halide perovskite.11 For example, the Dion-Jacobsen family of 2D perovskites, which feature bidentate molecules directly bridging inorganic sheets, have been shown to yield higher performance LEDs with half-lifetimes over 100 hours, two orders of magnitude longer than their Ruddlesden-Popper analogues.12 
Nevertheless, the fast crystallization processes required to form polycrystalline films in general results in i) the formation of randomly oriented polydisperse grains; ii) spatial heterogeneity in a number of properties that are difficult to holistically control, including structural, morphological and optoelectronic;13 iii) non-perovskite secondary phases that reside at grain boundaries and interfaces, and iv) the formation of electronic traps14. Although efforts have been devoted to minimize these undesirable properties by employing organic cations and engineering advanced 2D/3D structures as ,8 there remains limitations to such self-assembled polycrystalline quantum wells including  difficulty in controlling the phase purity, orientation and reproducibility; charge injection into wide bandgap (low-n, where n indicates the number of the two-dimensional slabs) layers that requires higher voltages but yields lower energy efficiencies; and broad and impure PL linewidths. Furthermore, polycrystalline quantum wells are yet to be successful in the desired blue region for displays (i.e., emission at ~ 460 nm). ………………………………………………………………………………………………….. 
Realising unique opportunities offered by c-NCs
Nucleation and growth of halide perovskite c-NCs occurs in a liquid phase (typically in a non-coordinating solvent) in the presence of long-chain organic capping ligands, thus decoupling the entity (grain) growth from subsequent film deposition. Each c-NC entity has single crystal character and one could achieve an extremely thin active layer comprised of just a controlled monolayer of these entities. These c-NCs can exhibit PL quantum yield (PLQY) of near-unity, which means each entity can exhibit extremely efficient radiative recombination with short (nanosecond) exciton lifetime, a feature which can be explored for the development of ultrafast LEDs for visible light communication (VLC) network applications.15 In principle, monodisperse and phase-pure ligand-capped NCs can therefore overcome the shortcomings of the polycrystalline systems by simultaneously providing excellent electronic surface passivation, narrow emission colours and high luminescence yields in confined structures. Nevertheless, many of these promising materials have not yet been successfully integrated into efficient LED devices, or the materials quickly degrade under high currents and electric fields present in a device. Indeed, there is a clear gap in the field between the colloidal synthesis of exceptional c-NC entities, and the retention of these optical and structural properties in the solid state, especially when sandwiched in a device stack and under continued operation (i.e., under heating or biasing). We here highlight selected important features for further exploration to enable new and improved future devices, but also key steps required to overcome the current limitations to realise these applications.
[bookmark: _Hlk72153144]Display applications. Perovskite c-NCs can be used as alternative primary green and red phosphors in traditional LCD TVs – as blue-to-green and blue-to-red converting films that are sandwiched between a display’s blue GaN backlight and traditional liquid-crystal module.16 Due to their higher absorption cross-section, brightness and narrower emission peak, perovskite c-NC films already outperform traditional phosphors (Mn- and Eu-containing oxides and fluorides) and recently commercialized InP-based quantum dots (QDs). Recent reports reveal that perovskite c-NCs have successfully passed industry-required colour conversion reliability tests operating under required conditions (damp-heat tests at 65°C and 95% relative humidity), high-temperature (90°C) and high-flux (~100-400 mW/cm2) with less than 15% efficiency drop over 1000 hours.17 Next-generation LCD displays based on perovskite c-NCs with unprecedented colour gamut, efficiency and brightness will soon enter the market, 17 where blue EL (OLED or µLED-based) is converted to green and red at the pixel with close to 100% quantum yield through c-NC films. Here, the blue OLED or µLED pixel is divided into three subpixels: a blue subpixel, which is the original blue left unchanged; and a red and a green subpixel that employs c-NCs. An important consideration is as the LED chip size shrinks to below 20 μm, conventional phosphor colour conversion cannot present sufficient luminance and yield to support high-resolution displays due to their low absorption cross-section. By contrast, perovskite c-NCs present the highest weight-based blue absorbance among all commercial QDs meaning reduced material quantity is needed per display and light scattering is reduced in such thin films. Further progress on patterning techniques to fabricate position-defined c-NCs with controlled emission wavelengths could enable a new way of creating multicolour micropixels, potentially suitable for high-density display technologies.18
The longer-term goal for the display industry is towards directly emissive displays with electroluminescence devices. However, stability remains a significant concern for perovskite EL devices, as most degrade within seconds or minutes of operation. The c-NC systems break down under the applied fields required to inject charge carriers for EL output, particularly in wide gap emitters (e.g. blue emitting c-NCs) as these devices generally need a high driving voltage when employing available contacts. We believe redox reactions (e.g., reduction of Pb2+Pb0) are likely the fundamental cause of degradation in perovskite LEDs (whether in polycrystalline- or c-NC-based devices) and will be a major issue for reducing device performance losses. In fact, stable capping ligands in perovskite c-NCs may be beneficial to hinder this redox reaction by passivating undercoordinated Pb2+. Heat management strategies to dissipate excess heat may also be crucial for device design.19 Unless these obstacles are overcome, fabricating c-NC-based LEDs with high efficiencies, long lifetimes, and high reproducibility would remain to be a pipe dream.
Controlled design of new core/shell structures (e.g., type-I heterojunctions, Figure 1e) coupled with further development of electrochemically inert ligands may arguably be the only direction to pursue for achieving ideal, stable performance of perovskite LEDs, especially in the blue. As a result of the fragile nature of the ionic structure with low lattice energy, limited success has been seen in fabricating such core-shell perovskite heterostructures. However, a robust inorganic shell can: i) isolate c-NCs from the environment (e.g. moisture and oxygen); ii) supress halide exchange reactions to better stabilize tunable colours; iii) hinder particle coalescence; iv) allow direct injection from an inorganic contact material as a shell; v) provide a reliable passivation layer to inhibit non-radiative centres; vi) suppress the contribution of surface organic ligands that lead to operational instabilities; and vii) prevent redox reactions (e.g., reduction of Pb2+) in the perovskite core. Thus, core-shell systems may address the challenges discussed earlier. Recent examples are encouraging in this space,20 but have not been successful in EL-based lighting devices. Although lattice mismatch may not be problematic for the optoelectronic properties of halide perovskite cores, designing a proper shell which enables direct charge injection into the core will be uniquely enabling. Once achieved, the nanoscale transformation of the perovskite in such core-shell structures under applied voltage would need to be carefully investigated. 
Emission control through shape engineering. The preparation of more complex colloidal shapes including nanocuboids (Figure 1a), nanorods, nanoplatelets (Figure 1b), nanowires (Figure 1c), and nanosheets (Figure 1d) will facilitate the systematic study of shape‐dependent phenomena, highlighting another unique opportunity by c-NCs. Fine shape control would enable i) spatial confinement of excitons in one (e.g. nanoplatelets) or more (e.g. nanorods and nanowires) dimensions; ii) controlled, directional emission; iii) directional exciton funnelling; and iv) fine-tuning of the exciton manifold states and the radiative decay via quantum and dielectric confinement effects. Polarized emission sources (e.g. aligned anisotropic nanostructures such as nano rods) could, for example, further improve the optical efficiency of LCDs since only photons with their electric field aligned parallel to the LC polarization will interact with the polarizers.21 It is widely accepted that surface defects cause low PLQY in perovskite c-NCs, but strain-induced defects in different shapes may also negatively impact PLQY. Nanowire and nanosheet systems in general exhibit large structural strain that needs to be tackled by further improved synthesis methods. On the other hand, strain in such anisotropic systems (e.g., nanoplatelets) can also be exploited to yield spatially and spectrally isolated quantum emitters. Additionally, shape-controlled NCs could expand the library of perovskite-based quantum emitters with controlled dark-bright exciton splitting, higher exciton binding energies and faster radiative lifetimes.22 Nevertheless, almost all shapes of halide perovskites reported to date have been synthesized using standard labile ligands (primary amines), resulting in unstable systems for further studies/applications. Exploration of other ligands (e.g., quaternary amines) that can trigger anisotropic growth of halide perovskites may be levers for the proposed studies. Understanding the interplay between the local nanoscale composition, structure and optoelectronic properties in these nanostructures, including elucidating the nature and location of defects, would be fruitful towards tailored synthesis.
Quantum light sources. The use of c-NCs as emitting layers and the anticipated developments delineated in previous sections offer a new range of possible applications, in particular in the emergent field of quantum light sources.23 Highly pure and indistinguishable photons are the critical missing resources that could be employed in quantum computing and boson-sampling applications. Similarly, entangled photon sources are expected to expand the quantum communication scheme portfolio,24 while quantum imaging can gain in spatial resolution and sensitivity by the development of sources of time-correlated photons.25 Perovskite c-NCs have already shown promising results as single photon sources (Figure 2a). At cryogenic temperatures they feature stable and blinking-free emission with ultrafast radiative decay26 and long coherence times,27 pivotal for the generation of indistinguishable photons. Equally impressive are the results obtained at room temperature where c-NCs can be employed as sources of highly-pure single photons, with characteristic values of anti-bunching on the order of a few percent (g2(0)=0.05),28 comparable to the best performing epitaxially-grown III-V QDs. Perovskite c-NCs can also be assembled into ordered superlattices, which exhibit collective emission.29,30 Due to the high exciton coherence of individual perovskite c-NCs,27 the high transition oscillator strength26 and the very low energetic disorder, NCs coherently couple via a common radiation field and form a single giant dipole. Highly time-correlated multiple photons are then emitted within a short time interval down to tens of picoseconds (Figure 2b).29 Coherently coupling a high number of QDs, as required in many quantum photonic applications, has been a challenge with other existing nanomaterial families, and only recently coherent emission from up to three coupled QDs have been demonstrated using epitaxially-grown QDs.31 Finally, isolated c-NCs, incorporated in a diode structure, can function as an efficient source of electrically pumped single photons (i.e., quantum LEDs).32 The development of single photon LEDs, exploiting the high spectral tunability offered by perovskite c-NCs, will be a clear breakthrough, which exploits the innate quantum properties of c-NCs, unrivalled by their precursor-deposited polycrystalline counterparts. Similarly, the incorporation of superlattices in electrically pumped diode structures could lead to the development of time-correlated multi-photon bundles and entangled photons (cf. Figure 2c), which could find applications in photonic quantum technologies. 
Nevertheless, several challenges still need to be resolved to enable these technologies: 1) instabilities under electrical injection, as described in the previous section, are dramatically increased at the single particle level, especially for non-optimized charge balance devices. New device architectures, which efficiently funnel charge carriers into semiconductor QDs, need to be developed and strategies put in place to achieve balanced charge injection. Embedding QDs in a thin insulating polymer layer, e.g. polystyrene, could be an effective solution already exploited with II-VI QDs.32 2) A high current density would be required for the generation of multi-photon bundles in QD superlattices, which is usually hampered by the high resistivity of QD layers, their poor thermal conductivity, and their limited stability at elevated temperatures.33 Novel device architectures, possibly focusing on the use of dielectric interlayers as micro-apertures to limit the injection area33 with good thermal management, are key to these proof-of-concept demonstrations. 
Conclusion
In summary, we have presented a snapshot of the advantageous use of perovskite colloidal nanocrystals (‘To Nano’) and polycrystalline analogues (‘Or Not to Nano’) for light emission applications. While polycrystalline emitters have shown promise, stable and tailored perovskite c-NCs will play a key and complementary role in future lighting technologies including displays (both as colour converters and as electroluminescent devices) and quantum photonic applications. LCD technologies based on perovskite c-NC colour converters will soon enter the market. We highlight that core-shell NC heterostructures will be the best way to achieve stable electrical injection and continuous operation for future display and lighting applications, including in LEDs – surpassing today’s polycrystalline analogues. Shape control will further enable new emission profiles and applications, and the opportunity for incorporation in quantum photonic technologies is an exciting and burgeoning area that will be a key focus in the coming years. 
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Figure 1: Unique opportunities offered by halide perovskite c-NCs: (a-d) shape control of NCs such as a) nanocuboids, b) nanoplatelets, c) nanowires, d) nanosheet (Scale bars: 100 nm); e) schematic illustration of type-I core-shell c-NCs, with Eg denoting the bandgap of the core (1) and shell (2).
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Figure 2: (a) Isolated single perovskite c-NCs emit a regular stream of single photons, and exhibit photon anti-bunching. b) Excitons in perovskite NC superlattices can form giant dipoles with a characteristic superfluorescence emission, resulting in a burst of bunched photons.  c) Embedding these quantum emitters in diode structures could lead to the generation of electrically pumped quantum light sources, including single-photon LEDs and time-correlated N-photon bundles.
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