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Abstract

:

In everyday life, we are continually exposed to different lighting systems, from the home interior to car lights and from public lighting to displays. The basic emission principles on which they are based range from the old incandescent lamps to the well-established compact fluorescent lamps (CFL) and to the more modern Light Emitting Diode (LEDs) that are dominating the actual market and also promise greater development in the coming years. In the LED technology, the key point is the electroluminescence material, but the fundamental role of proper phosphors is sometimes underestimated even when it is essential for an ideal color rendering. In this review, we analyze the main solid-state techniques for lighting applications, paying attention to the fundamental properties of phosphors to be successfully applied. Currently, the most widely used materials are based on rare-earth elements (REEs) whereas Ce:YAG represents the benchmark for white LEDs. However, there are several drawbacks to the REEs’ supply chain and several concerns from an environmental point of view. We analyze these critical issues and review alternative materials that can overcome their use. New compounds with reduced or totally REE free, quantum dots, metal–organic framework, and organic phosphors will be examined with reference to the current state-of-the-art.
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1. Introduction


In recent years, light-emitting diode (LED) technology has reached high-quality standards and performance and competes with the traditional incandescent lamp as well as compact fluorescent lamps in terms of luminosity and ease of implementation. Moreover, LEDs present outstanding advantages over other lighting systems such as small size, high lifetime, high mechanical stability, and very high luminescence efficiency approaching the theoretical limits [1]. The latter is a mandatory target if we consider that approximately 20% of global energy consumption is due to lightning [2,3]. Hence, the requirements of energy-saving and the reduction of CO2 emissions in the atmosphere have given an additional boost to the development of LEDs for lighting.



Given that light-emitting diodes produce quasi-monochromatic light, two main approaches have been pursued to obtain a white emission (WLED) (Figure 1): a combination of (at least) three LEDs, with power ratios adjusted to obtain white light with a specific color temperature (RGB (Red, Green, Blue)-LED); a single LED in combination with one or more phosphor material to partially or fully convert the LED emission (phosphor-converted LED). The two approaches are discussed below.



The first approach allows for the development of smart light sources, which can adapt their emission color intensity upon specific requests definable by the user. This approach permits the development of smart light sources, but has the great disadvantage related to the complexity and stability of the electronics. The spectral behavior of different LEDs strongly depends on the driving current and the chip temperature and should constantly be monitored. These drawbacks do not permit the production and exploitation of RGB white LEDs for wide diffusion as well as in those applications where reliability and massive production are key parameters.



In contrast to the RGB approach, a single LED light source can be combined with one or more phosphor materials to obtain white light.



Two strategies can be further distinguished. The first uses a blue LED and converts part of the emitted light to longer wavelengths by means of phosphor material; the obtained white color is from the combination of the residual blue and the down-converted emission. In the second, the white perceived light arises from the fully converted emission from a (near) ultraviolet LED through different phosphors with an overall large emission in the visible spectrum. The latter approach is not widely used because of the higher costs of UV LED pumping and the intrinsic losses of efficiency during the conversion process, but it permits a wider choice in the possible phosphor materials and to achieve improved lighting performances.



Currently, most of the commercially available LED-based white light sources rely on a visible emission (generally in 400–450 nm spectral range) and partially converted emissions in the remaining visible spectral range from phosphors. Up to now, most of the WLEDs are based on the combination of a blue LED (GaN-based) and a YAG matrix (Y3Al5O12) doped with cerium as emitter centers. The ubiquity of Ce:YAG phosphors and hence, the single phosphor configuration, in commercial devices is related to the very simple and cost-effective fabrication as well as the long-term stability of the phosphor, related to the high melting point and stable thermal and chemical properties.



The alternatives proposed to tune the emission concern new matrices, new luminescent dopants, or the combination of two or more dopant elements, but most of these solutions still utilize rare-earth ions for their superior efficiency as phosphors and their high chemical stability.



The emission of rare-earth ions is generally due to optical transitions within the f-manifold [4]. The f-electrons are well shielded from the chemical environment and therefore almost retain their atomic character. As a consequence, the f–f emission spectra consist of sharp lines. These radiative recombinations are generally slow (microseconds to milliseconds) due to the recombination selection rule (partially forbidden or totally spin forbidden). On the other hand, when the recombination is related to 5d–4f optical transitions, the emission band is relatively broad (such as Eu2+ (4f7) and, mainly, for LED application, Ce3+ (4f1), the d–f optical transitions are allowed and consequently, the recombination is much faster (tens of ns in the case of Ce3+, depending on the matrix).



Aside from the historical reasons, the term “rare” for these elements is still justified today, not only for their effective “rare” condition, but mostly for their high supply disruption risk and the environmental issues related to their mining and refinement [5]. Rare earth production is concentrated in a few geographical regions and mining extraction has a strong environmental impact. For this reason, valid alternatives to REEs in photoelectronic devices with particular regard to lighting systems are strongly required.



In this review, we analyzed the requirements for good white emission in LEDs and the parameters useful for a definitive assessment. A brief review of candidates for next-generation light emitters in substitution of In–Ga-based LEDs is also presented. Furthermore, advances in phosphors for LED application, with particular attention on the materials that substitute or strongly reduce the use of the rare-earth elements, is reported.




2. Session 1: The Electroluminescent Pumping Devices


Light-emitting diodes (LEDs) are usually made of single- or multi-layer semiconductors containing the p–n junction, where under the electric bias condition, electrons and holes flow from the electrodes to the junction region or the semiconductor layer to combine and emit incoherent light. The wavelength of the emitted light is determined by the energy bandgap of the semiconductor material. This mechanism is at the base of the large and increasing use of LED systems in lighting devices and the 2014 Nobel Prize was awarded for the development of blue LED with high efficiency and a long lifetime. In direct bandgap semiconductors like gallium nitride, most of the excited electrons in the conduction band recombine with holes in the valence band without any change in momentum from a phonon. The energy versus momentum plots show that for an electron to recombine in an indirect semiconductor (e.g., silicon, GaP), additional momentum is required in the form of a phonon, paying the involvement of the phonon with reduced optical efficiency. For these reasons, indirect semiconductors are poorly used for LEDs. Another key point in the choice of the electroluminescent material is the possibility of easily creating a p–n homojunction or to obtain a heterojunction in combination with other compounds. Moreover, the stability of the compounds should be guaranteed with an easily reproducible degree and, finally, have low cost. Last but not least, there is a need for a suitable substrate with a lattice parameter similar to the electroluminescent compound.



The conjunction of all these parameters has strongly encouraged the development of InGaN based white LED where the emission wavelength varies from deep blue (375 nm) to blue (up to 450 nm) by changing the content of indium in the GaN matrix. Suitable and efficient alternatives are still in the R&D phase, but show great limitations in efficiency or stability:



Zinc oxide is attracting extraordinary attention due to its promising properties such as a wide direct band gap of 3.3 eV and a very high exciton binding energy of 60 meV [6]. These properties make ZnO light-emitting diodes potentially useful in efficient solid-state lighting alternatives to GaN-based LEDs. However, only a few electroluminescent devices have been fabricated successfully with low stability [7,8].



The relatively low mobility of ZnO compared to GaN and nearly four times stronger electron–phonon coupling, together with relatively low thermal conductivity, are serious shortcomings for ZnO. The real challenge with ZnO is the realization of the homojunction, particularly, the p-type ZnO is difficult to obtain in a well reproducible and low-cost way [9]. On the other hand, heterojunctions have been realized using various p-type materials such as Si [10], GaN [11], AlGaN [12], SrCu2O2 [13], NiO [14], ZnTe [15], Cu2O [16], SiC [17], ZnRh2O4 [18], and GaAs [19,20,21]. However, the stability issue remains the main reason that has hampered the development of these devices.



Other alternatives are represented by II–VI compounds, and in particular, to ZnSe [22]. The emission covers from the blueish to near UV to green, and it possesses a direct bandgap, however, the difficulty of reaching a heavily doped sample with good reproducibility has led to relatively low efficiency and short life.



SiC-based LED devices have already been commercialized [23]; however, it is an indirect bandgap material, and, again, it is difficult to obtain high brightness.



As reported in the table below (Table 1), the semiconductors utilized in the LED light-emitting layer were based on gallium. Therefore, at the moment, there are no alternatives at the high technology readiness level available that are free of such elements.



Recently, a real breakthrough has been reported in solid-state lighting emitting devices, represented by the use of metal halide perovskites [24]. Green, red, and near-infrared perovskites-based LEDs have achieved high external quantum efficiencies and relatively stable working conditions. Such structures have the general structural formula ABX3, where A is a cation such as a methylammonium (MA), formamidinium (FA) or Cs+; B is a metal (typically Pb2+ or Sn2+); and X is a halogen (I, Br). Recently, total inorganic perovskites have also been developed, CsPbX3 (X = I, Br), showing increased properties compared to organic–inorganic halide perovskites (e.g., MAPbBr3 and FAPbBr3), and for their higher photoluminescence quantum efficiency and thermal stability [25,26].



Degradation by heat, moisture, and light are the main issues to be solved in organic/inorganic perovskites, while an intrinsic structural instability hampers the development of fully inorganic perovskites. Indeed, CsPbX3 perovskites crystallize in four different structures: cubic phase (α), tetragonal phase (β), orthorhombic phase (γ), and orthorhombic phase (δ). However, only in the α phase is it possible to develop an efficient device. On the other hand, at room temperature, α-CsPbI3 is not thermodynamically stable and great efforts are being finalized to define the best strategies to develop a stable phase under ambient conditions.



MoO3-ammonia treated PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) was used in all-inorganic CsPbBr3 perovskite LEDs to obtain efficient and stable emission (on the order of a couple of hours of continuous operations), while in [26], the stabilization of the α-CsPbI3 phase was achieved by in situ formations of perovskite nanocrystals (NCs), obtaining 1200 min operation time and shelf stability of over two months, which is much longer than the actual hybrid perovskite-based LED. The hybridization of the structure was further utilized by using polymer nanofiber as the protective layer, where a polymer matrix (polymethylmethacrylate, PMMA) incorporated the CsPbBr3 quantum dots, improving the stability and maintaining excellent optical properties [27]. The embedding of the perovskites in transparent matrices like SiO2 and Al2O3 [28,29]) has been developed and obtained good stability (in the order of tens of days).



However, different issues need to be explored in this field such as efficiency, mass production, toxicity, and mainly, the operational stability (at least continuous working conditions) should be solved before real commercialization. An overview of the state-of-the-art of inorganic lead perovskites and the relative device engineering can be found in [30].




3. Session 2: Properties of the Phosphor


The first step consists of a focused overview of the requirements of phosphors for LED application with particular regard on the performance of Ce:YAG [31]:



Emission spectrum: The emission spectrum of the phosphor is strictly connected to the pumping LED. If the pumping LED lies in the near UV spectral range, the phosphor should cover all the visible region. On the other hand, when a visible LED is chosen, the emission of the phosphor will be mixed with the partially transmitted light of the pumping LED. In this case, the peak emission wavelength of the LED light source is generally chosen at about 450 nm, whereas the pumping energy and the eye sensitivity are still high. The peak emission wavelength of the phosphors should be between 500 and 600 nm in case of only one kind of phosphor, while in the case of multiple phosphors, they typically cover up to 700 nm, partially overlapping each other. Ce:YAG has a very broad emission spectrum with a full width at half maximum (FWHM)of typically 100 nm due to the spin-orbit split ground state of Ce3+. Its yellow emission (centered at about 560 nm), in combination with part of the blue emission from the pumping LED, yields a “white light” and the color rendering is moderate (about 70).



At this point, some words are needed to better define the parameters of a white source, and in particular, to determine its suitability for lighting applications. Good emission efficiency of the radiation within the human sensitivity and high color quality of the light are fundamental requests. The first is defined by the luminous efficiency of the radiation (LER) as the brightness of the radiation averaged by human eye response [32]:
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(1)




where I (λ) is the emission spectrum and V (λ) is the eye sensitivity curve. The highest value obtained was 683 lm/W from monochromatic radiation at 555 nm where the eye sensitivity peak occurred. Thus, since the white emission has a contribution at both lower and higher wavelengths (blue and red components, respectively), the LER is always less than 683 lm/W, generally about 350 lm/W.



The CIE coordinates are often utilized to define the color of a broad emission, while for a lighting source suitable for lighting application, different parameters need to be considered. Since the effects depend on the absorption and reflectivity spectra, the response of an object to optical radiation is different from source to source, and also, if both can be optically perceived as “white”. The widely accepted parameters that define the response after illumination is the color rendering index (CRI) [33]. The CRI is calculated by comparing the color of test objects when illuminated by the light source, with the colors of the objects obtained by illuminating a reference source (generally a calibrated incandescent lamp). The correlated color temperature (CCT) of a light source is obtained by comparing its emission spectrum with the black body curve that better matches the emitted light.



The CRI can even be calculated as a function of the distance of the reflected coordinates of at least eight standard colors [33]:
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where ΔEi is the distance between the colors of test object I, illuminated with the test and reference source. This value was close to 100, and the response of the test source to the incandescent test lamp was closer.



Excitation spectrum: The second important criterion is the spectral excitability of the phosphors, (i.e., as already stated, the matching between the excitation spectrum and the emission of the pumping LEDs). Hence, phosphors with good excitability in the near-UV to the blue region of the spectrum are required. In general, the increase of the temperature close to the junction of the LED can alter the optical properties of the materials, and a relatively wide excitation spectrum is preferred to compensate such variations. On the other hand, it remains that the overlap between the absorption of the phosphors and the emission should be avoided to minimize the auto-absorption process.



Ce:YAG can be excited by the blue pumping LED with a sufficiently broad excitation band near 450 nm showing good overlap with the LED’s emission spectrum (GaN-based). The spin-allowed parity-allowed 4f–5d absorption leads to high absorption strength and the high limit before concentration quenching permits up to 5 wt % of cerium ions in the YAG matrix to be reached [34].



Thermal behavior: Since the phosphor is situated close to the LED chip, the thermal dependence of the optical properties is of great importance. Indeed, only approximately 10–20% of the input electrical power is converted to optical power while the remaining power produces heat to be dissipated by the device. Even in LED devices, a small percentage of the electrical power is dissipated in thermal energy (about 20%), and temperatures from 400 K up to 450 K can be reached close to the small area of the chip. As a consequence, it is required that the phosphor maintain its optical properties at these temperatures. Indeed, shifting and/or broadening of the emission spectrum can alter the emission color of the entire device as well as generate a decrease in quantum efficiency. Furthermore, at this temperature, the excitation spectrum can also change, thus influencing the absorbed fraction of the emission of the pumping LED, further contributing to variation in the light perceived. In this framework, Ce:YAG has excellent thermal quenching behavior, maintaining more than 50% of the room temperature emission intensity at 700 K [34] and with slight modification (thermal broadening) of the emission spectrum.



Quantum efficiency (Q.Y.): The internal Q.Y. is defined as the ratio between the number of emitted photons and the number of absorbed photons, while the external Q.Y. represents the ratio between the number of emitted photons and the number of incident photons. Both parameters are fundamental in the choice of suitable phosphors and they should be as close as possible to 1.



In general, increasing the dopant concentration in a phosphor material increases the absorption at the excitation wavelength. However, there exists a trade-off between the increasing absorption (and emission) and a decrease in the internal quantum efficiency due to concentration quenching [35]. If the internal Q.Y. is a characteristic of the materials and its relationship with incoming light, the external Q.Y. also depends on the structure and morphology of the LED devices. For instance, in the case of a phosphor layer of low dimensioned particles, scattering of the converted light will lead to increased absorption losses, thus lowering the total number of photons extracted from the phosphor layer. [36] Scattering losses depend on the particle size and their spatial and size distribution, with broad particle size distribution typically leading to uneven emission colors. From this aspect, the achievement of nanosized Ce:YAG particles with high Q.Y. is still a challenge [37].



Long term stability: The lifetime of a LED is defined as the time it takes until its light output, or lumen maintenance, reaches 70% of the initial output. This is also called L70.



Current commercially available products mention lifetimes typically from 15,000 to 100,000 h. The high lifetime with respect to the old lighting devices such as incandescent lamps or CFL is mostly connected to the electrical part and to the design. The heat dissipation is the biggest issue, and as a consequence, the quality of the component is of fundamental importance. However, even the phosphors should guarantee similar performance across a long period, and in this sense, chemical and photostability are the main issues (i.e., several stability problems have been reported for sulfide-based phosphors (such as CaS:Eu and SrS:Eu) due to the low stability in air [38,39]). Ce:YAG shows a high thermal stability that is also preserved under high photon fluence.



Saturation: This is defined as a sub-linear dependence of the light emitted with respect to the excitation intensity. This parameter is strongly connected to the temporal behavior of the radiative decay path and hence to the time decays’ constant of the emitted light. This parameter is most important when a high flux of excitation photons interact with the phosphor, where it is necessary that the absorption and the re-emitted light remain an efficient process. In this view, relative fast decay time (ns time range) is preferred. Concerning Ce:YAG, due to the allowed nature of the emission transition in Ce3+, the decay constant remains well below 100 ns in YAG [40], and even faster in different matrices [40,41,42,43].




4. Session 3: Rare-Earth-Based Phosphors


Some of the above-mentioned six requirements are primarily related to the properties of the dopant ions such as the shape of the emission band, while others are influenced by the composition of the host material such as the chemical and thermal stability. Several other requirements are related to the interplay between host and dopant such as thermal quenching behavior. The main drawback of Ce:YAG lies in the lack of emission above 600 nm, decreasing the color rendering and the CCT. To reduce this effect, different strategies have been exploited: adding further luminescent ions or tune the crystal field, by varying the element in the matrix. Both should be considered carefully. For example, Eu3+ gives a very efficient red emission, but it is not excited at 450 nm, like most of the REEs in the YAG matrix. One strategy already exploited utilizes other rare-earth elements as a sensitizer for new emissions. It has already been proven that there is a waterfall effect between cerium to terbium to europium: the excited d levels of Ce3+ have an efficient energy transfer to 5D3 levels of Tb3+ that, after internal relaxation to 5D4, pass the energy to the 5D0,1 levels of europium [44,45,46,47]. Obviously, the efficiency of such processes as well as the final emission strongly depends on the relative concentration among the different dopants.



Another option to tune the emission is related to the variation of the crystalline field close to the emitting ions by compositional tuning of mixed garnet materials. In the case of shielded-electrons of trivalent rare-earth ions, the perturbations can be treated in the weak-field approximation where the strength of the crystal field is smaller than the Coulomb interaction of the electrons with each other and the spin-orbit coupling interaction [48]. The shift of the PL bands can be interpreted by a variation of the crystalline field due to modifications of the reticular parameters associated with the presence of different elements in the A and B position of the general A3B5O12 (A = Y and B = Al in YAG). Some examples are related to the substitution of Al by Ga or Sc as well as the substitution of Y with Gd [49,50]. Substitution of Al3+ by a combination of Mg2+ and Si4+ leads to a considerable shift of the emission maximum to 600 nm, allowing the fabrication of a warm-white LED with relatively high color rendering [51].



Other possibilities to improve color rendering properties consist of the combination of different phosphors such as SrGa2S4:Eu2+ (green phosphor) mixed with a red-emitting material (Ca1−xSrxS:Eu2+ [52,53], Sr2Si5N8:Eu2+ [54] or Sr[Li2Al2O2N2]:Eu2+ [55]) or directly mixing the red phosphor (K2SiF6:Mn4+) in combination with Ce:YAG [56]. Finally, high CRI was obtained by the three-doped YAG matrix (Ce, Mn, Pr) [57] and by using Ce:YAG, Sr[LiAl3N4]:Eu2+ double phosphors [58] (84 and 90, respectively).



In this respect, the number of red-emitting phosphors adequate for high-luminance applications is rather small and europium is the most applied dopant as (Ba,Sr)2Si5N8:Eu [59] or (Ca,Sr)SiAlN3:Eu (emission between 610–660 nm, Ref [60]). However, the rather broad emission bands from Eu2+ greatly limit the maximum achievable luminous efficiency of warm-white LEDs because a significant emission spectrum is obtained where the sensitivity range of the human eye is lower. Materials with narrower emission such as the sulfide material (Sr1−xCaxS:Eu) exhibit attractive luminescence properties [61], but strong emission quenching with temperature, hydrophobicity, hydrolysis, and, mostly, the toxicity of the hydrolysis products (H2S gas) hinders commercial application. Recently, a new red phosphor with high efficiency was proposed, Sr(LiAl3N4):Eu2+, which is excitable by GaN-based blue LEDs and has low thermal quenching [58].



On the other hand, alternative nitride phosphors require extreme and expensive preparation conditions including high temperature and high nitrogen pressures. Moreover, these phosphors commonly exhibit fluorescence reabsorption and non-uniformity of luminescent properties, resulting in the loss of luminous efficiency and time-dependent shift of color point [62,63].



The near UV excitation gave impressive results from a CRI point of view, reaching a value close to the unity in the BaMgAl10O17:Eu2+, Ca9La(PO4)7:Eu2+,Mn2+ double phosphors, Eu2+, Dy3+, Ce3+/Tb3+, β-Na2Ca4(PO4)2(SiO4), and in Ce3+-doped Ca2YHf2Al3O12 [64,65,66].



As has already been pointed out, the highest and incoming inconvenience related to all these phosphors that can really limit the diffusion of LED lighting systems is the massive presence of rare-earth elements (in Ce:YAG in particular).




5. Session 4: Criticisms of Rare-Earth


Rare-earth elements have been recently inserted in the critical raw materials list, not for their effective “rare” condition, but mostly because of their high supply disruption risk.



The first criticality analysis for raw materials was published in 2010 by an Ad-Hoc Working Group on Defining Critical Raw Materials. Fourteen critical raw materials were identified from a candidate list of 41 non-energy, non-food materials. In 2011, the EU Commission formally adopted this list and stated that it would continue to monitor the issue of critical raw materials to identify priority actions. The list was further updated in 2014 and 2017, reaching 27 key elements in the last version [67] (see Table 2).



Although global REE reserves are widely distributed, the current production of REEs is highly localized in a few geographical zones. The EU considers three factors when assessing the criticality of a mineral: (i) the economic importance of the mineral; (ii) its supply risk; and (iii) its environmental country risk (i.e., the potential that environmental regulations could restrict access to the mineral deposits). On these bases, the table below was built.



One of the most critical factors for rare-earth elements is that of the time requirement for new mines: REE selection, extraction, processing, and purification are extremely energy and water-intensive. Moreover, the time needed for real production is much longer than that of other minerals (e.g., gold), where the shortest pre-production period for a mine can be two years or less, while REE mines take seven to fifteen years to bring REE mines into the production phase. The processing of RE elements is a complex process that involves multiple steps and refining. Solvent extraction, flotation processes, and electrolytic processes are often needed to separate the rare-earth from other metals. Moreover, all REE deposits contain some level of uranium and thorium, and the deposit can easily be over the threshold radioactive threshold.



Some other processes are still needed to separate the selected rare-earth element. Cracking of the mineral, separation, and reduction of the rare-earth oxide are utilized to obtain the final rare-earth alloy (or oxide) [68]. It is worth pointing out that the steps require a large amount of water, energy, and chemicals with a high environmental impact. As an example, the Chinese government committed 4 billion Yuan ($600 million) in 2012 to clean up the damage caused by the RE sector in the region close to the city of Baotou [69].



The recycling of rare-earth elements is still limited and is limited to a definite sector (magnet). The total recycling of REEs is no more than a few percent, however, some avenues have begun to be explored [70,71]. From an ecological point of view and toward the possibility of solving the supply disruption, the recycling process could be the definitive solution, however, the cost of REE extraction from the final products makes recovery uncompetitive from an economical point of view. End-products contain small amounts of metals targeted for recycling (g to mg) and the incorporation of target metals makes the separation of recyclable material difficult and expensive.



In 2020, it is foreseen that about 375,000 tons of rare-earth elements are stocked (300,000 only in magnet applications), where the recycled amount in 2020 has been counted to be between 5000 and 10,000 tons, highlighting the needed to increase this sector [70].




6. Session 5: Beyond Rare-Earth Elements in White LED


The aim of a large part of the actual research (which is also commercially driven and looking to the future) is to develop a new white phosphor-converted LED where REEs are no longer present (nor as phosphor as an element of the matrix) by overcoming the color and/or temperature breakdowns of Ce:YAG containing current WLEDs, but preserving or even increasing the high performances in fulfilling the six key requirements listed above.



Different approaches are being exploited to reach this result, particularly by developing a white converted LED with the help of quantum dot semiconductor nanoparticles or by exploiting the potentialities of pure organic and organic–inorganic hybrid compounds.



To achieve a tailored spectrum in white light, semiconductor nanocrystals, known as quantum dots, may provide a reliable alternative. Quantum dots (QD) behave like phosphors, but their emission can be tuned among the visible spectrum by changing the physical size of the dot. For lighting applications of the quantum dots (QLED), a white emission from QDs is required.



The QLED performance is highly dependent on the choice of charge injection materials (electron and hole transport layer, HTL and ETL, respectively) where they should possess high carrier mobility as well as balance the electron/hole injections (Figure 2). According to the type of electron transport layers, the structure of QLEDs can be distinguished as an organic/QD bilayer, all-organic electron transport layer, all-inorganic electron transport layer, and organic/inorganic electron transport layer.



The key role is obviously represented by the QD. Cadmium sulfide and, mostly, cadmium selenide have been widely studied and have already been successfully applied in displays and potentially for white LED applications [72,73]. They present a relatively high quantum yield (>80%) but, mostly, they present a wide tunability as a function of the dimension of the dots. [74]. The relative narrow emission (in the order of tens of nanometer) associated with the possibility to be pumped by a blue LED increases their possibility of being applied in display technology (such as Q-LED TV). The working principle of QDs in displays depends on two basic strategies, very similar to that for LED technology, which is the use of three different QDs to achieve the RGB strategy or to use a white QD emission and suitable color filters (CFs).



Current color filter technology acts as a passive optical component that, coupled with the selective transmission of light through any combination of sub-pixels (via LCD), results in full RGB colors.



Quantum dot core-shell heterostructures give further degrees of freedom in the development of highly efficient phosphors. CdSe/CdS/ZnS and CdSe/ZnS/CdSZnS colloidal nanoparticles were successfully utilized to obtain blue-pumped white emission with a Q.Y. of 0.85 and 85 lm/W and 105 lm/W for green, blue-based white light generation [75].



On the other hand, the presence of Cd strongly discourages the application in white LED, where the massive use of the devices as well as the difficulty in the recycling process can have a strong impact on the environmental aspect. A second technological aspect that needs to be considered is the thermal quenching aspect, which strongly suggests the remote approach in the design of the LED.



In order to go beyond this issue, other materials have been studied. InP is the most promising material since it possesses similar optical and electronic properties to cadmium based quantum dots [73,76]. However, the performance of both the optical properties (efficiency, color quality) and stability are far from that of Cd-QD. A wider overview of QD materials and devices can be found in [77].



An interesting emerging solution is represented by carbon-based quantum dots. Carbon dots (C-dots) have similar optical properties to semiconductor quantum dots. The advantage is represented by much lower cost in production and mainly in the environmental impact, and these issues have generated great interest in the scientific community. C-dots can be obtained with several different precursors and methods, but at the moment, the reproducibility and stability of C-dot based devices are not advanced enough for real commercial production.



Citric acid (CA) was successfully applied as a precursor for C-dots [78] that permits easy surface passivation and, hence, increased stability. Other strategies have been to embed them in a silica matrix or to dope with B, N, S, Si, and P organics to improve their quantum yield and increase the stability [79,80].



Despite the large interest in C-dots, there is still a lack of comprehension of the exact mechanism of their luminescence: a nanosized carbon core, surface states, the formation of molecular species, and resonance cross-linked enhanced effect are the main theories about the possible emission mechanism.



Organic luminescence converters have been investigated as attractive alternatives because of their broad absorption and emission, moderate price, and ease of fabrication. There have been several attempts to use organic luminescence converters for LED applications, but up till now, there has been great concern for their stability (thermal and in critical environmental) and their integration with the actual devices.



One of the most studied and promising organic materials are carbon nitride-based compounds [81]. Of most interest is the thermal and structural stability (up to 550 °C) as well as the simple and low-cost synthesis procedure. Graphitic carbon nitride (g-C3N4) can be obtained by direct condensation of nitrogen-containing organic precursors (e.g., urea, thiourea, dicyandiamide, cyanamide, and guanidine hydrochloride) [82,83,84]. The possibility of tuning the optical properties of carbon nitride was exploited by doping with specific elements (among the others Fe, Ag, Br, P, Br, I) [83,85,86] or by slightly changing the long-range order of the organic framework [87,88]. In this view, doping with the phenyl group gives rise to an internal Q.Y. up to 60% (excited at 440 nm) and a broad emission over the visible spectrum with a CRI of 0.88. The stability of a prototype was tested for over 9000 h [89].



The two basic reasons that hindered the use of organic phosphors in solid-state lighting is given as the requirement to work in a solution to decrease the formation of aggregation effects (formation of a dimer, in general) and to avoid thermal quenching. One strategy consists of utilizing the remote phosphors design and to insert the organic compound into a proper external polymetric matrix [90,91]. The effect partially solves the mentioned issues, assuring a proper separation among the emitting units and hindering the formation of aggregates as well as preserving low-temperature, thanks to the increased distance from the p–n junction. Another option is to protect the organic core with an external mesh (inorganic) to increase the stability against the environmental conditions and the photogeneration of surface groups [92,93]. On the other hand, the concentration quenching effect hampers a large amount of organic compound and the resistance at high luminous flux can decrease the stability of the devices.



Metal–organic frameworks (MOFs), or coordination polymers, are a class of regular crystalline solids with well-organized host structures formed by metal cations coordinated with organic units [94]. Although MOFs are widely studied for different applications ranging from catalysis [95,96], non-linear optics [97], and magnetism [98], they present a high potential for luminescent devices given the possibility of incorporating a light-emitting cluster directly in the organic/metal mesh, allowing the modulation of luminescent properties [99,100]. The luminescence can be obtained as a metal-centered emission or luminescent absorbates, related to the organic liker through a ligand localized emission or metal-to-ligand charge transfer. Mostly, the metal ions are represented by a rare-earth for ease in the integration process, however, alternatives have already been developed. Some examples are represented by zinc-based MOFs, where a full RGB was obtained in a single structure, iridium complex, and organic dyes encapsulated in a MOF [101]. The high porosity of MOFs can be utilized to insert guest molecules within their frameworks. In this last strategy, it is possible to insert dyes with a different optical emission, so the final emitted color of the composite can be easily modulated by simply adjusting the amount and component of dyes [102,103]. Furthermore, a mesoporous blue-emitting MOF was prepared as a host to encapsulate a yellow emitting iridium complex, and the final device presented a good color temperature (5409 K) and high quantum yield up to 115 °C [104].




7. Conclusions and Perspectives


In this paper, we discussed the main requirements and materials in solid-state lighting devices.



Considering that the emissions from a LED are intrinsically monochromatic or, better defined by the semiconductor gap, we analyzed the fundamental techniques for obtaining a white emission. The choice to use three LEDs (RGB) creates an excellent possibility to tune and control the color emitted, but it is not handy for real use in widely diffused lighting systems. The most utilized structure involves the use of a single LED, whose emission was totally (near UV emission) or partially (emission between 400 and 450 nm) used to excite one or more phosphors. The photoconverted emission spectrum covered the entire visible spectrum, creating the desired with relative simplicity.



The choice of materials useful for the excitation process (LED) is quite narrow. The most widely used structure is the InGaN and by varying the percentage between In and Ga, the electroluminescence can be varied between 375 and 450 nm. Most of the alternatives are represented by gallium based materials; while ZnO shows great potential, the difficulty of obtaining stable p–n junctions inhibits the creation of stable devices.



A real breakthrough has been reported in solid-state lighting emitting devices, represented by the use of metal halide perovskites, although their stability is far from being long enough for a real commercial application, however, currently, perovskites represent an intriguing option with high potentiality at lab scale.



It is necessary to pay great attention to the choice of the phosphor and it is generally based on the requirements discussed in this review: emission spectrum, excitation spectrum, thermal stability, internal and external quantum efficiency, long term stability, and saturation effects have been indicated and discussed as key issues. Among the different phosphors, Ce:YAG represents the real benchmark to be overcome. The ubiquity of Ce:YAG phosphors in commercial devices is related to their very simple and cost-effective fabrication as well as their long-term stability. The excitation spectrum overlaps the emission of the InGaN LED at 450 nm, while the broad emission covers the visible spectrum, but with a low CRI. Alternatives utilized in commercial devices are mostly contained to other rare-earth-based phosphors, and the presence of only a few alternatives free of lanthanides underline the disruption supply and the environmental problems connected to this class of element.



Quantum dots could represent a reliable option, but environmental issues (cadmium based) and long-term stability (carbon dots) need to be solved.



Although they have the lowest thermal stability of most organic phosphors, carbon nitride-based materials present a structural stability up to 500 °C and its optical properties satisfy the general requirements of phosphors and high potential of development.



Finally, coordination polymers or MOF give broad tunability options, and if the long-term stability is solved they could represent an intriguing option to be applied in lighting devices.



The research in phosphors and materials for lighting devices is still open and continues to represent a forefront field of development. Review of the actual results is mandatory to help future research, even if the large efforts of researchers in this field do not permit a summary in a single publication of a fully comprehensive report.
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Figure 1. Schematic assembly to obtain white emission in light-emitting diode (LED) technology. 
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Figure 2. Schematic representation of QLED white emission. 
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Table 1. Electroluminescent peak emission of selected semiconductors.
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	Semiconductor Material
	Emission Wavelength (nm)





	GaAs
	850–940



	GaAsP
	630–660



	GaAsP
	605–620



	GaAsP:N
	585–595



	AlGaP
	550–570



	SiC
	430–505



	GaInN
	430–460
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Table 2. Critical Raw Materials List defined by the EU Commission in 2017.
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2017 Critical Raw Materials List






	
Antimony

	
Fluorspar

	
LREEs

	
Phsphorus




	
Baryte

	
Gallium

	
Magnesium

	
Scandium




	
Beryllium

	
Germanium

	
Natural graphite

	
Silicon metal




	
Bismuth

	
Hafnium

	
Natural rubber

	
Tantalum




	
Borate

	
Helium

	
Niobium

	
Tungsten




	
Cobalt

	
HREEs

	
PGMs

	
Vanadium




	
Coking coal

	
Indium

	
Phosphate rock

	
-








Abbreviations: HREEs, heavy rare-earth elements; LREEs, light rare-earth elements; and PGMs for platinum group metals.
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