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Y3Al5O12 (YAG) nanocrystals have been synthesized by a modified solvothermal method (300°C) allowing the incorporation of cerium ions in much larger proportion (up to 30 mol.% with respect to yttrium ions) than ever published. The reasons are the nanometric size of the produced nanocrystals, allowing to accommodate Ce3+ ions in the rigid YAG structure thanks to the presence of local distortions, and also the soft synthesis route, at low temperatures and far from the thermodynamic equilibrium, which favors the cerium insertion. As a consequence, Ce3+ photoluminescence spectrum can be tuned with the doping concentration, from 541 nm for low Ce3+ concentration to 580 nm for a cerium concentration of 30 mol.%. The internal quantum yield reaches 40 ± 5% before decreasing due to concentration quenching. The nanocrystal brightness, which combines the internal quantum yield and the cerium concentration, has been found optimal for a doping of 2 mol.% Ce3+.
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INTRODUCTION
Ce3+-doped yttrium aluminum garnet (Y3Al5O12:Ce3+, YAG:Ce) is a well-known luminescent material, studied both at the macroscopic scale (large single crystals, ceramics, micron-sized powder, films) and at the nanometric scale (nanocrystals) for artificial lighting generation as phosphor-converted white LEDs (pc-wLEDs) (Ryu and Kim, 2010; Cantore et al., 2016). Currently, YAG:Ce remains the major phosphor used in pc-LEDs to partially convert blue light emitted from GaN/InGaN diode into yellow light. Optimizing the packaging of these YAG:Ce phosphors is of great interest as it can influence the ageing properties of the wLED devices, affect their external efficiency and have an influence on their thermal management (Sun et al., 2014; Ye et al., 2012). The most common phosphor shaping consists currently in dispersing YAG:Ce micron-sized particles into an epoxy or silicone resin and placing the composite in a remote configuration referred to the diode1. However, the use of the resin, which deteriorates over time under intense blue light excitation, induces a color drift of the pc-wLEDs, (Deng et al., 2019) while the micron-sized YAG:Ce particles generate light scattering that reduces the external efficiency of the pc-wLED devices. These drawbacks have encouraged researchers and industrials to find alternative materials and shaping (transparent/translucent ceramics, nanocrystals), allowing better ageing properties and stronger control of light propagation, (Schimpke et al., 2016; Nishiura et al., 2011) bearing in mind that these alternate materials should remain competitive in terms of emission efficiency, also called “brightness.”
A phosphor brightness depends on both its absorption and emission efficiency and characterizes the capacity of a material to emit photons in the good direction under a given incident excitation. High brightness requires a large number of emitting species (related to a strong absorption capability) and a high photoluminescence (PL) efficiency, also called internal quantum yield (iQY), which is defined by the ratio of emitted to absorbed photons. iQY strongly depends on the emitter environment and may be affected by the temperature. In particular, the presence of high energy phonons in the host matrix itself or at the material surface, but also of non-radiative energy transfers in-between luminescent centers or between a luminescent species and a defect, induce non radiative de-excitations dissipating energy through heat, thus reducing the PL iQY. Hence, too many luminescent species are detrimental for the PL, leading to a phenomenon called concentration quenching (Blasse and Grabmaier, 1994).
For that reason, in macroscopic and microscopic YAG:Ce phosphors (cm-sized single crystals, ceramics, and micron-sized powders), the luminescent species concentration is usually kept low, to favor the highest iQY, while high absorption is provided by increasing the quantity of matter, e.g., the ceramic thickness (Waetzig et al., 2014; Yuan et al., 2018). At the nanoscale, where the goal is to use individual nanoparticles as luminescent nanoprobes for instance, or to make nanostructured phosphor devices, the problem shall be approached differently as the quantity of matter should be kept low. It thus results in a necessary optimization of the material brightness, i.e., optimization of the material absorption capacity without affecting too drastically its iQY. In this regard, higher doping concentration is of interest, as discussed for the design of lanthanide-doped nanocrystals for photocatalysis, photovoltaics and bio-imaging (Sarkar et al., 2019; Wen et al., 2018; Chen and Wang, 2020). It has led to the development of some specific and complex nanomaterial design: 1) grafting of antenna-like molecules with a higher absorption coefficient allowing the excitation of lanthanides by energy transfer, 2) coupling with plasmonic structures for enhanced absorption (Hussain et al., 2015), 3) elaboration of complex core-shell structures, 4) heterogeneous dopant distribution, etc. Such issue is also at the core of the elaboration of bright nanophosphors, which are strongly promising with the tendency towards miniaturization and the development of nanostructured blue micro-LEDs (Taki and Strassburg, 2020).
In this paper, we report the study of YAG:Ce nanocrystals brightness as a function of cerium concentration. These nanocrystals have been elaborated by a solvothermal method, which is, among all proposed synthesis methods, as coprecipitation, combustion, sol-gel, etc., (Li et al., 2009; Jiao et al., 20102010; Gaiser et al., 2019; Cantarano et al., 2020a), one of the most promising as it allows to obtain non-agglomerated nanocrystals that can be used individually or deposited in a controlled manner using additive techniques such as ink-jet printing. The structure of the YAG:Ce nanocrystals, their ability to incorporate cerium ions and their PL properties will be discussed. As luminescence is generated by Ce3+ emitting centers, particular attention will be given to the oxidation state (Ce3+ vs. Ce4+) of cerium.
MATERIALS AND METHODS
Ce-Doped YAG Nanocrystal Synthesis
Yttrium acetate tetrahydrate, cerium acetate hydrate and aluminum isopropoxide were dispersed in stoichiometric proportion in 1,4-butanediol (100 ml). The aluminum concentration was fixed at 0.18 mol.L−1. The nominal cerium doping concentration, xnom, has been varied from 0.5 to 50 mol.% with respect to yttrium. This corresponds to the usual notation in doped luminescent materials where the dopant concentration is defined in mole % relatively to the ion substituted by the dopant. The mixture is stirred for 48 h to get a homogeneous solution, which is then poured into a 0.5 L autoclave with a filling factor of 20%. After a purge with Ar to provide an inert atmosphere, an Ar pressure of 60 bar is set in the autoclave and the heating is launched. After a 30 min heating ramp, the solution reaches 300°C under a pressure of 200 bar. These stationary conditions are maintained for 2 h 30 min. The heating is then stopped and the solution is cooled down overnight. It is then centrifugated and washed three times with ethanol. An alcoholic dispersion is obtained with a typical concentration of nanocrystals of 10 mg ml−1. Powder samples are also prepared by drying the dispersion at 100°C for 1 h for further analysis. These samples are labelled “as-synthesized.” For further characterizations, thermal annealing was performed at 1000°C and at 1400°C in air for 12 h.
Structural Characterizations
Inductively Coupled Plasma—Atomic Emission Spectroscopy (ICP-AES, Crealins, Lyon, France) analysis was performed to determine the effective cerium concentration, xeff, in the nanopowders. Powder X-ray diffraction patterns have been recorded on a Siemens D8 Advance diffractometer (λCu = 1.54056 Å). Le Bail fits were carried using WinPLOTR software. Transmission electron microscopy (TEM) images were recorded using a Philips CM300 microscope, operating at 300 kV and equipped with a TemCam F416 TVIPS camera. Scanning Transmission electron microscopy (STEM) analyses were performed using a Cs-corrected FEI-Titan Themis microscope, operating at 200 kV and allowing high angle annular dark field (HAADF) imaging and subsequent energy-dispersive X-ray (EDX) chemical mapping.
X-ray Absorption Near Edge Spectroscopy (XANES) experiments were performed at the L3 edge of cerium in high energy resolution fluorescence-detected (HERFD) mode at the FAME-UHD beamline of the European Synchrotron Radiation Facility (ESRF Grenoble) (Proux et al., 2017). The photon energy was scanned from 5.68 to 5.85 keV using a Si(220) double crystal monochromator. A helium chamber was used between the autoclave, the crystal analyzer spectrometer and the detector to avoid partial beam absorption by air. The signal was recorded with a five-Ge(331) crystal analyzer and a Vortex-Ex detector. The beam size was 300 × 100 µm (Cantore et al., 2016) (horizontal × vertical FWHM). The energy calibration was done using the CeO2 spectrum. The Ce3+/Ce4+ ratio in each sample was determined by linear combination of XANES spectra of standards, i.e., CeO2 nanopowder as a reference for Ce4+ and Ce3+-doped YAG single crystal as a reference for Ce3+. The experimental data were analyzed using the Demeter software2.
Optical Characterizations
Photoluminescence (PL) was recorded on powder samples under a 445 nm excitation (PLP-10 laser diode from Hamamatsu). Optical detection was insured by an ANDOR Shamrock500i spectrograph connected to an electron-multiplying CCD Newton 970 from ANDOR operated in conventional mode. In addition, quantitative PL measurements were carried out with YAG:Ce nanocrystals dispersed in alcoholic solutions (c = 0.1 mg/ml) using a Xenius spectrofluorimeter (Safas), at room temperature and under a 457 nm excitation.
Photoluminescence iQY was measured on nanophosphor powder, using an integrating sphere (Quantaurus-QY Hamamatsu). More specifically, a small amount of powder was deposited in a quartz cuvette placed at the bottom of an integrating sphere. The powder was excited at 460 nm and the emission was collected from 480 to 800 nm. The iQY was obtained after measuring a blank sample, consisting in the same empty cuvette. The iQY measurements were repeated three times for each sample to ensure good repeatability leading to iQY values with an uncertainty of ±5%.
Time-resolved experiments were recorded on YAG:Ce powders using a 445-nm pulsed laser. The emission was selected above 500 nm by a high pass filter (FEL 500 from Thorlabs) and further collected and amplified by a photomultiplier (SMA-650 from Picoquant). The signal was then histogrammed using a multichannel analyzer (MCS6A from Fastcomtec) operating at a time per bin of 800 ps.
RESULTS
Incorporation of Cerium into YAG Nanocrystals
The effective cerium concentration, xeff, in the as-synthesized nanopowders was determined by ICP and is presented as a function of the nominal cerium concentration, xnom, initially introduced in solution (Supplementary Figure S1). The relationship between xeff and xnom is linear with a slope of 1 ± 0.05. This indicates that the cerium incorporation rate in the solid phase is constant for the whole studied Ce concentration range (0–50 mol.%) and very close to the nominal concentration. This indicates that we do not have notable losses of Ce in solution during solvothermal syntheses. Thus, in the following, the cerium concentration will be labeled x and given in mol.%.
The Ce incorporation rate in YAG nanocrystals was characterized by analyzing powder X-ray patterns of the different as-synthesized nanopowders (Figure 1A). Only diffraction peaks corresponding to the YAG crystal structure are observed up to x = 30 mol.%, without any significant X-ray scattering background. This confirms that in this range of cerium concentrations (x ≤ 30 mol.%), the nanopowders consist only of pure YAG:Ce nanocrystals, i.e., Y3(1-x)Ce3xAl5O12 solid solution, without any notable crystalline or amorphous impurities. For highest doping concentrations (x = 50 mol.%), extra diffraction peaks attributed to Al2O3 and CeAlO3 phases are also observed (Supplementary Figure S2A) (Deshpande et al., 2011). For each sample, the unit cell parameter, a, was determined using Le Bail fit (Supplementary Figure S2B) and is reported Figure 1B. Up to x = 30 mol.%, a varies linearly with x, in agreement with a Vegard’s law and the formation of a homogeneous incorporation of cerium ions inside YAG nanocrystals. For x = 50 mol.%, the unit cell parameter is equal to the one obtained for x = 30 mol.%, confirming that the limit of cerium incorporation in the crystalline YAG matrix is reached for x = 30 mol.%, in accordance with the observation of additional crystalline phases for x > 30 mol.% (Supplementary Figure S2A). This validates that x = 30 mol.% corresponds to the limit of the Y3(1-x)Ce3xAl5O12 solid solution, where the effective segregation coefficient, keff., corresponding to the ratio xeff/xnom (ratio of the Ce concentration in nanocrystals to that in initial solutions) is constant in the whole Y3(1-x)Ce3xAl5O12 solid solution and very close to 1.
[image: Figure 1]FIGURE 1 | (A) Powder X-ray diffraction patterns of different YAG:Ce: (α) x = 1 mol.% Ce, (β) x = 8 mol.% Ce, (χ) x = 12 mol.% Ce, (δ) x = 20 mol.% Ce and (ε) x = 30 mol.% Ce. The inset shows a zoomed view which highlights the peak shift with x. (B) Evolution of the unit cell parameter, a, of as-synthesized (blue) and annealed (green) YAG:Ce nanocrystals as a function of the cerium concentration, x. For comparison, the cell parameter values obtained in micron-sized YAG:Ce are also shown, data from George et al. (2013) (red).
The unit cell parameter of all YAG:Ce (blue dots, Figure 1B) exceeds significantly the one of micron-sized YAG:Ce (red dots, Figure 1B), (George et al., 2013) attesting for local structural disorder in the nanocrystals as it will be discussed in the next section. When annealed at 1400°C for 12 h in air, the formation of additional CeO2 phase is observed for samples with x > 2 mol.% (Supplementary Figure S3B). Meanwhile, annealed YAG:Ce nanocrystals exhibit a unit cell parameter in good agreement with that of micron-sized crystals having a similar Ce concentration, x = 2 mol% Ce in Figure 1B. This shows that the annealing step induces a structural rearrangement in YAG:Ce nanocrystals and a simultaneous expelling a significant part of cerium ions which are partially oxidized in Ce4+ upon annealing in air.
Furthermore, the cerium distribution inside as-synthesized YAG:Ce nanocrystals was studied by EDX mapping for two different cerium doping concentrations: x = 1 mol.% and 12 mol.% (Figure 2). For both samples, the locations of Y and Ce atoms in the crystal structure are in similar sites, thus favoring a homogeneous Ce dispersion in the YAG matrix, even at high doping concentration. Indeed, the color contrast observed on Y and Ce maps of both samples are only due to the nanocrystal morphology (thickness variations) rather than to any Ce segregation.
[image: Figure 2]FIGURE 2 | HAADF-STEM images of YAG:1mol.%Ce (A) and YAG:12mol.%Ce (B) and the associated EDX map for Y and Ce.
Size and morphology of YAG nanocrystals have been studied by Transmission Electron Microscopy (Supplementary Figures S4A,B). The average size, histogrammed from TEM images over more than 100 nanoparticles, is similar for all samples (30 ± 7.5 nm for YAG:2mol.%Ce, 38 ± 12.5 nm for YAG:12mol.%Ce, Supplementary Figures S5A,B). High magnification images (Supplementary Figure S4B) evidence high crystal quality of the nanocrystals, with atomic planes running through the whole particles, which is also confirmed by HAADF-STEM imaging (Figure 3A). However, HAADF-STEM imaging also exhibits strong contrast variations (Figure 3), attributed to an internal porosity (pore size evaluated between 2 and 5 nm). Surprisingly, this porosity of nanocrystals does not disrupt their crystallinity, as the atomic structure is very well preserved (Figures 3B,C). This porosity is compatible with the growth mechanism as described by Ramanujam et al. (2016) and further confirmed by Cantarano et al. (2020b): primary particles grow through a self-oriented aggregation and coalescence, which could result in voids trapped in-between primary particles.
[image: Figure 3]FIGURE 3 | HAADF STEM images of YAG:1mol.%Ce nanocrystals at different magnifications (A‐C).
When nanocrystals are annealed at 1000°C for 12 h in air (Supplementary Figures S4C,D), the presence of porosity is clearly observed by TEM images. When annealed at 1400°C for 12 h, this porosity disappears; however, sintering has occurred, leading to larger YAG:Ce crystals whose size is submicronic (Supplementary Figures S4E,F).
Optical Properties of YAG:Ce Nanocrystals
The optical properties of YAG:Ce nanocrystals were assessed to determine both the spectroscopic characteristics of these nanocrystals, along with their PL brightness. First, the study of the emission spectra as a function of x (Figure 4A) shows a wavelength shift (Δλ) of the PL peak from 541 nm for x = 0.5 mol.% to 580 nm for x = 30 mol.%. This red-shift upon increasing cerium concentration has been already observed, to a lesser extent, in micron-sized YAG (from 541 nm for 1 mol.% Ce to 553 nm for 3 mol.% Ce) (Lin et al., 2018) and in other garnet phases (Haranath et al., 2006; Lin et al., 2019; Devys et al., 2017). It is attributed to crystal field modification due to the increase in local distortions in the CeO8 entities, (Xia and Meijerink, 2017; Ueda and Tanabe, 2019; Wu et al., 2007; Bachmann et al., 2009) as evidenced by the dependence with the unit cell parameter (Figure 4B). An interesting point here is that, given the large doping concentration in these nanocrystals, the shift is much more significant than that already reported (Δλ = + 39 nm).
[image: Figure 4]FIGURE 4 | (A) Emission spectra of YAG:Ce nanopowders as a function of the cerium concentration, x. (B) Evolution of the position of the PL peak maximum as a function of the unit cell parameter for the corresponding YAG:Ce nanopowders.
The PL decay curves are recorded for all emitting wavelengths and represented as spectrally-resolved 2D maps (Figure 5A). Additionally, PL decay curves, integrating all emission wavelengths above 500 nm, are presented in Supplementary Figure S6. Spectra, corresponding to different gate delays, are extracted from these maps (Figure 5B). PL shift with x increase is again observed, especially at long delays, evidencing local inhomogeneities. PL decay curves at 540 nm, shown in Supplementary Figure S6, can be fitted by two exponential decays, leading to an average excited state lifetime τ (calculations detailed in the SI file). τ variation as a function of x is shown on Figure 5C. The decrease in τ with x results from Ce3+–Ce3+ energy transfer. At low Ce concentration (0.5 mol.%), the lifetime τ (122 ns) is larger than the typical one of bulk YAG:Ce (65 ns). This is commonly encountered when reducing a material size (Aubret et al., 2016). Indeed, the radiative de-excitation probability of the emitting centers is sensitive to the refractive index of the dielectric environment, which, at the micron scale, corresponds to an effective refractive index involving the emitter and its surrounding. At the nanoscale [<100 nm (LeBihan et al., 2008)], the definition of the surrounding environment is more complicated and an average refractive index can be considered, resulting from a mixture of the matrix refractive index and of the surrounding environment (air, in this case). As a result, the radiative lifetime of the emitters increases, leading to a longer measured lifetime, τ, compared to micro-sized or single crystals counterparts. In this study, as the nanocrystal size remains constant for all samples, the radiative lifetime can be considered as constant. The decrease in τ is thus directly related to the increase in non-radiative de-excitations, which become predominant at high Ce concentrations.
[image: Figure 5]FIGURE 5 | (A) 2D maps showing the PL decay over time. (B) Time-resolved PL spectra for two delay gates (0–10 ns and 100–150 ns) for x = 0.5 mol.% and 5 mol.%. (C) Excited state lifetime at 550 nm (exc. 457 nm) as a function of the cerium doping concentration, x.
The PL iQY has been measured for all samples (Figure 6A). At low Ce concentration, it is around 40 ± 5%, in agreement with previously reported values for individual YAG:Ce nanocrystals (Kasuya et al., 2005; Dantelle et al., 2018) iQY values decrease with the increased Ce concentration, as reported by Aboulaich et al. (2012). This evolution follows the decrease in PL intensity obtained by integrating the PL decay (black stars, Figure 6A) and is explained by the concentration quenching mechanism.
[image: Figure 6]FIGURE 6 | (A) Evolution of iQY as a function of the cerium concentration, x, in YAG:Ce nanocrystals (blue dots). The black stars correspond to the integrated PL decay at 540 nm. (B) Brightness of YAG:Ce nanocrystals obtained by the direct measurement of the PL intensity (in blue) and by multiplying iQY by xCe3+(in pink).
For the development of micro-LEDs or nanostructured LEDs, the optimization of nanophosphor quantity is essential, requiring the optimization of nanocrystal PL brightness. It is complicated to get quantitative measurements on powder samples and great care should be taken to avoid any bias induced by light scattering. In our study, PL brightness was assessed by direct PL measurement of diluted colloidal solutions of YAG:Ce nanocrystals dispersed in ethanol. In these solutions containing a small amount of nanocrystals (0.1 mg ml−1), the scattering and potential self-absorption are significantly reduced. Hence, as the nanocrystal size does not vary among the different samples, the residual scattering can be considered as similar for the different solutions. The evolution of the PL is shown by the blue dots in Figure 6A. Maximal brightness is obtained for a cerium concentration of 2 mol.%.
Moreover, this brightness was also evaluated from the product of iQY and the number of absorbing species (i.e., Ce3+ ions), NCe3+. To do so, although the cerium concentration is known in all samples, the Ce3+/Ce4+ proportion should be determined as a function of x. For that purpose, XANES spectra of different YAG:Ce nanocrystals were recorded (Figure 7A). For all samples, the experimental spectra were fitted by a linear combination of reference spectra of CeO2 nanocrystals for Ce4+ ions and YAG:Ce single crystal (with x = 1 mol.% Ce) for Ce3+ ions. Thus, we accurately determined the Ce3+/Ce4+ ratio (Figure 7B), (Dantelle et al., 2018) and subsequently the Ce3+ concentration, directly proportional to NCe3+ (Table 1). The product iQY * xCe3+ is plotted in Figure 6B. Its evolution with x matches well with the evolution of PL intensity, allowing to confirm that the maximal brightness is obtained for a cerium concentration of about 2 mol.%.
[image: Figure 7]FIGURE 7 | (A) XANES spectra of YAG:xCe nanocrystals for different cerium concentrations and (B) Ce3+:Ce4+ ratio calculated from the linear combination of reference spectra of CeO2 nanocrystals and YAG:Ce single crystal doped with 1 mol.% Ce.
TABLE 1 | Summary of the PL iQY and Ce3+:Ce4+ proportion, allowing the calculation of effective Ce3+ concentration and subsequent brightness obtained by multiplying the iQY by the effective Ce3+ concentration, xCe3+.
[image: Table 1]4 DISCUSSION
High Incorporation Ratio of Ce3+ in YAG Nanocrystals Obtained by Solvothermal Process
Lanthanide-doped YAG materials have been extensively studied for various applications (lasers, phosphors, scintillators, etc). The substitution of yttrium (Y3+) in a dodecahedral site by trivalent lanthanide ions has proved to be efficient for all Ln3+ ions. However, the maximum insertion concentration of Ln3+ in YAG structure varies according to their ionic size. Indeed small Ln3+ ions (Ln = Lu3+, Yb3+, Er3+, Tb3+) can completely substitute Y3+, leading to continuous solid solutions [Y3(1-x)Ln3xAl5O12] and pure Ln3Al5O12 garnet phase. On the other hand, larger Ln3+ ions can form partial solid solution, leading for high Ln concentrations to the appearance of additional phases, with mixed LnAlO3:Al2O3 or LnAlO3:Ln2O3:2Al2O3 compounds (Dubnikova et al., 2010). In particular, Ce3+ (rCe3+ = 1.143 Å vs. rY3+ = 1.019 Å, in a 8-fold coordinated environment) presents a solid solution, Y3(1-x)Ce3xAl5O12, limited to a few mol.% with respect to Y3+, above which Al2O3 and CeO2 phases are formed (Dubnikova et al., 2010).
This limit of solid solution varies according to synthesis conditions (temperature, atmosphere) and crystal shaping. Indeed, oxidizing conditions can favor the formation of Ce4+, which is even less prone to remain in the YAG lattice, compared to Ce3+, due to the charge and size (rCe4+ = 0.97 Å) differences with Y3+. On the other hand, YAG crystal size (cm-sized crystals, ceramics, micron-sized powders or nanocrystals) has a strong effect on the maximal Ce incorporation (Table 2). Cm-sized YAG:Ce crystals grown by the Czochralski technique (Arjoca et al., 2015) and the temperature gradient technique (TGT) under Ar atmosphere (Zhao et al., 2003) incorporate less than 0.2 mol.% Ce3+. Micron-sized crystals, obtained by solid-state synthesis from CeO2, Al2O3 and Y2O3 powders annealed at 1500°C for 5 h, under Ar/H2 atmosphere, can incorporate homogeneously up to 3 mol.% Ce3+ (George et al., 2013; Lin et al., 2020). Agglomerated sub-micron YAG:Ce crystals produced by coprecipitation, Pechini and sol-gel methods, involving rather similar annealing temperatures, allowed to incorporate Ce concentrations of a few percent, between 3 and 5 mol.% Ce, (Bachmann et al., 2009; He et al., 2016) thus comparable to the above the solid-state route. Moreover, the effect of the annealing temperature on the incorporation limit of cerium was evidenced by Kareiva (2011). When a sol-gel powder is annealed at 1300°C, a temperature comparable to that used in the solid-state route, the cerium incorporation rate is 4 mol.%. For lower annealing temperature (1000°C), the cerium incorporation rate is much higher (10 mol.%).
TABLE 2 | Summary of maximal Ce concentration, xmax, in YAG according to the crystal size and synthesis method and of Ce concentration giving the highest PL intensity for each method.
[image: Table 2]As far as nanocrystals are concerned, they can be produced by a low-energy cluster beam deposition technique as reported by B. Masenelli et al. The resulting YAG:Ce particles are very small (10 nm) and able to incorporate nearly 13 mol.% of cerium, mainly Ce3+ as measured by X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering (RBS) spectrometry techniques (Masenelli et al., 2013). When produced by a solvothermal method, A. Aboulaich et al. report a nominal doping of at least 6 mol.% Ce in 30-nm sized YAG nanocrystals (Aboulaich et al., 2012). Finally, a recent paper reports a cerium incorporation of 18 mol.% (nominal) in YAG sol-gel thin films (Rubešová et al., 2019). It is believed that this 2D geometry with a sub-micronic thickness and with the limited annealing step (1 h at 1000°C) under reducing atmosphere enables such high doping concentration. Interestingly, all the above syntheses—including ours—which produce YAG nanocrystals with a size below 100 nm, through synthesis routes far from thermodynamic equilibrium, lead to much higher Ce3+ concentrations than in the cm- and micron-sized YAG crystals (Table 2).
These observations can be correlated to the capacity of nanocrystals to better accommodate local structural strains and distortions, and thus to incorporate more easily large Ce3+ cations in their YAG lattice. This is illustrated by a segregation coefficient, keff, very close to 1, that we determined for YAG:Ce nanocrystals (Supplementary Figure S1) on the opposite to the very low segregation coefficient measured in the case of large single crystals grown by the Czochralski (keff. = 0.067) (Arjoca et al., 2015) or by the temperature gradient technique (keff. = 0.082) (Zhao et al., 2003). To confirm the presence of local distortions, internal strains, ε, were assessed from the Le Bail fits of the powder X-ray diffraction patterns for our different YAG:Ce samples (Table 3). While as-synthesized YAG:Ce nanocrystals exhibit internal strains of the order of 10‰, the annealing treatment at 1400°C in air drastically reduces them (ε ∼ 1‰). Indeed, thermal treatment at 1400°C allows efficient atomic mobility and helps relaxing internal strains. It leads to the expulsion of cerium ions from the YAG lattice, which cannot accommodate such large Ce3+ cations. This Ce expulsion is all the more significant that the annealing is performed in air, inducing the formation of Ce4+ cations by oxidation and the formation of CeO2 phase, seen by X-ray diffraction for samples with x > 2 mol.%, (Supplementary Figure S3). Thus, the cerium insertion limit meets that of micron-sized crystals (∼3 mol.%, Figure 1B), prepared by solid-state reaction (George et al., 2013). In addition, note that this significant release of internal strains during annealing is associated to an important increase in the coherence length, Lc, in good agreement with the increase in the size of the single crystal domains as also observed by TEM (Supplementary Figure S4).
TABLE 3 | Coherence length, Lc, and internal strains, ε, of YAG:Ce samples with different x.
[image: Table 3]This explanation of high Ce incorporation in YAG nanocrystals through structural strains and Y site distortions can be directly related to the observations made on Ce-doped garnet ceramics. Indeed, in these ceramics, heterogeneities in the spatial distribution of cerium are observed, with much higher cerium concentration at the grain boundaries than within the grains as a result of the ceramization process (Zhao et al., 2011; Ramirez et al., 2008). For instance, in 0.5% Ce-doped (Gd,Y)3Al5O12, Ce3+ concentration is 5 times higher at the grain boundaries, (Zhao et al., 2010) which corresponds to zones of high strains and structural distortions, than in the core of grains. It shows that Ce3+ does not fit well in the dodecahedral site of YAG and tends to get out of the rigid YAG lattice, in agreement with the very low segregation coefficients measured in the case of cm-sized single crystals (Zhao et al., 2003; Arjoca et al., 2015).
Finally, it is worth noting that, with our modified solvothermal process, the quantity of incorporated cerium (30 mol.%) is much higher than ever reported before. This could be due to the use of an external pressure in our modified solvothermal method that increases the solubility and chemical reactivity of the precursors in solution, facilitating the accommodation of a higher concentration of cerium in the YAG lattice (Demazeau, 2010).
Optimization of YAG:Ce Brigthness
The brightness corresponds to the number of emitted photons upon a given excitation. It should take into account the material internal quantum yield (iQY) and also its capacity to absorb photons. When micron-sized crystals are used, the absorption rate is not a problem as a low absorption coefficient can be easily compensated by the rise in matter (Waetzig et al., 2014). However, if one wants to limit the quantity of these phosphors which contain critical elements such as (Gaffuri et al., 2021) or to develop thin phosphor layer for the elaboration of nanostructured LEDs, it is essential to take into account the absorption capacity of these phosphors. Similar considerations have been done on YAG:Ce ceramics, (Yuan et al., 2018) where the absorption is adjusted by increasing the ceramic thickness.
Here, the maximal PL intensity, i.e., maximal nanocrystal brightness, has been determined using diluted suspension of YAG:Ce nanocrystals to be in the low absorption regime. Highest brightness is obtained for x = 2 mol.% (Figure 6B). Indeed, even if the maximal iQY is obtained for low cerium concentration (0.5 mol.%, Figure 6A), YAG nanocrystals containing 2 mol.% cerium have a better absorption capacity which is not significantly hindered by the decrease in the iQY. This value is consistent with other measurements reported in the literature (Table 2).
The brightness of these YAG:Ce nanocrystals cannot be directly compared to the one of commercial YAG:Ce phosphors due to the difference of excited and emitted light scattering between micron-sized and nanometer-sized particles. It is true that the iQY of these YAG:Ce nanocrystals (40%) is much lower than the iQY of commercial ones (>85%), but their size is a real asset for the future developments of miniaturized micro-LED devices (Berends et al., 2020).
CONCLUSION
Thanks to a modified solvothermal process at 300°C, involving a high pressure (200 bar), we achieved a very high cerium insertion rate in YAG nanocrystals (30 mol.%) without the appearance of any parasitic phase. In this study, we highlight the drastic discrepancy in terms of cerium insertion between cm- and micron-sized YAG crystals (0.2 and 3 mol.% resp.) and our YAG nanocrystals (30 mol.%). This phenomenon is explained by the nanometer size of the particles, along with the presence of local strains, and by the use of a soft synthesis route at low temperature (300°C), far from the thermodynamic equilibrium. Indeed, crystal growths from the melt or solid-state reactions, carried out under conditions (≥1300°C for several hours) much closer to thermodynamic equilibrium than our method, lead to YAG crystals of very high quality, with a minimum of defects, and consequently with a limited integration rate of cerium. Thus, the elaboration of nanocrystals with solvothermal methods allows the insertion of high cerium contents even in the case of a rigid lattice like YAG. For less rigid crystal lattices, such as Gd3Sc2Al5O12, known to incorporate up to 18 mol.% cerium for micron-sized crystal prepared by solid-state reaction, (Devys et al., 2017) we can expect for nanocrystals synthesized by solvothermal method much higher maximal doping rates than in the case of YAG. This opens the door to the synthesis of multifunctional highly-doped nanocrystals with applications in biophotonics, including magnetic resonance imaging (when doped with Gd3+ ions).
Concerning the photoluminescence emissions, highly doped YAG:Ce nanocrystals exhibit a large red-shift (max. PL at 580 nm) with respect to YAG nanocrystals containing a low cerium concentration (max. PL at 541 nm). Considering the absorption capacity of the nanocrystals, along with their internal quantum efficiency and the presence of Ce4+, the maximal brightness is obtained for a cerium doping of about 2 mol.%. Such doping concentration should be considered for applications where the quantity of phosphors is limited, such as micro-LEDs or nanostructured lighting devices.
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