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Abstract
[bookmark: OLE_LINK8][bookmark: OLE_LINK34][bookmark: OLE_LINK38][bookmark: _Hlk153981471][bookmark: _Hlk153981917]The discovery of high-efficiency Mn4+-activated fluoride red phosphors with short excited-state lifetimes (ESLs) is urgent and crucial for high-quality wide color gamut display applications. However, it is still a great challenge to design target phosphors with both short ESL and high luminescence efficiency. Herein, we propose an efficient machine learning approach based on a small dataset to establish the ESL prediction model, thereby facilitating the discovery of new Mn4+-activated fluorides with short ESLs. Such a model can not only accurately predict the ESLs of Mn4+ in fluorides, but also quantify the impact of structure features on ESLs, therefore elucidating the “structure-lifetime” correlations. Guided by the correlations, two new Mn4+-doped tetramethylammonium (TMA)-based hybrid fluorides (TMA)2BF6:Mn4+ (B = Sn or Hf) with both short ESLs (τ ≤ 3.7 ms) and high quantum efficiencies (internal QEs > 92%, external QEs > 55%) have been discovered successfully. A prototype displayer with excellent performance (~124% National Television Standards Committee (NTSC) color gamut) is assembled by employing a (TMA)2SnF6:Mn4+-based white Mini-LED backlight module, demonstrating their practical prospects in high-quality displays. This work not only brings promising candidates for Mn4+-doped fluoride phosphors, but also provides a valuable reference for accelerating the discovery of new promising phosphors.
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[bookmark: OLE_LINK12][bookmark: OLE_LINK3][bookmark: _Hlk146376940][bookmark: OLE_LINK11]Mn4+-activated fluorides are potential red converter candidates for phosphor-converted white light-emitting diodes (pc-WLED) due to their fascinating luminescent properties (e.g., narrow-band emission) and low-cost advantage of being rare-earth-free, which endow them with great competitiveness in high-quality wide color gamut display.1, 2 However, they generally suffer from long excited-state lifetimes (ESLs ˃ 5 ms, e.g., ~8 ms for commercial K2SiF6:Mn4+ (KSF)) due to the spin- and parity-forbidden characteristics of Mn4+: 2E→4A2 transition.3 Such long ESLs will not only induce the non-thermal optical saturation under high-power excitation, but also lead to the red trailing smear or motion blur problems, showing adverse effects on the image quality of backlight display (particularly in high-definition displays based on Mini-LEDs).4, 5 The long ESL has become the Achilles’ heel of Mn4+-doped fluoride red phosphors. Therefore, there is an urgent need to discover Mn4+-activated fluorides with short ESLs.
[bookmark: _Hlk150177053][bookmark: _Hlk150197399]Currently, there have been some reports on Mn4+-activated fluorides with short ESLs, which are mainly designed by heterovalent doping of Mn4+ into the fluoride matrixes represented by K2NbF7:Mn4+.6 However, their internal and external quantum efficiencies (IQEs and EQEs) are inferior due to the luminescence quenching caused by charge compensation defects.7 In other words, this short ESL is achieved at the expense of luminescence efficiency. Compared to heterovalent doping systems, the equivalent counterparts represented by KSF do not suffer from charge compensation defects, so they generally possess higher IQEs and EQEs but longer ESLs.8 Therefore, it is still a huge challenge to design Mn4+-activated fluorides with both high efficiency and short ESL.
[bookmark: _Hlk153969827][bookmark: OLE_LINK7]Considering the principle that structure determines properties, the prerequisite for achieving a short ESL is to reveal the “structure-lifetime” correlations between fluoride matrixes and Mn4+. In recent years, data-driven machine learning (ML) has been proven to be an effective tool for accelerating the discovery of new materials.9, 10 The state of the art in phosphor research has also begun to focus on ML for the prediction of properties and the optimization of synthesis parameters.11 This has led to the accelerated discovery of new phosphors with desirable luminescent properties. Nevertheless, utilizing ML to unveil the “structure-property” relationship between host matrixes and activators has not received deserved attention. Given that the electronic transitions of Mn4+ rely on the crystal field environment provided by the host structure,12 we therefore took the view that such “structure-lifetime” relationship could greatly facilitate the discovery and screening of new promising Mn4+-doped fluorides with short ESLs. In addition, our previous research on Mn4+-doped organic-inorganic hybrid (oxy)fluorides has demonstrated that the key to achieving high luminescence efficiency is the highly isolated octahedral lattice framework in the matrix, which can effectively avoid the agglomeration of Mn4+ and suppress the energy transfer of Mn4+-Mn4+ and Mn4+-to-defects.3, 13 Combining this structural feature with the “structure-lifetime” correlations to be unveiled, we can rationally design Mn4+-activated fluorides that possess both short ESL and high QEs.
Nowadays, the community of Mn4+-activated fluoride phosphors,14 including all-inorganic and organic-inorganic hybrid systems, has accumulated enough cases for ML.15 Accordingly, in this work, we employ the ML strategy onto Mn4+-doped fluoride phosphors to unveil the “structure-lifetime” correlations between fluoride matrixes and Mn4+, thereby guiding the discovery of new Mn4+-activated fluorides with both short ESL and high QEs. By training on a small dataset of 40 cases, we build a reliable ML model that is not only able to accurately predict the ESLs of Mn4+ in fluorides, but also reveals the “structure-lifetime” correlations between the fluoride matrix and Mn4+. Moreover, the relationship between energy levels and ESLs of Mn4+ was studied in detail, where the luminescence decay mechanism for the long/short ESL controlled by the structural parameters was unraveled. Guided by these correlations, two new Mn4+-activated organic-inorganic hybrid fluoride (TMA)2BF6:Mn4+ (where TMA stands for tetramethylammonium, and B = Sn or Hf) phosphors with short ESLs (τ ≤ 3.7 ms) have been discovered and synthesized successfully, confirming the reliability of the proposed ML strategy. Benefiting from both the structure characteristic of highly isolated [BF6]2- octahedrons and the heavy Mn4+ doping amount, their quantum efficiencies (IQEs > 92%, EQEs > 55%; specifically, EQE = 58.1% for (TMA)2SnF6:Mn4+) are almost comparable to that of the commercial KSF. Finally, based on the (TMA)2SnF6:Mn4+, a high-efficiency homemade white Mini-LED backlight module with wide color gamut was fabricated as the flat-panel light source to demonstrate their potential in high-quality Mini-LED displays. This work not only brings promising Mn4+-equivalent-doped fluorides with short ESLs to the sight of the phosphor community, but also can be a useful reference for the future application of ML to the development of luminescent materials.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The overall process of discovering new Mn4+-doped fluoride red phosphors with short ESLs using the ML strategy was organized into the following six steps (Figure 1): (I) Collecting data of structural features and the corresponding ESLs from literature (mainly) or own experiments (supplementary) to build the ML dataset; (II) Selecting the Random forest (RF), an ensemble ML method (Supporting Information), to train the dataset and construct the RF model that can predict the ESL of Mn4+ in fluorides; (III) Clarifying the “structure-property” relationship, i.e., the correlations between the structure and ESL, through the RF model; (IV) Searching for unexplored host compounds according to the revealed “structure-lifetime” correlations; (V) Using the RF model to predict the ESL of Mn4+ in the screened potential hosts; (VI) Synthesizing the Mn4+-doped target phosphors experimentally and characterizing their ESLs, and comparing it with the predicted value from RF model. If the measured ESL value significantly differs from that predicted by the RF model, then the initial dataset needs to be enhanced to further improve the RF model, until the target phosphor material is successfully obtained.
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[bookmark: OLE_LINK27][bookmark: OLE_LINK26]Figure 1. Schematic machine learning-driven strategy for discovering Mn4+-doped fluoride phosphors with desired ESLs. An iteration includes six steps, i.e., I) Data collection, II) Machine learning, III) Getting feature importance, IV) Screening target hosts from structure databases, V) Model prediction, and VI) Experimental verification.

[bookmark: OLE_LINK18][bookmark: OLE_LINK1][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK21][bookmark: OLE_LINK19]In order to obtain a reliable RF model that can predict the ESLs of Mn4+-doped fluoride AxBFy (A = alkali metal, alkaline earth metal, or organic ammonium cations; B = bivalent, trivalent, tetravalent, pentavalent or hexavalent cations such as Zn2+, Al3+, Si4+, Ge4+, Nb5+, and Mo6+; x = 1, 2, or 3; y = 6 or 7) phosphors, we collected 65 cases of Mn4+-doped fluoride red phosphors from published articles as the original ML dataset, encompassing their structural information and ESLs. More cases were added into the dataset by experiments, including hexagonal-phase KSF (Figure S1) and organic-inorganic hybrid fluoride (TMA)2SiF6:Mn4+ (Figure S2 and Table S1) phosphors. Additionally, the crystal structures of two all-inorganic fluorides, Rb2TiF6 and Cs2TiF6, were resolved through single-crystal X-ray diffraction (SCXRD) (Table S1), aiming to complement the missing structure features for Rb2TiF6:Mn4+ and Cs2TiF6:Mn4+ cases in the original dataset. Their crystallographic data, as well as that of (TMA)2SiF6, is deposited in the Cambridge Crystallographic Data Centre (CSD 2315758 for Rb2TiF6, CSD 2315760 for Cs2TiF6, and CCDC 2315757 for (TMA)2SiF6). Due to differences in synthesis methods and measurement conditions of Mn4+-doped fluoride phosphors, the original dataset was rigorously screened into 40 cases, comprising 36 all-inorganic compounds and 4 organic-inorganic hybrid compounds (Table S2), adhering to the following principles: (1) To eliminate the influence of temperature-induced electron-phonon coupling on the ESL, only the cases whose ESL measured at room temperature were retained; (2) To exclude poor experimental synthesis and ensure the efficient photoluminescence of phosphors as much as possible, only cases with luminescence decay curves strictly conforming to single-exponential decay characteristics were retained. In addition, some cases (Table S2) may have several ESL values from different sources, and their average value (Table S3) was used for ML process.
[bookmark: OLE_LINK13]The electronic transitions of Mn4+ are heavily affected by the crystal field environment provided by the host matrix.5 Consequently, to better predict the target property, i.e., the ESL, we selected 7 structural parameters, “IR(A)”, “IR(B)”, “Symmetry”, “d(B-F)”, “d(B-B)”, “Distortion”, and “Vasym”, that are highly correlated to the Mn4+ local environment for feature construction of the dataset. Detailed definitions of these parameters are listed as follow:
[bookmark: OLE_LINK15]“IR(A)”: the ion radii of A cations in general formula AxBFy;
“IR(B)”: the ion radii of B cations in general formula AxBFy;
“Symmetry”: the symmetry order of the local symmetry of B cation in the lattice;
“d(B-F)”: the average values of B-F bond lengths from the first coordination sphere of B ion;
“d(B-B)”: the average values of B-B bond lengths from the first coordination sphere of B ion;
“Distortion”: the distortions of isolated [BFy] polyhedrons as calculated by the formula (Supporting Information);
“Vasym”: the cell volume of asymmetric part of the unit cell.
In addition, a feature classification parameter “O/I” was added to exclude the influence of compound type, where: 0 represents inorganic compound, 1 represents organic-inorganic hybrid compound. Finally, the constructed dataset of Mn4+-doped fluoride phosphors for ML is listed in Table S3. The statistical plots of the dataset are summarized in Figure S3. Preliminary data analysis shows that the ESL values of phosphors (i.e., cases) are almost uniformly distributed (Figure S3), which means that all representative compounds were selected.
[bookmark: OLE_LINK16][bookmark: OLE_LINK14][bookmark: _Hlk149143949]RF is an ensemble learning method based on decision trees for classification, regression, and other tasks, which is known as one of the most accurate algorithms since a large number of trees give a more robust model.9 Importantly, RF can be used to rank the importance of features (Figure S4), which is a very important tool for analyzing and revealing the “structure-property” relationship.16 Therefore, the RF was used to build the ML model capable of accurately predicting the ESLs of Mn4+ in fluorides, namely RF model. The RF model was constructed by a simple self-written python script named RandomForest.py (see Supporting Information) using the python 3.6 programming language.17 The standard libraries, including numpy, pandas, sklearn, matplotlib, and mpl_toolkits, were used in the program. Due to the stochastic nature of RF algorithm, we used its average performance across ten repetitions of cross-validation during modeling. Each time, the dataset was divided into two random sub-datasets: one for the training process (70% of total data), and another for testing (30% of total data). The obtained mean absolute errors (MAEs) of ESL for training set and test set were 0.182 ms and 0.432 ms, respectively (Figure 2a). In addition, we have performed a 5-fold cross-validation test on the entire dataset, showing a result of MAE = 0.509 ± 0.185 ms, which is less than ~10% of the average value (5.45 ms) of all case ESLs. The precision of prediction can be further improved by increasing the quantity of observation data, that is, the number of phosphor cases. The predicted ESL values of all cases are listed in Table S4, and their differences with the observed ones are less than 0.4 ms for more than 75% of cases (Table S4 and Figure S5), and their overall good fit can be checked in Figure 2a. These results demonstrate the success in obtaining a reliable RF model that can predict the ESL of Mn4+ in fluorides.
[image: ]
Figure 2. (a) Comparative plot of observed “Lifetime” values per predicted “Lifetime” obtained from the RF model, red circles are the training dataset (70% of whole dataset) and blue circles are the test dataset (30% of whole dataset). Linear fit proves the correctness of model. Green line depicts the ideal place for circles from both datasets. Navy blue balls marked the new compounds under experimental investigation. (b) The case samples with high “Lifetime” values (red circles in highlighted area) are segregated from others in the 3D space spanned on three most important feature parameters. (c) Importance of all feature parameters on “Lifetime” values in the RF model. The “Symmetry” has the major influence compared to all others. (d) The ESL of Mn4+-doped fluoride phosphors as a function of the 4A2→4T2 transition energy. The red line is a linear fit of the data points. (e) Schematic energy level diagrams of Mn4+-activated systems with long and short ESLs, respectively.

[bookmark: OLE_LINK25][bookmark: OLE_LINK22][bookmark: OLE_LINK2][bookmark: OLE_LINK23]To analyze and reveal the “structure-lifetime” correlations between the fluoride matrix and Mn4+, the importance of each feature was extracted from the RF model. Feature importance refers to how much a feature contributes to prediction, and is obtained based on an algorithm called “permutation importance” (Figure S4). Its fundamental idea is to shuffle a column of data while keeping the data in other columns unchanged, then observe how much the predicted metric or loss changes, and determine the feature importance on the basis of the amount of variation.18 As shown in Figure 2c, “Symmetry” has the major influence (contribution up to 89.1%) on lifetime among all features, followed by “IR(A)”, “IR(B)”, and so on. The “O/I” feature contributes only 0.2% to the prediction of this RF model, indicating that the compound type has no impact on the prediction of the RF model. All cases were plotted in a three-dimensional (3D) space of these three most important features (Figure 2b), and it can be seen that cases with long ESL and those with short ESL are clustered into a small area respectively, showing a good separation between them. The main structure features of Mn4+-doped fluoride phosphors with long (or short) ESLs can be clearly understood through the 2D plot mapped by the 3D space (Figure S6). The main rules to obtain Mn4+-doped fluoride phosphors with long ESLs are: 1) Symmetry order of point group of B-site local symmetry should be greater than 45; 2) Size of A-site cations should be small and less than 2.0 Å; 3) Ion radii of B-site cations can be in the range of 0.4~0.6 Å. The major rules for Mn4+-doped fluoride phosphors with short ESLs are: 1) Symmetry order of point group of B-site local symmetry should be less than 15; 2) Ion radii of A-site cations should preferably be greater than 3.0 Å; 3) There is no obvious rule for the size of B-site cations. The resulting rules should be applicable to the compounds with the chemical formula AxBFy, which means that it covers a relatively broad range of fluorides. Besides, this simple ML approach can help to reveal “structure-property” relationship for other functional materials.
[image: ]
[bookmark: OLE_LINK17]Figure 3. Crystal structures of Rb2MnF6 (a), (TMA)2SnF6 (b), and (TMA)2HfF6 (c) obtained from SCXRD and the structural parameters extracted from them respectively.

[bookmark: OLE_LINK6][bookmark: _Hlk153990907]Despite the main rules (i.e., the “structure-lifetime” correlations) of long (or short) ESL obtained from the ML, it is still necessary to understand the hidden physical mechanism by which structural parameters affect the electronic transition of Mn4+, which can help to reasonably design new Mn4+-activated phosphors with desirable luminescent properties. Based on the above ML results (Figure 2c), the “Symmetry” feature has the highest prediction contribution (up to 89.1%) to this RF model, indicating that B-site symmetry is a key structural parameter that affects the ESL. In other words, the ESL can be regulated to the greatest extent by adjusting the B-site (occupation site of Mn4+) symmetry in crystal lattice. The other six structural features also have an impact on the Mn4+ ESL (10.7% of total contribution). Due to the complex 3D structure of the host matrix, there may even be undiscovered structural parameters that also influence the Mn4+ ESL, because this RF model temporarily cannot achieve perfect prediction for the ESL. However, it should be emphasized that we have obtained an RF model (Figure 2a) that can well predict the Mn4+ ESL using only 7 structural parameters, that is to say, they are responsible for the “structure-lifetime” correlations. They dominate the local crystal field environment of Mn4+, thereby affecting the electronic transition of Mn4+. To clarify this point, we plotted the ESL versus the 4A2→4T2 energy for many reported Mn4+-doped fluoride phosphors (Figure 2d, data are also listed in Table S5). These data show an interesting trend where the ESL becomes shorter as the 4T2 energy decrease. This obvious trend indicates that these structural parameters, especially the B-site symmetry, actually affect the 4T2 energy of the incorporated Mn4+, thus causing the shortening or lengthening of ESL. A proposed energy diagram for elucidating the mechanism of ESL has been drafted in Figure 2e featuring the difference of 4T2 energy in the long and short ESL systems, respectively. It can be seen that the overlapping of the electron clouds of 4T2 and 2E becomes larger as the energy gap decreases, allowing more mixing in the wave functions (electron clouds) of the two energy levels, which further relaxes the spin-forbidden selection rule, resulting in shortened ESL; conversely, the ESL will be longer. In general, these structural parameters greatly affect the relaxation of the spin-forbidden selection rule, thereby resulting in changes in the Mn4+ ESL.
[image: ]
Figure 4. PLE and PL spectra, and PL decay curves of Rb2MnF6 (a, b), (TMA)2SnF6:Mn4+ (c, d), and (TMA)2HfF6:Mn4+ (e, f) measured at room temperature.

Table 1. The IQE, AE, EQE, and corresponding excited-state lifetime (ESL) of some typical Mn4+-doped fluoride phosphors.
	Phosphor
	IQE (%)
	AE (%)
	EQE (%)
	ESL (ms)
	Reference

	K2SiF6:Mn4+
	90.4
	86.5
	78.2
	7.6
	8

	K2SiF6:Mn4+
	93.3
	72.3
	67.5
	8.1
	8

	K2SiF6:Mn4+
	92
	47.8
	44
	8.3
	19

	KNaSiF6:Mn4+
	90
	45.5
	41
	6.1
	20

	Rb2SiF6:Mn4+
	91.9
	60.7
	55.8
	8.01
	21

	Cs2SiF6:Mn4+
	89.22
	79.96
	71.34
	7.81
	22

	Na2GeF6:Mn4+
	60
	/
	/
	6.58
	23

	K2GeF6:Mn4+
	93
	78
	73
	6.65
	24

	K2GeF6:Mn4+
	97.9
	70.3
	68.8
	6.6
	25

	K2GeF6:Mn4+
	90
	66.6
	60
	5.85
	26

	Cs2GeF6:Mn4+
	80
	83.7
	66.9
	7.52
	23, 27

	K2TiF6:Mn4+
	93
	54
	50.22
	5.7
	1

	[bookmark: OLE_LINK35]K2TiF6:Mn4+
	94
	69
	64.86
	6.35
	28

	K2TiF6:Mn4+@K2TiF6
	96
	69
	66.24
	6.25
	28

	Rb2TiF6:Mn4+
	76
	/
	/
	5.2
	29

	Rb2ZrF6:Mn4+
	75
	/
	/
	5.0
	30

	Rb2SnF6:Mn4+
	70.3
	/
	/
	5.22
	31

	K3AlF6:Mn4+
	88
	57.5
	50.6
	5.2
	32

	K2NaAlF6:Mn4+
	58.4
	/
	/
	7.537
	33

	K2NaAlF6:Mn4+
	88
	17
	14.96
	7.81
	34

	Na3GaF6:Mn4+
	69
	/
	/
	4.97
	35

	K2NbF7:Mn4+
	93.5
	28.0
	26.2
	3.7
	6

	K2NaScF6:Mn4+
	70.3
	18.2
	12.8
	3.5
	36

	K3GaF6:Mn4+
	46
	/
	/
	3.69
	37

	K2LiAlF6:Mn4+
	87.5
	17.9
	15.7
	9.3
	38

	K2NaAlF6:Mn4+
	85
	26
	22.1
	7.58
	34

	K2NaGaF6:Mn4+
	61
	/
	/
	5.6
	39

	K2NaScF6:Mn4+
	57.13
	15.91
	9.09
	1.78
	5

	Rb2NaScF6:Mn4+
	54.98
	18.88
	10.38
	3.69
	5

	Cs2NaScF6:Mn4+
	51.99
	20.81
	10.82
	3.31
	5

	Rb2MnF6
	81.4
	78.0
	63.5
	8.23
	This work

	(TMA)2SnF6:Mn4+
	92.0
	63.1
	58.1
	3.733
	This work

	(TMA)2HfF6:Mn4+
	94.4
	58.7
	55.4
	3.602
	This work


Note: / denotes no reference data.

[bookmark: OLE_LINK20][bookmark: OLE_LINK24][bookmark: OLE_LINK28][bookmark: _Hlk153647377][bookmark: OLE_LINK29][bookmark: OLE_LINK31][bookmark: _Hlk159931551]To demonstrate the reliability of the constructed RF model and the correctness of the revealed “structure-lifetime” correlations, phosphor matrix candidates were searched from the Inorganic Crystal Structure Database (ICSD) or the CCDC. Based on the revealed structure rules of long (or short) ESL, an inorganic compound Rb2MnF6 was selected as the candidate for long ESL, and the other two novel tetramethylammonium (TMA)-based organic-inorganic hybrid compounds (TMA)2SnF6 and (TMA)2HfF6 as the candidates for short ESL. Their crystal structures were obtained by SCXRD analysis, as shown in Figure 3. Their main crystal data are shown in Table S6, and their crystallographic data have been deposited in the CCDC (CSD 2315756 for Rb2MnF6, CCDC 2315759 for (TMA)2SnF6, and CCDC 2315761 for (TMA)2HfF6). In addition, it can be seen that the inorganic [BF6] groups in the two hybrid structures are highly separated (d(B-B) ˃ 8.1 Å) thanks to the steric hindrance effect of large-sized organic cations, which is beneficial to the heavy doping of Mn4+ while avoiding the agglomeration of Mn4+ and suppressing the energy transfer of Mn4+-Mn4+ and Mn4+ to defects. Therefore, it can be expected that these two Mn4+-doped hybrid fluorides will both have high luminescence efficiency. In order to confirm whether these candidates possess the expected ESLs, we extracted the following structural parameters from their Crystallographic Information Files (CIFs): “IR(A)”, “IR(B)”, “Symmetry”, “d(B-F)”, “d(B-B)”, “Distortion”, and “Vasym” (Figure 3 and Table S3). These structural parameters and the classification feature “O/I” were uploaded to the constructed RF model, and the predicted ESL values of Mn4+ in these compounds were obtained using the conventional procedure of averaging the Forest voting: 7.958 ms, 3.877 ms, and 3.908 ms for Rb2MnF6, (TMA)2SnF6:Mn4+, and (TMA)2HfF6:Mn4+, respectively (Table S4 and Figure 2a). To verify the accuracy of this RF model prediction, we carried out experimental confirmation (Supporting Information), where Rb2MnF6 was directly used for characterization as it is a Mn4+-base compound crystals (Figure S7). XRD analysis (Figure S8) showed that a series of pure (TMA)2BF6:Mn4+ (B = Sn or Hf) phosphor samples doped with various Mn4+ concentrations (Table S7) were synthesized successfully. Rb2MnF6 and (TMA)2BF6:Mn4+ (B = Sn or Hf) both exhibit typical luminescence characteristics of Mn4+ in fluorides (Figure 4), where the concentration-dependent PL spectra of (TMA)2BF6:Mn4+ indicate that their optimal doping amounts of Mn4+ are about 20% (Figure S9). The IQEs (92.0% and 94.4%) and EQEs (58.1% and 55.4%) of (TMA)2BF6:20mol%Mn4+ have exceeded those of most reported Mn4+-activated fluoride red phosphors, and are almost comparable to that of commercial KSF with long ESL (Table 1). Their high QEs can be ascribed to the structure characteristic of highly isolated [BF6]2- octahedrons and the heavy Mn4+ doping amount. The Rb2MnF6 crystal phosphor also shows high IQE and EQE of 81.4% and 63.5%, respectively. Its high QEs results from the 100% Mn4+ content and the large single crystal particles. In the meantime, their luminescence decay curves all showed single-exponential decay behavior (Figure 4), which means that the PL decay starting from 2E excited state is mainly radiative, confirming they have excellent photoluminescence performances. Their actual measured ESLs were 8.23 ms (Rb2MnF6), 3.733 ms ((TMA)2SnF6:Mn4+), and 3.602 ms ((TMA)2HfF6:Mn4+), respectively; and their differences from the RF model predicted values were 0.272 ms (Rb2MnF6), -0.144 ms ((TMA)2SnF6:Mn4+), and -0.306 ms ((TMA)2HfF6:Mn4+), respectively (Table S4). All the differences were below the obtained MAE value (0.509±0.185 ms), demonstrating the good prediction credibility of RF model and the correctness of the revealed “structure-lifetime” correlations. Therefore, the constructed RF model can be used to screen unexplored compounds to find new Mn4+-doped phosphor candidates with long/short ESLs and allow researchers to select the desired materials before proceeding with conventional synthesis procedure. And more notably, unlike those previously reported Mn4+-doped fluoride phosphors, the discovered (TMA)2BF6:Mn4+ phosphors simultaneously achieve high QEs and short ESLs (Table 1). In addition, the short ESLs of (TMA)2BF6:Mn4+ can greatly suppress the red luminescence tailing phenomenon as illustrated in Figure S10, which is beneficial for fast-response backlight displays.5 Evidently, temperature dependence experiments (Figure S11) indicate that the (TMA)2BF6:Mn4+ phosphors are not suitable for high-power pc-WLED applications because their red emission is severely quenched at 150 °C (423 K).4 This quenching phenomenon is due to their relatively "soft" 0D crystal structure, which lacks structural rigidity compared with the KSF. Fortunately, the vast majority of their red emission can be preserved at 75 °C (e.g., 84.2% for (TMA)2SnF6:Mn4+), which is higher than the LED junction temperature (merely 70 °C) in backlight displays.6
[image: ]
[bookmark: _Hlk153653756][bookmark: _Hlk153208052]Figure 5. (a) Schematic diagram of the homemade Mini-LED display prototype in this work. (b) Photo of the internal blue Mini-LED backlight for the display prototype when powered on. (c) Photo of the PL material film coated by a mixture of (TMA)2SnF6:Mn4+ and green QD (~530 nm) taken under natural light. (d) Photo of the white backlight module assembled by directly placing the PL material film on the surface of the blue Mini-LED backlight when powered on. Output spectra collected from the screens of the homemade Mini-LED display prototype (e), a YAG phosphor-based commercial LCD display (f), and a QD-based commercial Mini-LED display (g) using a fiber optic spectrometer. Comparison of the images displayed by the homemade Mini-LED display prototype (h), the YAG phosphor-based commercial LCD display (i), and the QD-based commercial Mini-LED display (j).

[bookmark: OLE_LINK33][bookmark: OLE_LINK30][bookmark: OLE_LINK32][bookmark: _Hlk154161233][bookmark: _Hlk154161252]The high QEs, short ESLs, bearable thermal quenching, wide blue absorption, and narrow red emission make (TMA)2BF6:Mn4+ a promising emitter for high-quality wide color gamut Mini-LED display backlight displays. Based on the internal layout of the Mini-LED display (Figure 5a), we first need to prepare a PL material film with appropriate light transmittance that can be completely covered on the blue Mini-LED backlight (Figure 5b) to assemble a white backlight module. The small size of (TMA)2BF6:Mn4+ helps them to be coated into a uniform film (Figure S12). The PL material film was coated by a homogeneous mixture of the (TMA)2SnF6:Mn4+, commercial quantum dot (QD530) and isobornyl acrylate through a wire rod coating machine. As the photos shown in Figure 5c, the as-prepared yellow PL material film is uniform and translucent, and was cut to similar dimensions to a 27-inch monitor screen. Then, this film was placed on the blue Mini-LED backlight to assemble the white backlight module (Figure S13). A strong white light emission can be observed from it when powered on (Figure 5d). Moreover, due to the small heat generation of the mini blue chips and the non-contact design between the film and the chips, the maximum working temperature of the PL material film on the white backlight module is 31.4 °C (Figure S13), which is far lower than the thermal quenching temperature of this (TMA)2BF6:Mn4+ phosphors (T1/2 = 116 or 109 °C, Figure S11). In addition, due to the protection of the film by the polyethylene terephthalate (PET) substrates, no significant decrease in luminescent intensity was observed when the white backlight module was continuously lit in a 65% high-humidity environment for 48 hours (Figure S14), indicating good stability of the module. According to the configuration of the Mini-LED display mentioned above, this white backlight module was used with a commercial liquid crystal module, RGB filter film and display screen to assemble a homemade Mini-LED display prototype to demonstrate the display performance. The homemade prototype display screen emits standard cool white light with a correlated color temperature (CCT) of 7489 K and Commission Internationale de L’Eclairage (CIE) chromaticity coordinates of (0.3015, 0.3063), which is similar to the white light emitted by the commercial Y3Al5O12:Ce3+ (YAG) phosphor-based liquid crystal display (LCD) (CCT = 7418 K, CIE = (0.3039, 0.3007)) and QD-based Mini-LED display (CCT = 7552 K, CIE = (0.2974, 0.3185)) (Figure 5e-5g). Based on the filtered pure red, green and blue spectra of this homemade prototype display (Figure S15), its color gamut was determined to be ∼124% of National Television Standards Committee (NTSC) standard in the CIE 1931 color space, which is much higher than the commercial LCD display with broad emission spectral characteristics (64% NTSC, Figure S16). Furthermore, due to the narrower red emission of (TMA)2SnF6:Mn4+ compared to commercial QD630 (Figure S17), its color gamut is also larger than that of the QD-based commercial Mini-LED display (116% NTSC, Figure S18). Thanks to the wider color gamut brought by the homemade white backlight module, the (TMA)2SnF6:Mn4+-based homemade Mini-LED display prototype exhibits a more vivid picture of the red rose compared to the other two commercial displays (Figure 5h-5j). In addition, since it is impossible to measure the luminous efficiency (LE) of the large-size display devices, we also fabricated two conventional pc-WLEDs with standard white light emission based on the (TMA)2SnF6:Mn4+ phosphors (Figure S19). They all exhibit high LEs (122.42 lm/W or 135.99 lm/W), showing great practical prospects of the (TMA)2SnF6:Mn4+ phosphors in backlight displays. These results show that we have taken a substantial advance towards the commercial application of high-quality Mini-LED displays with the help of (TMA)2BF6:Mn4+ phosphors.
[bookmark: _Hlk153989700]In conclusion, we have demonstrated an efficient ML approach based on a relatively small dataset to discover new Mn4+-doped fluoride red phosphors with desired ESLs. Such a ML approach not only builds an RF model that can accurately predict the ESLs of Mn4+ in fluorides, but also elucidates the “structure-lifetime” correlations between the fluoride matrix and Mn4+. Feature importance results indicate that the B-site symmetry is a pivotal structural feature that determines the ESL of Mn4+. The underlying mechanism lies in the interesting intertwinements between these structural parameters (especially the B-site symmetry) and the 4T2 energy of Mn4+ that affects the ESLs by controlling the mixing of 4T2 and 2E wavefunctions. Under the guidance of “structure-lifetime” correlations and the RF model prediction, short ESLs (τ ≤ 3.7 ms) were achieved in two new Mn4+-doped fluoride (TMA)2BF6:Mn4+ (B = Sn or Hf) phosphors, respectively. Their EQEs are comparable to that of the commercial KSF (e.g., EQE = 58.1% for (TMA)2SnF6:Mn4+), but their ESLs are less than half that of KSF. Employing the (TMA)2SnF6:Mn4+, the prototype display with excellent performance (~124% NTSC) was assembled based on the homemade white Mini-LED backlight module, demonstrating the practical prospects of (TMA)2BF6:Mn4+ phosphors in high-quality displays. This work provides a deeper understanding on the correlations between structure and luminescence, as well as lays the groundwork for future advancement in employing ML to dramatically accelerate the discovery of new promising phosphors.
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