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Abstract: The development of traditional luminescent materials (such as cadmium-based quantum dots and lead
halide perovskites) is intrinsically limited by their reliance on toxic heavy metals (e.g., Cd and Pb), which raises
severe environmental and health risks throughout their lifecycles. Therefore, the transition toward eco-friendly
alternatives, including cadmium-free quantum dots, lead-free halide perovskites, and rare-earth-doped phosphors,
has become a pivotal research imperative. Currently, the design and optimization of such materials rely on
inefficient trial-and-error experimental paradigms, which often fail to overcome critical bottlenecks in luminous

efficiency, environmental stability, and interfacial compatibility. This review systematically outlines the current
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landscape and technical challenges of environmental-friendly luminescent materials. It highlights how

computational techniques, particularly density functional theory, allow the accurate prediction of optoelectronic

properties in core-shell structures and the elucidation of defect-induced non-radiative recombination mechanisms,

thus facilitating rational material design and property optimization. In addition to theoretical calculations,

data-driven technologies further accelerate material screening by leveraging standardized databases and machine

learning models, having already yielded high-stability phosphors and high-efficiency narrowband emitters. Finally,

an outlook on the synergy between computational and data-driven approaches to overcome existing research and

development barriers is provided. Future efforts must focus on deepening the integration of these technologies to

advance the practical deployment of environmental-friendly luminescent materials in display and lighting

applications, thereby driving the sustainable transformation of the optoelectronics industry.

Key words: environmental-friendly luminescent material;, density functional theory; data-driven technology;

machine learning; perovskite material; review
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Fig. 2 Band alignment types and shell-thickness-dependent exciton distribution characteristics in core/shell quantum dots
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(a) Type I, type II and reverse type I band alignment (CBE: conduction band edge, VBE: valence band edge, E.: energy band gap of core,
E,: energy band gap of shell)); (b) Schematic diagram of the wave function tunneling probability estimation method!”);
(c) Electron-hole radial distribution function (RDF) of 1.75 nm CdSe core with different shell thicknesses; (d) Single exciton probability
distribution vs. shell thickness (with core/shell exciton coverage)!’*!
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Fig. 3 Surface chemistry effects and optical properties of InP QDs and crystal structure characteristics of Ga,052* 7678
(a) Influence of different surface chemistries on carrier trapping in InP QDs"®); (b) Absorbance and emission spectra of QDs with different
compositions!””; (c) Crystal structure of Ga,05*"; (d) Refined lattice parameters!®!; (e) BVS!"!
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Fig. 4 Crystal structures and luminescence properties of several nitride phosphors

[34, 80-82]

(a) Excitation/emission spectra of SLA and CaAlSiN;:Eu®"™"); (b) Excitation, reflectance and emission spectra of M[Mg,Al,N,]:Eu*" (M=Ca, Sr,
Ba)®"; (c) Excitation/emission spectra of Sr[Mg;SiN,]:Eu®"®%; (d-f) Crystal structures of (d) SrLiAl;Ny, (¢) StMg,Al,N,, and (f) StMg;SiN,>*!
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Fig. 5 Electronic structure calculations of InP QDs and structural distortion with electron localization analysis of 2D perovskites

[83-84]

(a) Molecular orbital energy and electron density of InP QDs in the screened configuration interaction singles (SCIS) calculations'®"); (b) Schematic

of octahedral coordinate system and off-centering vector®*!
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; (c-e) Electron localization function contour plots under different stretchings

[84]
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Fig. 6 Crystal structural characteristics of Sr2.045Al0,025S1097505:0.03Eu®" and

energy transfer mechanism of La;_,Sr,.,Al;_,Si,Os:Eu phosphors'

[88]

(a-c) Crystal structure of St2.045Al0.025S10.97505:0.03Eu?" (different views); (d) Corresponding coordination polyhedra;
(e) Schematic of Eu ion transition and energy transfer in La;_,Sr,.,Al;_Si,Os:Eu
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Fig. 7 Machine learning applications in band gap prediction, optical properties of Ce**-doped crystals,

and luminescence performance prediction of carbon dots
(a) Band gap prediction comparison of different machine learning models!""”; (b) 4f-5d energy level diagram of Ce** in crystals

[107, 115, 117]

[115].

(c) Correlation between predicted and experimental Ce** 4f-5d transition energy!"'™); (d-f) Mean absolute error (MAE)
optimization of emission wavelength, quantum yield (QY) and Stokes shift by different models'”!
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Fig. 8 Machine learning for emission wavelength prediction of Eu**-activated phosphors

and adaptive synthesis optimization of perovskite nanocrystals

[118-119]

(a) Training, validation and test results of peak emission wavelength (PEW) prediction!""®); (b) Synthesis setup and adaptive sampling of
(Cs/FA)Pb(I/Br); NCs!'"!; (c, d) Full width at half maximum (FWHM) and maximum intensity prediction under 680 nm emission''"!

ALIGNN) U & A4 A4 R 0 XU 5 38, AR s e
HH TR R e R R A v AT S A R, AR T
GNN 7 45 Fa BB o Fo0 v i e, HL )= BR 1472 T
Xof v o v A B O, O B R R TR
A E . AR R BT W 4% (Generative  adversarial
network, GAN)IE# T AE i 2% 5 H) 1 48 B0 eIl 2k
IR I A, o] SEIET B R OG5 R 1
e . B, Tan U20R AL T B 45356 GAN
MR TG, DA R A R R ' R R
5. SR, GAN A= B4h 14 i o] & stk 5 A2 oE 1t
55 SEIR ISk, HoIZR i R 0 £ ot B AL S N
Uk, 3 B % 5] (Self-supervised learning)F| F K &
AAREEE (a0 SR S5 | il i Z) AT N R, 5
It B ARSI ROR, B3R T bR B
(ol B, i, Xie Z5MNE it A6 22 B 70 1 B
FERGTUI SRR NG, SR 1 AN 5 Ol 14 Joit 1 Tl U
H o ZITERE N T8 B RMA R BT BT B
B, AR RCR & BEARO T B I BT S5 W SR
FRRFPERI LG BE . IE #8252 2] (Transfer learning)ifii
o O MOEMA 2 (IR 30O I 2545 2 PR R AiEf2 &2
Bk R (B AR, Ae% RME B s 2 7K
{541, Moore S50 i K17 2 S04 0 5 b il I 45
RS R T L5 A Re e F0ll, 78 /N AR 37 53¢
MR RS T . 27 RS TR H AR A
AL FEY A 3 e, (HAEZE Rl R AT R S 3K
“AHILFE”, TIEHRIHIT RS . 5]\ EiRJ7 ki

J. Inorg. Mater., 2026, 41(6): 704—722

—IBEE TR F B, H AT IR AR A R
PINLAS 22 2] TAE R e B ) St T Ry
b RRWF AT B B PN L R A
HITEE R, KR I ISR B R 2 8 R B
W
3.3 HBWMRBL S RHEIT

FE T H0HE 3K BN 18 A AR A R A R R T,
Ik AR TR T S 56 56 UE I PR PR AR, RIE4E R T
WA T, DI R 2 Mtk ge A = . & LA [F] B
F37 5 BT bR o Jiang 20850 iR 19 % LED 75
3R, ARSI S IR e LA 2 ST AR
BEAMASEHEY P a b EEARTE, KT
Lu; 5Sr; 5Al3 5811 5012:Ce FERARA Ce Dttn, H
RYFIELZ) 505 nm, 1 640 K NAIE B 60% K 5 58
PR EVE R . Li 5P &8 B DFT 5 552
i, ORI T EA BoTEOE 40 OG R Ok B
S, AISiLOGN:Eu™", 3T HH%& M) LED ik
H(CRD AR 5, 38 i fb 2 BUAR AR 4k &+ 2%
(1 9(a)). Xu Z LR Fl wni@ EAT S 7 Rk &9
H i % tH BeGeN, 55 5 PR K AN R M Bz IR, I
o 7 A AR > AR AR R (] 9(b)) o T X ZF4E
&8 s 0 R 62 9 8, Molokeev &1 it
FER W5 RE WLES =070k, e 17 32 gk
ns” 48 B LI PLQY 5 ARG MR R, K4
BB T PR R PLQY M EIRE, #hmamk T
PIFRET Sb> I B AL (L (C1oH 16N),SbCls (1 4

www.jim.org.cn



716 AL M OB IR

41 %

ZERANIETE W 9(c~e)IT7R), FUE SR BE R K
SEZEMEL PLQY M E R K. Zhuo I
2610 Fiib &)1 DFT 5P A5 B i I 25 SR ) &=
MU SRR S 0 8 FEIR RS, 4 & DFT -5y
L (A8 22 e PR3, AN 2071 ol e 4 v 7 a4 HH T 2
PFEE (1) NaBaBoO,s HE 5, SEHL T % Bu” 4B 2 %578
KT CR I T K« Takemura 25UV WA JS 36
CERARABLIE e, 3 O R B AT B B AN R R 4
R, A - ARRENLARIE R A (-distributed stochastic
neighbor embedding, --SNE) 1] ¥4k, # ICSD % ¥ =
4 /e 48 R0 1 R S S D 2D i
K 10(), O & H 5 2 &% R ok B
BaSi,0,N,:Eu™ [f] Ba 75 #&5 IAHBLK K,ZnP,0,
VENFERR, R T 7E 440 nm Ab 75 H5 R S CF 7 %8 30 nm)
({1 KoZnPyO7:Eu” 9 Y o Bl o S LA A R 5 o e by
BaSO,:Eu’'[¥] Ba fif B #4522, @it AR J7 ik
M ICSD H# e rh i i% H NayCs,Sr(BoOys), 1E N LA,
HRHTE 417 nm A EFEHFRFCEE T 26 nm)H]
Na,Cs,Sr(BO5),:Eu” 5 Y0, 728 LED H %%
A B, Wang 2P USRFH RF HLas 2% S 50k, 3%
F 33 B Mn* BOE =4 OB T ARAL A B K T
IR R R RO B TR b AL E
Sk GE R RRAE, R Cs,NaAlFe:Mn* (CNAF) {5
AR 10(b)), K il % 8 i W20 IR N T
W LED #fF, LB T 121.5% NTSC(National
Television System Committee)=¥, 90.6% Recommen-

dation ITU-R BT.2020 #3 %% ti 35

WA 2 2] 38 ] 45 & 4 8 N 3% 5c i PR RE 75 oK,
SIS ANF R G B ThEE S A RL RS HE g
Koyama 25T 129 F Bu® %5 e M i 42,
K P B2 R T 5] A4 1) bootstrap 5 B SR A 12 8 5T
W IR K RO AR TS, MR R0 2 i i 20 AN T i 5
A7 F 500~550 nm YEFE P HIEIEY), &6 SRR
RI T LiyCasSis013:Eu’". Na,Ca,Sir07:Eu”’.
SrLaGaO,:Eu™" = Fli 7 B 4 B s 43 2 3 ¢ 68« Ding
EUBIEEF 116 Fh Mn* B0 76 6k SCI Boli H 2 6 Ff
HUBS2F IR 2236 VA RRAIE T BR IR A R 1E S5, K I 4R
(] VAR T M e g, DAUR TR 278 i ik 4k
K IR EL 19 Pk AT SLIRIGAE, 4562 IR ER T
SER IR K SR A, AR 6 Fhak
Jekr (i Ba,LaNbOg:Mn*"), Sl K 5 Fi 25 )
. Ming 26P45EF 40 4> Mo BUE ALY SR S
P RF HLAS S I B 25 RS i T R 4
731 (Excited state lifetime, ESL)(& 10(c, d)), #i7~ B
PO FRPE AT ESL (1) S8 25 I RFAE J 45 ¥
fr B (& 10(e)), MK I (TMA),SnFe:Mn*" 5
(TMA),HfF o:Mn*" (TMA=Tetramethylammonium)
Tl B AL (ESL<<3.7 ms. & T30%>92%. 4k
B RE>55%), JFHET A& 3 H 124% NTSC
B LED SR JE R . Jiang 251025 4 = H ARG
W5 3 TRE, MR T I LA SN Mk RE TR A Y,
TF % LaGagsSbl sO6:Cr> 5 68y, HAE 442 nm 4L

(@ 1:sesios sio © (®
2:81Si0, 2 2 MATERIALS PROJECT
3 :5rSi;(NO), :
4: Sr,AISiNO; ioaie =~ R X @ Binary & ternary
5: SrSigNsO Y Y R E ek e
6:SrALO, 2 N o ) -
7:SibN,O . 7 sa i \ o ISEfRT<eeVo AH/<O
8: Sl SO, S 5 LNR, 5 S ——
9:Sr5Alo(ShOx), ® 30 ) A Uy ~
10: 80, oSNy A R Al TRy S —
: Al SIOs > Y
12: SrALO, og 11 . g o 5}/" ° Mﬁ( ‘ » o 4<Edrecte 6oy
Sroe Y | A [ ] Ny e
e 1\ : "'( Y \b %" Y/ %
6 ., . \ . |
Maxl® >0
1012 L0, S —
@ Decision Tree1 10 (€) PLQY =96.5% . (C,H,N),SbCl, -_
5 o my < my(AIN)
| p1<Value1 308
2
No Yes Q 08 355 nm 3
o o B = B(AIN)
|p3>VaIue3| | p2<VaIue2I o4 —
E 616 nm E ¢ 3
No Yes Nmes go2 mical
stable
|PLaY=k1] [PLaY=kZ|[PLY=k3| [PLQY=Kq] 00 —
300 400 500 600 700 800 900 6

J. Inorg. Mater., 2026, 41(6): 704—722

Wavelength (nm)

9 HIALURICA RGBT« A G FAE S B g gk g (12127
Fig. 9 Phase diagram analysis, crystal structure characterization, and computational screening
strategies for novel luminescent materials!'?3'?7)
(a) 3D phase diagram of SrO-Si0,-Si;N4-Al,O; (with new phase Sr,AlSi,0¢N)!'*); (b) Computational screening workflow of
deep-ultraviolet light emitters!*®; (¢c) Crystal structure of (C;oH;¢N),SbCls!"?”; (d) Schematic of random forest algorithm!'?”!
(e) Photoluminescence excitation (PLE) and PL spectrum of (CoH;sN),SbCl!"*”
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[129, 131, 134, 137]

(a) 2D #-SNE plots of K-centered local structures!"?”’; (b) Lattice structure of the candidate CNAF!""); (¢) ESL vs. *A,—*T,
transition energy of Mn*"-doped fluorides!"**'; (d) Energy level diagram of Mn*"-activated systems (long/short ESL)!"*¥);

[134].

(e) 3D feature space distribution of high-lifetime samples'"'; (f) Schematic of ML-based screening

for narrow-band green emission candidates!
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[138, 141-142]

(a) Data processing pipeline of ML model'**!; (b) Receiver operating characteristic (ROC) curve and area under the curve (AUC)
of logistic regression classifier'"**); (c) Confusion matrix of the model on cross-validation!"**); (d) Comparison of predicted and
experimental CCT!"*Y; (e) Structure and luminescence photo of white phosphor-converted light-emitting diode (pc-LED)!*%
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