4 54 5% 8 W O O % R

= Vol. 54, No. 8
2026 £ 8 H

JOURNAL OF THE CHINESE CERAMIC SOCIETY August, 2026

http://jcesoc.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250598

o i

et L RE R AL Y H B SCIRI AR T e

oW ARES kot B o4’

(1. AT DAV FEZERE, M 4500465 2. {5 B TR, I 450001,
3. WEPHIMYVEABE, R WFH 471934)

B E: HERIMDCRRME LA S REPUTIRE ) mR B DL L POE R v, EZEFUE . BN, AEe-#
S8 2 U R DL N I OME . AE RIS R LA, H B G PRI R 1 BE ELHERE AR 25 1F IR B F i 5 S B I 2%
R, LGRS G TYERE, ARG Z oK. (BRFTHFRIL, MLl T BaME e E B e B s E, A
RORFE LW HE R0, REEGAMEHERRRIR, o8 H B HRIBARAE 2 A GUR AN T 05 17 A SO M 8 75544
BHE H B R SO AT Fe ik e HEAT T RGLERIE, IRARINTIZEM B RE R AL AL MRMAR . S Fa i S PERe LI/
T, 0 ST SRR SR L N R R SR RO RS 0 2 BT e (kO R B S SR R DT 1), afieidt H B SRAMRIIBA I B3 A e

R T KRS E

XKgER: HEGCHERN; MtET; meEkid; TEG
FESHES: TN23  EEER: A
P4 R ATIE] : 2026-04-15

HE B BRI KT 200~280 nm (46
X3k, BT REEEN X — e A7 R R Z R U
YER, Ml B AR LA AR 10 B ) s
Uo IXAMERA BORBERENE, f3 H E B BE L AR
SUAEL T AT AR E A2 HE R BOGHE
WINHARM N+ 2, WEFEHESRA%EZA
SR, FEEE L, HERBRNETHT SHE
FEERI, AR 5E S R AA 7R 2 BU R AR T, Wk
TS PR B = B E AR R R A, HRE
SO FEREE N RS S T, s E R S T
FEME. TR, KO R HATIE 40 FH AT
KIGESMRST, AT SEILRE T s E Tl S,
FIRZHE AR A SRR 5 4

i L B0 4f TP HAME Ss R Sp BT BRG
HBRGZ AN AN, RIHRBHEE 2
FEMREIRAT, MRILH 78 R AT KOt HE s s
R G 2 1 BB, 76 638 (1) 5 TR e B 2 5 4 Ak

Wk Bl 2025-08-06. BITHY: 2025-08-24.

FEEWH: WA HREEE S E SR L I(231111222200); FHxE
RHE 4T E I H (52473262) 5 K A A # 6 Mk 15 H
(202510482013); Vil B 44 e S5 44 B ORI H AR 55 7 Mk
JRETH(25CY025) .

B B OWA9sy ), B, WiLErL.

WEES: T 401980 ), 5, fd, #Hog.

NEMS: 0454-5648(2026)08-2935-14

YI[AIO(OH). Y203]. FALYI(SrF2. NaYFa) B A
B, W B Rl i LR/ S A B R
B, BTSSR RAIEIES HE %
SMEFHACH SR AT WEBOR 2067, HEh
WM s AR, BRI T HE G EERN
PRI LR . BRI L o W R R e 1 S B
Refabn, itk Re A PR R SRt 1A% O B IR JE
RS EARRE . A OB RGMBLE SR L5 7 H
B G EARIAIR A R T Re AR LT 2R
SERIA S VERE SR T SR WG 55 7 TH I OB i 7

I MBS AR A

1.1 #FHIBFHEREEEBENFS & AT

L1.1 FEETRRASEHSIKIERE WL
TRIBTEAMETH R TR T 57~71)LL
JEi(Se)s H(Y)EILREMME T, HEFEHd
TAERIAFEN) 4f BT WJZE. BT 4f T2 342

Received date: 2025-08-06. Revised date: 2025-08-24.
First author: HUO Shuai (1989-), male, Master candidate.
E-mail: huoshuai3568vip@]163.com

Correspondent author: JIA Hong (1980-), male, Ph.D., Professor.
E-mail: jiahong517@aliyun.com



< 2936 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(8): 2935-2948

2026 4

HLF B B A AR 58, AR EA2S 5 52 B i i
Y. BIE-BERR G2 PR R B, M-S0
TEFR A R AR, el — RYREEAHITH
NASTEA A P REZR 0N, H5 BT I R e p L 32 2
LG 441 A1 4£-5d 2 PhERITE R, =ik 40E WA
HEER AR E R BT 46-4f BOER SR
JEHT BRI FAREE R, RN AELTE
KT i P REAB I B A Ak 315 5 AR AR BRI - 1 4£-5d
BRITJE T FRR VSRR, T 5d PE SRR R
HIEH, HEAEW . BAMRE. E2XEA
[FIR B BRIT R A AE, R LR FER . &
AN~ OB IR EREE Az N 02,

1.1.2  feEAEALE  ReEARE M LROEAR
rhl ik H OGBS RE, AR IO FRER S
N EBREERAS KA B, WUR H L PTIER 7 B4 0
BORREHA 2 R —rly, X —d R SEB s RUR
RREE, [TRZAHETHRTI23). BB
TR . MEEFRHERE, ReEALEn] 7 AL
i 5oL E 2 28, AR AE L RE T RE AL 18
(RRET). LRGN A EAEE(RNRET) £ A 14
Bh o #8545 % (MPANRT) . 32 X 574 (CR) 4 FhAL#],
S [F) S b B A Fd R i e R 4R

SLHREEG A B (] 1a), T2 T (UL )
R TEPTERIE IS BEBOE T, 32 185 (s
7 AR 51206 TOEREILA, Je T a2 &
B bt R R EORAS. tedRETE S A2 E
FHELARAST, BRI 3 A 6 el 5 52 EOE I E &,
SRR L T A e s DL EE 3R e e b, H ffF
R A B A AR IRCSLARR T /RO R AR e AL,
JIT LSRR R F A R LA AR 3D o IERIC RS %
(K 1b), LB T A AR 275
5% TR IR B IREN (7 1) B H A 7 2
T2, PR RE R R SRS 3 IR
Jeik S, HOVMEIEEE. M2 R TR
I, RN AT e, RE AR SRR,
1 H KON REZR VLS, fE &R DA At 5 52 22 8] )
Wifkid. 2 TR EIEE o), HhiES
2 EREHZBONM ICIE EAL VLRSI, ] DU R
BURMS 2 AT SElRE EAR . G ER(A 1d),
RAET 2 MARKEE FRKEEF TR —
NET N REABRIE E PRl RE L, BN RE B
— BT RERRIE EE R A, ZMLHK R
WL BRSO TR AR, W8T ke
O AC ) E 25 3.

S A S A

(b) Resonant
non-radiative transfer

(a) Resonant
radiative transfer

(c) Multiphonon-assisted

S A S A

(d) Cross relaxation
non-radiative transfer

K1 4 g E AR R

Fig. 1 Schematic diagrams of four energy transfer mechanisms
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Fig.2 Downconversion Luminescence Mechanisms
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Table 1 Comparison of properties of rare-earth-doped solar-blind photodetection materials

Phonon

Properties Bandgap/eV Core advantages Main challenges Representative systems References
energy/cm™!
Oxides 5.0-8.0 600-900 Extreme environmental stability Severe non-radiative loss AlO(OH), Y,03, GeO4 [19,28-31]
Fluorides >10 <500 Low phonon energy Poor moisture/thermal stability SrF,, NaYF,, CaF, [32-35]
Oxyfluorides  5.5-7.0 <550 Efficiency-stability balance Anion order control NaPOs;—BaF,-AlF;—CaF,, [20,36-37]
70Si0>-15ZnF-15KF
Nanocrystals ~ Tunable>4.4 Bandgap/morphology Surface quenching effect Y,0;:Eu*" @Si0,, [38-41]

designability

CsPbCl,Br
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Table 2 Comparison of performance of various ultraviolet detectors!>!
. . Responsivity/ Detectivity/ Rise time/ Decay
Main structure Cutoff edge/nm Type Bias/V . Reference

(mA-W) (cm-Hz'2-W) ms time/ms
B-Gay0O3 270 Photovoltaic 0 0.2 6.9x10° [60]
ZnS 365 Photoconductive 10 0.089 4 6.51x108 153 206 [61]
Ag/ZnMgO/ZnO 275 Photovoltaic 0 16 5%10° 0.024 0.3 [62]
GaN/Ga,05 254 Photovoltaic 0 28.44 6.2x101° 140 70 [63]
SnO, 290 Photovoltaic 0 1.55 9.8x101° 0.57 0.64 [51]
GaN/Sn:Ga,03 254 Photovoltaic 0 3.05x103 1.69x10"3 18 [64]
Sm,03 258 Photovoltaic 0 19.8 1.2x10" 20 40 [59]
CsPbCls:Ce*/Al 280 Photoconductive 3 4.6 4x1013 0.029 0.052 [56]
B-Ga,0s3:Sn 274 Photoconductive 20 444 510 0.18 6.2 [65]
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Extended Abstract

Solar-blind ultraviolet photodetectors operating in the waveband of 200-280 nm become critical components in modern
optoelectronic systems due to their near-zero background interference, strong environmental adaptability, high sensitivity, fast
response speed, and strong anti-jamming capability. These advantages enable their widespread use in high-value applications such as
military reconnaissance, missile tail-flame detection, early fire warning, industrial pollutant monitoring, secure optical communication,
and biomedical detection. As the core functional layer of photodetectors, the intrinsic properties of photosensitive materials directly
determine the overall performance of optoelectronic devices, including responsivity, external quantum efficiency, detectivity,
response time, dark current, and long-term stability. However, conventional semiconductor and inorganic photoelectric materials used
in solar-blind detection suffer from inherent limitations, such as narrow spectral absorption range, low photon-to-electron conversion
efficiency, poor structural stability under continuous light irradiation, high dark current noise, and incompatibility with low-cost
fabrication. These drawbacks severely restrict their further application in high-performance and multi-scenario solar-blind
photodetection systems.

Rare-earth ion-doped optoelectronic materials have attracted recent attention as next-generation solar-blind detection media due
to their unique electronic structure and excellent optical controllability. Benefiting from the shielded 4f electron configuration,
rare-carth ions exhibit abundant and sharp energy levels, long fluorescence lifetime, and characteristic narrow-band emission.
Through various efficient energy transfer pathways, including resonant radiative energy transfer, resonant non-radiative energy
transfer, multi-phonon assisted energy transfer, and cross relaxation, rare-earth-doped materials can efficiently capture, convert, and
modulate high-energy solar-blind UV photons. In particular, the down-conversion and quantum-cutting luminescence mechanisms
allow one high-energy UV photon to be converted into one or more low-energy photons in the visible or near-infrared region, which
can be easily detected by conventional silicon-based photodetectors. This photophysical conversion process significantly improves
photon utilization efficiency, enhances optoelectronic response, and breaks through the performance bottlenecks of conventional
solar-blind materials.

This review represents recent research progress on rare-earth-doped materials for high-performance solar-blind photodetection
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based on energy transfer. First, the fundamental photophysical properties of rare-earth ions are introduced, including their energy
level structure, electron transition characteristics, and classification of energy transfer mechanisms, with a special emphasis on the
down-conversion and quantum-cutting processes that dominate efficient UV-to-visible conversion. Second, rare-earth doping systems
are categorized into single-doping, co-doping, and multi-doping architectures, and the photoelectric characteristics, energy transfer
paths, and performance differences among various ion combinations are discussed. In addition, four major matrix material systems,
i.e., oxides, fluorides, oxyfluorides, and nanocrystals, are comprehensively evaluated, focusing on their bandgap width, phonon
energy, structural stability, defect regulation ability, and compatibility with rare-earth ion doping.

Furthermore, the typical structures and working principles of traditional solar-blind photodetectors are introduced, including
photoconductive detectors, photovoltaic detectors, and avalanche photodiodes. On this basis, three major efficiency-enhancement
mechanisms introduced by rare-earth energy transfer are revealed, i.e., spectral absorption expansion and efficient photon capture,
full-process carrier dynamic regulation including separation, transport and recombination, and material stability reinforcement and
dark current suppression through defect passivation and interface optimization. Combined with representative device cases reported in
recent years, this review further elaborates performance optimization strategies from four key dimensions, i.e., photoelectric response
characteristics, response time and dynamic performance, long-term structural and environmental stability, and noise suppression and
detectivity improvement.

Summary and Prospects Rare-earth ion-doped materials demonstrate outstanding advantages in solar-blind photodetection due to
their unique energy level structure, efficient energy transfer, and controllable luminescence properties. Remarkable progress is made
in material design, energy transfer mechanism clarification, matrix modification, defect engineering, nanostructure construction, and
device performance optimization. The optimized devices exhibit enhanced responsivity, widened spectral response, faster response
speed, lower dark current, and improved stability, showing broad application prospects in military, civil, environmental, and
biomedical fields. Nevertheless, several critical scientific and technical challenges still hinder their practical deployment. For instance,
the trade-off between high energy transfer efficiency and long-term structural stability remains difficult to balance. The excessive
rare-carth doping often causes concentration quenching and luminescence attenuation. A precise control over microstructures,
interfaces, and defect states remains challenging, and the dynamic photophysical evolution under operating conditions requires a
further in-depth verification via in-situ characterization techniques.

Future research directions of rare-earth-based solar-blind photodetection will focus on the development of novel composite
material systems via integrating rare-earth dopants with two-dimensional materials, perovskites, and other emerging functional media
to construct high-efficiency energy transfer channels. In the device level, developing miniaturized, integrated, and intelligent
micro-/nano-solar-blind photodetectors combined with MEMS technology becomes a major trend. Meanwhile, theoretical simulations
based on first-principles calculations, high-throughput material screening, and low-cost scalable fabrication processes should be
strengthened to accelerate the industrial translation of laboratory achievements. This review provides a systematic and valuable
reference for the rational design, performance optimization, and practical innovation of high-efficiency rare-earth-doped solar-blind
photodetection materials and devices.
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