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Research Progress on Rare-Earth-Doped Ultraviolet Upconversion
Materials and Lasers

Wang Haoyu ', Qiao Xusheng ', Fan Xianping

School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, Zhejiang, China
Abstract  Rare-earth ions with unique stepped energy levels have attracted considerable attention in the field of
upconversion luminescence. Rare-earth-doped ultraviolet upconversion materials are effective in realizing ultraviolet short-
wavelength compact lasers. However, substantial energy loss occurs in the ultraviolet upconversion process of rare-earth
ions, resulting in extremely low ultraviolet upconversion efficiency. Therefore, manufacturing high-power ultraviolet
upconversion lasers is difficult, and the practical application of ultraviolet upconversion lasers is limited. By reducing the
matrix phonon energy, regulating the matrix microstructure, improving the pumping mode, and adjusting the laser
resonator morphology, energy transfer during ultraviolet upconversion can be effectively regulated and the efficiency of
ultraviolet upconversion laser can be improved. In this study, the principle of upconversion luminescence, composition of
ultraviolet upconversion materials, strategies for enhancing ultraviolet upconversion luminescence, and recent advances in
ultraviolet upconversion lasers are reviewed.
Key words lasers; ultraviolet upconversion lasers; laser resonator; rare earth; ultraviolet upconversion materials; core-
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Fig. 1 Mechanism of upconversion process. (a) ESA; (b) ETU; (¢) CET; (d) PA; (e) EMU
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Table 1 UV upconversion luminescent crystals and transparent ceramics

Activator Host Excitation /nm  Emission /nm  Corresponding transition Ref.
. . o 270 4{5d—>"H, .,
pr’ Pr’":Y,SiO; single crystal 800 .- [38]
305 4f5d—>'F, ;
Er*” Er’ : YAIO, single crystal 652 338 Ho 'L [43]
262 ‘Ds>"Lisse
Er" Y,O, ceramic 532 276 “Hy,>"1,5 [39]
320 Py>"Tis2
. ) 306 ‘Dl
Ho® Y,O, ceramic 532 , i [40, 42]
362 ‘DT,
Ho'' /Gd™ Y,0, ceramic 532 315 "P>"Sy, [44]
Yb*/Tm*" Langatate ceramic 973 365 'D,~"H; [45]
. , , 309 P, >°S,,
Yb*'/Ho' /Gd*" Y,0, ceramic 976 ) R [46]
315 7P7,/2*>‘Srwz
2.2.2 MR 299 2K i B 1A 2 Ca) BT 7, 98 K i 1 - 30004 24 O
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Fig. 2 Gd-CS,S.,S, core-shell nanocrystal. (a) Structure diagram; (b) HAADF-STEM and HR-TEM image; (c) UV upconversion

emission spectra under 808 nm continuouswave laser'"”!
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Table 2 UV upconversion luminescent nanocrystals

Activator Host Excitation /nm  Emission /nm  Corresponding transition Ref.
Ho' YF, NCs 450 288 D~ [48]
291 !
Yb''/Tm* NaYbF, NCs 980 o [49]
345 I,—~'F,
Yb*"/Tm"" LiYbF, NCs 980 289 "T,~"H, [19]
Yb*"/Tm"" Sr,YbF, NCs 980 290 "T,~"H, [50]
Yb*/Tm*" NaYbF, NCs 980 290 ',—°H, [51]
247 (F,’D),~I;
Yb'' /Ho" NaYF, NCs 970 277 (°H,’D,'G) >, [32]
287 CG,"D,'G) >l
217 Dy, >'S,,
Er''/Gd™ BaGd,ZnO; NCs 532 254 ‘D, ", [52]
278 Hyo™>"S:s2
Pr'/Gd* Lu,0.F, NCs 450 315 P, >"S,, [20]
Yb*'/Gd" CaF, NCs 980 315 P, —>"S,, [53]
277 TS,
Yb''/EF/Gd* NaYF, NCs 1560 306 P, >"S,, [33]
311 Pr>"S
265 TS,
Yb'/Tm* /Gd* La,Zr,0,NCs 980 oo [54]
289 P—>"H,
204 "Gy >"S,,
Yb'/Tm* /Gd* YF, NCs 980 B [55]
195 'Gry>"S,
277 TS,
Yb*/Tm* /Gd* NaYF, NCs 980 305 P, >"S, [34-36]
311 P, >"S,,
311 P, ",
‘ . , , 290 T,~°H,
Nd* /Yb"/Tm®" /Gd"" Gd-CSyS,S, NCs 808 R [47, 56]
273 [—>°S,,
253 D~'S, ,
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Fig. 3 BaLaF,:Yb""/Tm®" nanocrystal. (a) TEM image; (b) corresponding size distribution”™
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Table 3 UV upconversion luminescent glass and glass ceramics

Activator Host Excitation /nm Emission /nm Corresponding transition Ref.
292 T,~H,

Tm®' ZBLAN 455 350 T,~°F, [59]
363 'D,~’H,

T ZBLAN 458 366 'D,~"H, [63]

Tm® ZBLAN 1064 565 ]1[ )ﬁ:H“ [11]
284 I—"H,

Tm*" Silica glass microspheres 1527 373 'D,~H, [64]
Yb*/Th™ Fluorophosphate glass 980 379 ‘D,~"F, [58]
Yb'/Th Oxyfluoride GC 980 382 ('Dy, 'G)~'F, [65]
Yb*/Er Oxyfluoride GC 973 380 G [66]
Yb** /Ho™ Oxyfluoride GC 980 362 “G./*H T, [67]
Yb'/Tm® Oxyfluoride GC 980 263 ‘P>H; (22]

311 °P,>"S,,
Yb''/Tm® /Gd* Oxyfluoride GC 980 277 I>*Sy, [61]
253 Di>"Sy
Yb* /Tm® /Gd* Oxyfluoride GC 980 295 .LI‘*JH“ [21]
277 TS,
Yb*/Ert /G /Bt Oxide GC 980 248 DS, [62]
W,=Cln(T)+ 1] exp(—alAE), (1)
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Table 4 Ultraviolet upconversion laser material

Laser Laser

Output Slope Quality

Activator Host o Laser threshold o Ref.
resonator  emission /nm power /uW  efficiency /%  factor
Tm® ZBLAN Fiber Laser 284 200 mW 42 9 — [11]
Yb*/Tm* /Gd™ NaYF, NCs WGM 311 86 mJ/cm’ — — 2800 [18]
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4.1 BEMLHEE (Ao/dng=~ 43 nm, A, =263 nm) , F It 263 nm |- §%

BEALIELOE | 2 TC 7 1 25 A0 0 b i SR ™, g
23l TAEY I Gy HES B 48 0K & 2 SR I, 7 4R
ARSI CTOR , BT RO B BEAILYE OG0 S
D5 T R A A AN 58 A 2 1Y . SRR SRR B Y b %
e Bl L OGS, B TR B e 1Y £ A A Ak
KA AR A RE AR A R AE LASL 38 75 ZE
PR AW 53 v 9 48 0K o & B D R L AT B Y AT
AT AT 28 5 22 R SE O R . Bl i, Wang
SRV AT RUE AR B 3 B 3 a4 o B Ak B R
AV ], 75 A A W) B 3 ik B vh R A5 TR kLR 2 R
43 nm ) Ba,LaF,: Yb*"/Tm* AL W 44K 5 , 76 980 nm
WG T ARAG T 263 nm R4 i &G, TR
) 5T 5 AL W 8Ok i B A SR 22 B AROK, HLRUik
Yy ok S B9 KA 5 263 nm &GO W R S IR &

RGO A 2 3 B A b LA SR R BEAILEOG Y
FEAR AR 3 980 nm O B & % B 3 M R AR TR
S, Ot & 5% A P-Tih <& an 14 10 ff s, 78 P-1 2%
b BB S R T UE B R AL O B, LA
OGS PR T 263 nm f 48 A0 B8 OG0
Hb A — SR/ ) B RO DR O RO B R L 2
80 mI-em *o MLAL, AT TE W] 7O B E S B AR
e B AR DA G D R, oA i A/, 2 D—~
oo}, WOt B4 T 26. 5 mI-em 31X My BEALIEOL A%
PSR SRAE T 2% o FEALBOE R S T 2
BN E I IR 0, A5 TR AR B 5t ] = A 8 41
Stk PR, BEHLEOC R AR B A 2 B T
S S5 O 1 A K 0 BE AL LA R A (E AR, 53 Ak,
F T 5 0 B LA | i e 10 R 5, T L B ML O 7

(a) (b)[ cylindrical (c) Pr—
A= ‘ microcavity
0.27nm |
S 1 — N 0
S 1 88 mJ/cm? f Eﬁ%&ﬁ@hﬁﬂw
Z : :
2 D=60pm |
8 |
£ 80mJ/cm? !
|
|
| . .
55 mJ/cm? : CYIIndr|ca?I
BT T Y o gl | microcavity
! T T T T T T
. 2625 265.0 70 80 90 0 120 240 360
Wavelength (nm) Power (mJ/cm?) Time (mins)

FI10  S28e b5, (a) 5840 L3O RS 5 (b) BAETE SR A58 5 D 38 il 28 5 (o) RTAL TR S A s P T 4

Fig. 10 Experimental results. (a) Spectra of ultraviolet upconversion laser; (b) power-intensity curve of the cylindrical microcavity;

(c) stability measurement of the cylindrical microcavity™

1516020-10



B IR
S {3 L
4.2 WGMi##t
WGM O 2 — F AR 8 ' 27 38 i 15 T 30 1 30k
WGM 30O AR BT /N X6 67 o) A RE g5,
DR o v, L SO A R R B S KR R s 7
WGM #6328 % R G R B AR 5 5K
AL LA 5 (o b 5 A (] B XE S [] K i B AR A, 1F 1T
o 1) L AE SRS R i v ) 22 R SR R K AT R . AN, Jin
SV B VR IR AE SIOAE BT T YD/ Tm® 48 4%
K% 7 5 K 4 K i, R AR Y [ 5 B SO R s [ 8], MG
TEM B R W& 11 Br7R o 806 RE 51 5 # s 0 & B
HH(QA4800) , A K AR /INEI B AR L (V) , I, AR
P Purcell B0 (F oc Q/ V) L 1% 1 IR & 1 Purcell A -+
F 8 O6 REA AR, 20 11. 32 mJ-em X JLF-Eb

(a)

“w
- pin coating

s}
Si Photoresist  SiO:

w

$£59% F 15H1/2022 F£ 8 B/ B EEBEFZHE

Chen %5 #£78 19 310. 5 nm [8] 3 BE 86 B9 806 B 14
(86 mJ-cm K T — RS . (HHFOEERE AT LA
geeeife, aniE 12(a) frs , 24 18l BE B9 )2 B 300 nm
Bt , 78 38 4% i b 6] B 7 78 289 nm Al 345 nm (1) 52 i 48
&, B F 345 nm Z PR S S IHAE K AR &, 289 nm %2
TR T I B R LR/ . KB 12(D) AT LB L B
[m] 5 B JEL 85 T 347 U /)N L 289 nm 1 345 nm Y6 7 H rb G 5
FEXIHE K, {H 345 nm S Ay HUFE RS B R ZEAG £,

T BE L /N T 150 nm B, 345 nm OG0 FR A 2 ) 1
Jin, RO [ RE LR 5 4 Ok 130 nm, BEAY 345 nm |
4 R B OGAE I IR I h  BRREAR R, M DL A 25
R 345 nm i) 57 58 55 52 2 &), 645 289 nm 1 %8 4
b B S O e A B R R e [R) B O B T B
% 7.42ml-cm %,

ICP Etching

Phtolithograph
» ﬁ

hotoresist removing

.
UCNCs film

(C)‘

11 WEEOERES] . () il 4 1k 7 5 (b) (¢) TEM B R
Fig. 11 Microlaser array. (a) Preparation process; (b) (¢) TEM images "

4.3 Tt

Fy 148 2 00 AL W BEES A2 5 1E W SR 1F R BE A
Ty Mo T SO S R R A AR FEAR RO AT . R
G S EF 19— B A RO I 55 — i th, BIERT
PR OB T o EEF O AP0 R H AR T AR B
PERENL 5, PN e mT DUAE 0 2 R B R ) AR F R T
PE o E X 5 A0 1 e 4 6 20 Ot 5 005, 981 ¥ 3 S
ST A TR R AW AR R ER  BRETHES
KRR R HOG SR WO a8 dE LLa i 98 B Ik i 50 B
SR A AR 6 B bR R . G, AR RS R
S b B Bt T B E A A A 7 5, AT

N ER RO IR E S, A, El-FAgmy
ZBLAN:Tm” 3% 3 7 6l s % £F , 38 i 1064 nm ) Nd :
YAG BOC# T8 &, i E 13(a) s o ZBLAN G £F
% 77 A 284 nm 1 365 nm Y £ A R k6, 1
284 nm &G 5 ¥E £ S A7, X JE N FE 1064 nm 4
Hed kT, Tm” B Fil 22 i G, 'G,~'L, FL Al
45 11 A9 A R B0R B8 K F L i D, fig 9 0 T B8
i L RE Y TCRR T BRI B3k, W E 13(b) fin . It
£ 1064 nm G A T, ix ZBLAN G4 o] 52 8L 'L g
G (R T RO B LIRS T 284 nm (284 F B B0
iy o

1516020-11



o 1L

451 47 R 50 3% & 15 H1/2022 £ 8 B/ EXETHiHE

—
Q
N

N . S 1P=13.37 mJ ci2
S 24.35mJ cm s 0
2 2
w " J
[ et o
Q Q
k= £
14.71 mJ cm?
- =11.32 mJ cm?
8.49 mJ cm™ ]l g R
PRSNGSRV | [T VOSPTPApRP Y
286 201 340 345 350 T
Wavelength (nm) Power (mJ cm™)
10
(d) (e) (|
_— _— _— 0
=] S 7 £ \\
S S 2 -e- 361
o - a || - 289
& 8 =91 1 -e-345
5] 18.57 mJ cm s 2=9.28 mJ cm?| @
E J et Mol E —! 9
\
2
O L ceinsiinee P=7.42 mJ cm? \l
2
5.37 mJ cm 4 ol s
286 2é1 34‘0 3‘;5 350 16 150 15;0 18|0 210
Wavelength (nm) Power (mJ cm?) Thickness (nm)

K12 SEEes5 bt o (a) 300 nm JEEE [0 BE 1Y 58 A0 & 63 5 (b) &l (a) X 00 [ P-T 2R ; (o) THEALABTIRLAY 1] & BE X AN 5] 5 4O R 4L 5
(d) 130 nm J52 1 81 95 BE (19 5 51 %% G618 5 (e) T (d) X B 1 P-THITZR 5 (6) S [ J2 18 (0] 365 B Sof S T 0 O (g 16

Fig. 12 Experimental results. (a) UV emission spectra of 300 nm WGMs; (b) P-I curve corresponding to Fig. (a); (¢) computer

simulation of loss of WGMs to light of different wavelengths; (d) UV emission spectra of 130 nm WGMs; (e) P-I curve
corresponding to Fig. (d); (f) loss of WGMs of different thicknesses to light of different wavelengths "

Energy, cm™
(a) (b)  one]
,
3
35000 = ) ,"Pu
Tm?**-doped
ZBLAN fiber laser 300004 "

R = 100% mirror@
f=100 mm \ 280 nm \ 25000

| Diode laser )—‘-‘ Nd:YAG rod "H—‘ UV laser ‘ ©) i,
v 20000 4

453 nm

284 nm (laser)

[ T T i .
X< g
150001 24 3 35
R = 100% mirror @1.064 um R = 95% mirror Transmittance 4% e
antireflection coating @809 nm ~ @1.064 um mirror @280 nm > : I,
0000 2 g
100 g P :
= ~ Hy
Q
5000 .
£
23
pll== H,

K13 ZBLAN 364 S0k . () 4508 5 (b) 78 1064 nm OB R T, Tm’ B 719 R aegos 2|t
Fig. 13 ZBLAN upconversion fiber laser. (a) Schematic; (b) schematic diagram of the upconversion energy level of Tm"’

under the excited of 1064 nm laser""

1516020-12



$£59%5 F15H/2022 F 8 A/ EBFFHE

5 ZERIE

AR IO 1 R ke e i B A TR B SR Ah R e kOt
ZEERIREA) AP WS L N DS 2
e B BOE AR WS B BB R HEAT T SRR . AR A T
RO 5 A1 O AS |, Bl B EAE LUT AN J7 TR
4T HERE

1) LAk 15 2% 3 it (9 18 o VB 25 4 o 48 2% 2 o
FR 75 18 VBRBE MOS8 AL X 58 Ah b e 4 ok AR b i i
e HAT S 2 o AR B 75 1 BE T LA Uk 22 6 e S
ot TR A R AR A R A, LT LSRR B8 T ] A RE 4
JRTC , B e R A 2R 5 el R R e I T 4 o 3R A fE
Ti] S5kt 4 1) 2 A% 5 B2 A 0 245 ) T 400 o] 5 T 44 K v o i
JSCH) e B2 K, AT LA o A A [ 52 2 BB 2 T
PP RE AL B iRk AR A AR A ZEAY RE R AE . AT AL
DI AR AT 5 A0 b B WOL A AR B D YT
Tm™ (Gd™ 4585 T8 A 1) B 7 45 1 S A0 90 40 oK i A 3
A B

2) PR 77 5o T O R A TR K
JEIRAT 22 WA O ZET IR O 1 3 ik 5 45 755X
A LA RO B B RO 8 T s AT IR A U R4
Pz 0 %) R BRI e A 0 ) S o B 014 I R A BT R A
SPBRAE o B e 3 Ty 3 n 4 vy B 7 5 [ 9 IO B4 01 1
B0, SN 2 T AN R AR T RS R G R A
BRI R AN B A 5 R R O R AT I b 7 AR SR A I
W 0 0 't Bt 4 W A O T R, IR 22 YR BE AR 1 i
At e A AR S IR B A 3R 5 22 R O A T
K 355 A [A] BE B 14 20 A v D E &8, 2 i WO JE 5 90 il
POEHI R MK 58 AT 1l 5 6 8 1 i A TARRRAS 14 i
IR 4 SR AN R S RE Sk A e R, B 5 A b R

3) VAR I AE R, R AR R Z R AT. H
AR Ao 55 A1 1 e S 0T (98 U i 32 2 S BE AL IO , [
HREHOCHDEERHOL . BEYLEOC A 7 Wl 7R850 418 Ik
B S G 28 AR W B R O 4 K i B 22 B RO B AT
T REAL IO . BEPL IO 18 W 1 358 B R bR R
Ao, 3 A A 0K R RRLARS (G R A Ak A
e MR R S DR B BE AL IO R B 4 ] AR P Y
SEUCAR S o BEALEOLE 5 AT R i T OB 5 1
Fp K A BERLYE , 52 o (B, HLSOL BIE 5 W
] 5 B RO 4 it Joi PR 5, A AR/ DR e 30 8
ARG o 8 aed Bl (o] <5 B JRE R, mT AR H b R Y 45
FE , 0 E A 52 O ST 38 F AR B O B
RO BIE ; JC2F 1Y LR R BUR , B BE 4y, DB 21
Ot TR S R DR AL T T AR (EDR e EOe e LA i
PR O T IR M TR S0 4 A A e B B 32 O ST R
R DR Al 77 280 J7 36 A AR 3K A 32 e 3 o R
AL

FAT , 5000 LR e ot S AT 78 2 2 U 174 /)

0 3t B AEATE IR B AT AR R B R - AR SE 5 A K i
AR 5 (0] RE O S A R 5 Ah R R
IS ARE B S R (EL, (EL 290 K it B A ARG R P 22 | ofe
LA R RS 854, PO D 38 04— 20 48 TH B IR 3 5 A
B B R D T AR 5 i BE AL IO B 3R A O L (A
FE RS RR AR O BRE R o 5T LR R, 4k S A
VLR P9 5 i b A7 R AR T, A Bk — R TR Oh 5
B WOE R B DR RRLR

1) ) % 42 S A0 W BB g R . A SRR AL ) B T
B, S A Y R L A 7R T RE A, ELX AN E
i AR o TR R A W B 3 T P e A SR 4 K
s, WA B R — 25 /N R B B 7 T iR, ELIR AR AR SR Ak
O 1 o ek A R ek /0 R R O 5 A Ol 3 Y
PFE

2) TEBCHE L TP iR AR ST A AR o e A
ey A A it E AT B e ) 5 A B SRR T R ) A
T PR AL 27 R PRI o o RERE A% 7 45 1) 44 K i ik
AN B HE 5, WA B AT o SO0 1 B s R AR
IR EVER SHIDRTRICE: &1 G R NTTE IR 90 W N N gbE )
o

Z % x M

[1] Schomacker K T, Frisoli J K, Compton C C, et al.
Ultraviolet laser-induced fluorescence of colonic tissue:
basic biology and diagnostic potential[J]. Lasers in Surgery
and Medicine, 1992, 12(1): 63-78.

[2] Pease R F, Chou S Y. Lithography and other patterning
techniques for future electronics[J]. Proceedings of the
IEEE, 2008, 96(2): 248-270.

[3] Alaie Z, Nejad S M, Yousefi M H. Recent advances in
ultraviolet  photodetectors[J].
Semiconductor Processing, 2015, 29: 16-55.

[4] Yoshida H, Yamashita Y, Kuwabara M, et al. A 342 nm
ultraviolet AlGaN multiple-quantum-well laser diode[J].
Nature Photonics, 2008, 2(9): 551-554.

[5] Susilo N, Hagedorn S, Jaeger D, et al. AlGaN-based
deep UV LEDs grown on sputtered and high temperature
annealed AIN/sapphire[J]. Applied Physics Letters, 2018,
112(4): 041110.

[6] Sadaf S M, Zhao S, Wu Y, et al. An AlGaN core-shell
tunnel junction nanowire light-emitting diode operating in
the ultraviolet-C band[J]. Nano Letters, 2017, 17(2):
1212-1218.

[7] Zhang Q W, Yue S'S, Sun H Q, et al. Nondestructive
up-conversion readout in Er/Yb co-doped Na,:Bi, ;Nb,O,-

Materials Science in

based optical storage materials for optical data storage
device applications[J]. Journal of Materials Chemistry C,
2017, 5(15): 3838-3847.

[8] Zhang X, Serrano C, Daran E, et al. Infrared-laser-
induced upconversion from Nd*' : LaF, heteroepitaxial
layers on CaF,(111) substrates by molecular beam epitaxy
[J]. Physical Review B, 2000, 62(7): 4446-4454.

[9] Boardman E, Huang L, Robson-Hemmings J, et al.

1516020-13



$£59% F 15H1/2022 £ 8 A/ ESBFFHE

[10]

(21]

[23]

[24]

Deep ultraviolet (UVC) laser for sterilisation and fluorescence
applications[J]. Sharp Technical Report, 2012, 104:
31-35.

Shin J Y, Kim S J, Kim D K, et al. Fundamental
characteristics of deep-UV light-emitting diodes and their
application to control foodborne pathogens[J]. Applied
and Environmental Microbiology, 2015, 82(1): 2-10.
El-Agmy R M. Upconversion CW laser at 284 nm in a Nd:
YAG-pumped double-cladding thulium-doped ZBILAN fiber
laser[J]. Laser Physics, 2008, 18(6): 803-806.

Huang F, Lou Q H, Yu T Y, et al. Tunable solid state
UV laser[J]. Optics & Laser Technology, 2001, 33(2):
111-115.

Perlov D, Livneh S, Czechowicz P, et al. Progress in
growth of large B -BaB20, single crystals[J]. Crystal
Research and Technology, 2011, 46(7): 651-654.

Liu Q, Wang F, Hong H L, et al. Investigation of UV
laser-induced damage by precursors at the surface of LBO
crystal[J]. Journal of the Optical Society of America B,
2014, 31(2): 189-194.

Wang L R, Wu Y, Wang G L, et al. 31.6-W, 355-nm
generation with La,CaB,,0,, crystals[J]. Applied Physics
B, 2012, 108(2): 307-311.

Ben Y H, Liang F, Zhao D G, et al. Different influence
of InGaN lower waveguide layer on the performance of
GaN-based diodes[J].
Superlattices and Microstructures, 2019, 133: 106208.

Li D B, Jiang K, Sun X J, et al. AlGaN photonics:
recent advances in materials and ultraviolet devices[J].
Advances in Optics and Photonics, 2018, 10(1): 43-110.
Chen X, Jin L M, Kong W, et al. Confining energy

violet and ultraviolet laser

migration in upconversion nanoparticles towards deep
ultraviolet lasing[J]. Nature Communications, 2016, 7:
10304.

JnLL M, WuY K, Wang Y J, et al. Mass-manufactural
lanthanide-based ultraviolet B microlasers[J]. Advanced
Materials, 2019, 31(7): 1807079.

DuY Y, Wang Y F, Deng Z Q, et al. Blue-pumped
deep ultraviolet lasing from lanthanide-doped Lu,O.F;
upconversion nanocrystals[J]. Advanced Optical Materials,
2020, 8(2): 1900968.

XuXH, LuW, Wang T, et al. Deep UV random lasing
from NaGdF,: Yb*", Tm® upconversion nanocrystals in
amorphous borosilicate glass[J]. Optics Letters, 2020, 45
(11): 3095-3098.

Wang T, Liu B T, Lin Y, et al. Ultraviolet C lasing at
263 nm from Ba,l.aF,: Yb*", Tm"" upconversion nanocrystal
microcavities[J]. Optics Letters, 2020, 45(21): 5986-5989.
Auzel F E. Materials and devices using double-pumped-
phosphors with energy transfer[J]. Proceedings of the
IEEE, 1973, 61(6): 758-786.

Auzel F, Pecile D. Radiation transfer between Yb*" in
mechanism for anti-stokes fluorescence of matrices doped
with Yb*"-Er""[J]. Comptes Rendus Hebdomadaires Des
Seances De L Academie Des Sciences Serie B, 1973,
277(7): 155-157.

Bloembergen N. Solid state infrared quantum counters[J].

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

1516020-14

Physical Review Letters, 1959, 2(3): 84-85.

TR, kAR, B0, AL YD/ Tm T IR B 0 T R
PR bR kOt R RE [T). KOt 2R, 2016, 37(5):
526-531.

Su J, Zhang Z H, Zhao H F, et al. Up-conversion
luminescence properties of Yb*"'/Tm®" co-doped silicate
glasses[J]. Chinese Journal of Luminescence, 2016, 37
(5): 526-531.

Auzel F, Pecile D, Morin D. Rare earth doped
vitroceramics, new efficient, blue and green emitting
materials for infrared up-conversion[J]. Journal of the
Electrochemical Society, 1975, 122(1): 101-107.

Chivian J S, Case W E, Eden D D. The photon
avalanche: a new phenomenon in Pr’"-based infrared
quantum counters[J]. Applied Physics Letters, 1979, 35:
124-125.

Wang F, Deng R R, Wang J, et al
upconversion through energy migration in core-shell
nanoparticles[J]. Nature Materials, 2011, 10(12): 968-973.
Dong H, Sun L D, Yan C H. Energy transfer in

Tuning

lanthanide upconversion studies for extended optical
applications[J]. Chemical Society Reviews, 2015, 44(6):
1608-1634.

BEIR . i B A ALY R AL W Y L e 5 S B e L
RIGTEUEFEID ] W AR W R ol %%, 2011: 1-14.
Liang H J. The enhancement and the spectroscopic
investigation of upconversion emissions in rear earth
doped oxide and fluoride nanocrystals[D]. Harbin: Harbin
Institute of Technology, 2011: 1-14.

Chen G Y, Yang C H, Aghahadi B, et al. Ultraviolet-
blue upconversion emissions of Ho*" ions[J]. Journal of
the Optical Society of America B, 2010, 27(6): 1158-
1164.

Zheng K Z, Liu Z Y, Zhao D, et al. Infrared to
ultraviolet upconversion fluorescence of Gd*" in 3-NaYF,
microcrystals induced by 1560 nm excitation[J]. Optical
Materials, 2011, 33(6): 783-787.

Shi F, Zhao Y. Sub-10 nm and monodisperse 3-NaYF4:
Yb, Tm,
upconversion luminescence[J].  Journal
Chemistry C, 2014, 2(12): 2198-2203.
Qn W P, Cao C Y, Wang L. L, et al. Ultraviolet
upconversion fluorescence from 6D(J) of Gd*" induced by
980 nm excitation[J]. Optics Letters, 2008, 33(19): 2167-
2169.

Galleani G, Santagneli S H, Ledemi Y, et al. Ultraviolet

Gd nanocrystals with intense ultraviolet

of Materials

upconversion luminescence in a highly transparent
triply-doped Gd*"-Tm’ -Yb’" fluoride-phosphate glasses
[J]. Journal of Physical Chemistry C, 2018, 122(4): 2275-
2284.

FHEIGE, B, K8, . B A LI UVC L #
RO ORE R W ST [T]. 0O S5Ot M 2 R, 2021, 58
(15): 1516013.

Yin Z Q, Lu P S, Zhu Z, et al. Sunlight-excited
inorganic UVC upconversion luminescent materials[J].
2021, 58(15):

Laser &. Optoelectronics

1516013.

Progress,



$£59%5 F15H/2022 F 8 A/ EBFFHE

[41]

[42]

(48]

Wang X S, QiuJ R, Song J, et al. Simultaneous three-
photon absorption induced ultraviolet upconversion in
Pr’" : Y,SiO; crystal by femtosecond laser irradiation[J].
Optics Communications, 2008, 281(2): 299-302.

Qn F, Zheng Y D, Yu Y, et al. Ultraviolet
upconversion luminescence in Er'"-doped Y,O, excited
by 532 nm CW compact solid-state laser[J]. Journal of
Luminescence, 2009, 129(10): 1137-1139.

Qin F, Zheng Y D, Yu Y, et al. Ultraviolet and violet
upconversion luminescence in Ho’ -doped Y,O, ceramic
induced by 532-nm CW laser[J]. Journal of Alloys and
Compounds, 2011, 509(4): 1115-1118.

Auzel F. Upconversion and anti-stokes processes with f
and d ions in solids[J]. Chemical Reviews, 2004, 104(1):
139-173.

Qin F, Zhao H, Lv M Y, et al. Precise determination on
the upconversion processes of the ultraviolet upconversion
fluorescence of Ho’'-doped Y,O, ceramic by excitation of
a 532-nm continuous-wave laser[J].
2017, 42(12): 2279-2282.

Yang H G, Dai Z W, Sun Z W. Upconversion
luminescence and kinetics in Er'”: YAIO, under 652.2 nm

Optics Letters,

excitation[J]. Journal of Luminescence, 2007, 124(2):
207-212.
Qn F, Zheng Y D, Yu Y, et al. Ultraviolet

upconversion luminescence of Gd”™ from Ho'" and Gd*"
codoped oxide ceramic induced by 532-nm CW laser
excitation[J]. Optics Communications, 2011, 284(12):
3114-3117.

Georgescu S, Voiculescu A M, Matei C,
Upconversion luminescence in langatate ceramics doped
with Tm®" and Yb* [J]. Journal of Luminescence, 2014,
154: 74-79.

Yu Y, Zheng Y D, Cheng Z M, et al. Ultraviolet
emissions from Gd”" ions excited by energy transfer from
Ho’" ions[J]. Journal of Luminescence, 2011, 131(2):
347-351.

Su Q Q, Wet H L, Liu Y C, et al. Six-photon
upconverted excitation energy lock-in for ultraviolet-C

et al.

enhancement[J]. Nature Communications, 2021, 12(1):
4367.

Xu X, Long J, Zeng Y, et al. Synthesis and intense
ultraviolet to visible upconversion luminescence of YF,:
Ho"' nanoparticles[J]. Journal of Fluorine Chemistry,
2016, 187: 24-32.

Zhang Y T, Shen Y L, Liu M, et al. Enhanced high-
order ultraviolet upconversion luminescence in sub-20 nm
beta-NaYbF,: 0.5% Tm nanoparticles via Fe’" doping[J].
Crystengcomm, 2017, 19(9): 1304-1310.

del-Castillo J, Méndez-Ramos J, Acosta-Mora P, et al.
Upconversion photonics in solvothermal Sr,YbF,: Tm’
(@Sr,YF, core-shell nanocrystals for enhanced photocatalytic
degradation of pollutants[J]. Journal of ILuminescence,
2022, 241: 118490.

Gao D L, Liang Y Q, Gao J, et al. Simultaneous
luminescence enhancement and lifetime tuning of deep
UV-NIR upconversion

through controlling dopant

[52]

[53]

[54]

[55]

[56]

[57]

[59]

[60]

[61]

[63]

[64]

[65]

1516020-15

concentration[J]. Journal of Luminescence, 2021, 238:
118261.

Yang Y M, Mi C, Su X Y, et al. Ultraviolet C
upconversion erbium in

fluorescence of trivalent

BaGd,ZnO; phosphor excited by a visible commercial

light-emitting diode[J]. Optics Letters, 2014, 39(7):
2000-2003.

Sin C, Aidilibtke T, Qin W P, et al. Mechanism of
ultraviolet upconversion luminescence of Gd*  ions

sensitized by Yb”'-clusters in CaF,: Yb*", Gd*" [J]. Journal
of Luminescence, 2018, 194: 72-74.

Gupta S K, GarciaM A P, Zuniga J P, et al. Visible and
ultraviolet upconversion and near infrared downconversion
luminescence from lanthanide doped La,Zr,0; nanoparticles
[7]. Journal of Luminescence, 2019, 214: 116591.

Zheng K Z, Qin W P, Cao C Y, et al. NIR to VUV:
seven-photon upconversion emissions from Gd*’ ions in
fluoride nanocrystals[J]. The Journal of Physical Chemistry
Letters, 2015, 6(3): 556-560.

Wang M K, Wei H L., Wang S, et al. Dye sensitization
for ultraviolet upconversion enhancement[J]. Nanomaterials,
2021, 11(11): 3114.

SRR . a] LT 21 HOL BERS SE RIS [D]. )M - A
P TR, 2014: 1-10.

Zhang L. L. Basic researches on visible and near infrared
laser glasses[D]. Guangzhou: South China University of
Technology, 2014: 1-10.

Lai B, Wang J, Su Q. Ultraviolet and
upconversion Tb"" /YDb"
fluorophosphate glasses[J]. Applied Physics B, 2010,
98(1): 41-47.

Yang H G, Gao J S. Different dynamics of ultraviolet

visible

emission  in co-doped

upconversion in Tm’" : ZBLAN glass under blue laser
excitation[J]. Physica B: Condensed Matter, 2013, 426:
31-34.

Pannhorst W. Glass ceramics: state-of-the-art[J]. Journal
of Non-Crystalline Solids, 1997, 219: 198-204.
del-Castillo J, Yanes A C. Ultraviolet and visible up-
conversion in sol-gel based Si0,-BaY,;.Gd,Yb,,Tm,,F;
nano-glass-ceramics[J]. Optical Materials, 2018, 84: 1-7.
de Lima Rezende T K, Pereira Barbosa H, de Oliveira
Lima K, et al. Simultaneous excitation at IR and UV of
RE3+ triply doped SiO,-Gd,O, materials for energy
conversion purposes[J]. Ceramics International, 2021, 47
(24): 35187-35200.

Lt J F, Wang X L, Yang H G, et al. Ultraviolet
upconversion emission from ZBLAN glass doped with
Tm*" ions[J]. Physica B: Condensed Matter, 2007, 392
(1/2): 251-254.

Qin J J, Huang Y T, Xu C H, et al. Multiple
luminescence spanning the UV to NIR regions of Tm®"-
doped silica glass microspheres pumped by 1527 nm[J].
Journal of Luminescence, 2019, 213: 46-50.

Qiao X S, Fan X P, Xue Z, et al. Intense ultraviolet
upconversion luminescence of Yb’" and Tbh’" co-doped
glass ceramics containing SrF, nanocrystals[J]. Journal of
Luminescence, 2011, 131(10): 2036-2041.



$£59% F 15H1/2022 £ 8 A/ ESBFFHE

[71]

Voiculescu A M, Mater C, et al.

Ultraviolet and visible up-conversion luminescence of

Georgescu S,

Er”/Yb*" co-doped CaF, nanocrystals in Sol-gel derived
glass-ceramics[J]. Journal of Luminescence, 2013, 143:
150-156.

Jiang S, Guo H, Wei X T, et al. Enhanced upconversion
in Ho’ -doped transparent glass ceramics containing
BaYbF. nanocrystals[J]. Journal of Luminescence, 2014,
152: 195-198.

Layne C B, Lowdermilk W H, Weber M J. Multiphonon
relaxation of rare-earth ions in oxide glasses[J]. Physical
Review B, 1977, 16(1): 10-20.

Scheps R. Upconversion laser processes[J]. Progress in
Quantum Electronics, 1996, 20(4): 271-358.

Chen X B, Zhang G Y, Mao Y H, et al. Research on the
up-conversion luminescence of Tm”" ion in crystal and
amorphous pentaphosphate materials[J]. Journal of
Luminescence, 1996, 69(3): 151-160.

AR ExF 400K K B G B H R SO I Ot
FEPEBESE[D]. W /R B B /R Tl R 2%, 2019: 9-15.

Li Z Y. The hydrothermal synthesis and deep-ultraviolet
lasing properties of ErF, upconversion nanocrystals[D].
Harbin: Harbin Institute of Technology, 2019: 9-15.

Wen S H, Zhou J J, Zheng K Z, et al. Advances in
highly doped upconversion nanoparticles[J].
Communications, 2018, 9: 2415.

Johnson N J J, He S, Diao S, et al. Direct evidence for

Nature

[76]

[77]

(78]

[79]

[80]

1516020-16

coupled surface and concentration quenching dynamics in
lanthanide-doped nanocrystals[J]. Journal of the American
Chemical Society, 2017, 139(8): 3275-3282.[PubMed ]
Dawson P, Romanowski M. Designing ultraviolet
upconversion for photochemistry[J]. Journal of Luminescence,
2020, 222: 117143.

Zhao J B, Jin D Y, Schartner E P, et al. Single-
nanocrystal sensitivity achieved by enhanced upconversion
luminescence[J]. Nature Nanotechnology, 2013, 8(10):
729-734.

Xu H L, Kroll S. Upconversion dynamics in Er’’-
dopeYAGI[J]. Journal of Luminescence, 2005, 111(3):
191-198.

Deng RR, Qin F, Chen R F, et al. Temporal full-colour
tuning through non-steady-state upconversion[J]. Nature
Nanotechnology, 2015, 10(3): 237-242.

Dawson P, Romanowski M. Excitation modulation of
upconversion nanoparticles for switch-like control of
ultraviolet luminescence[J]. Journal of the American
Chemical Society, 2018, 140(17): 5714-5718.

Foreman M R, Swaim J D, Vollmer F. Whispering
gallery mode sensors[J]. Advances in Optics and Photonics,
2015, 7(2): 168-240.

van Duong Ta, Rui C, Lin M, et al. Whispering gallery
mode microlasers and refractive index sensing based on
single polymer fiber[J]. Laser &. Photonics Reviews,

2013, 7(1): 133-139.



	1　引言
	2　紫外上转换发光材料
	2.1　上转换发光机理
	2.2　紫外上转换发光材料

	3　增强紫外上转换发光的策略
	3.1　基质成分与结构

	3.1.1 优化基质晶格、降低基质声子能、减少基质的结构缺陷
	3.2　泵浦方式

	4　紫外上转换激光器
	5　结束语

