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Abstract The mid-infrared band contains extremely important atmospheric infrared windows and the fingerprint regions
of many important molecules. The light sources and optical devices in this band have important applications in the fields of
optoelectronic countermeasures, environmental monitoring, biological sensing, and medical diagnosis. As a key
component of all-fiber mid-infrared lasers, mid-infrared glass fiber gratings have become a recent research hotspot.
Fluoride fiber gratings, chalcogenide fiber gratings, and tellurite fiber gratings are the most widely used mid-infrared glass
fiber gratings. This paper gives a comprehensive and systematic overview of the performance characteristics, fabrication
process, research status, and application fields of the three kinds of fiber gratings, and analyzes the advantages and
limitations of the current mid-infrared glass fiber gratings. It provides a reference for further improving the performance of
mid-infrared fiber lasers and expanding the application field of mid-infrared fiber gratings.
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Fig. 1 Schematic diagram of fluoride fiber laser device. (a) Experimental setup of 30. 5 W all-fiber laser operating at 2. 94 pm"";

(b) experimental setup of 41. 6 W fluoride fiber laser operating at 2. 82 pm""

KR O S il £ B A ALY LT L E
85 1 : 2013 4F , K ) W 2% Je K 2% ) Hudson 26 7
Ho’ /Pr’" 42 19 ZBLAN Y £F w1 ] A 800 nm , 120 fs
KA O MZE S S AT 20 mm K PO K 2.9 pum
FJE A R 986 nm 1 A5 H A% G L Gl 5 2017 47, WK F
V. 4 2% Fit K 2 9 Bharathan 257 76 K 30 B3 %4 4 2 1
Ho” /Pr" LB 1 XA )2 A I ZBLAN YGEF ok H & RP
WOE (800 nm 115 ) BATE AL ZE T 15 mm K (1)
Z W FBG, b IR 2,88 pm, KR 500

2018 4F , H A KPR K 2 B9 Goya 251 3% I K %5 4 1Y
513 nm R OCHENE)ZB EX ZBLAN G4 h S
AT 2.5 mmK PR 2.8 pm ME 0. 947 pm K
— B, T S R 1.1} 1077, R A ERGA R 97 %,
T EOt P38 T m ik 29. 1% 0ot i
(Y

RO S WA A AT O M A H RS AT DATE
WAL 2 s 25 M T b B T R A . R
T3 BCAE A BRE 5 B AR O R v 0 OB 25 R 7E R

1516015-3



LS E BT

L ThIE BB E AR M R type- T B, 37
SRR EAE B ES RN, B 5 AR RK,
X = HEL R B RS B R B AR PR R R
PR EMEER  E SHOC I RE R TN B T4
W WS 7= A 7 AR 2l 5 R S DX R B R T L S B0
ESED I RRIINS & S R A RS | D i o e g ]
BT IR

H T, E PR - 7E R 48 2% w2 345 h 20 A0 i
B i BT R S AR R T R AR i 2
FALY B IS VG LT, £ i [E Le Verre Fluoré 23 7 A1 H A

F59%5 F 15H/2022 £ 8 A/HHAESBFZHE
Fiberlabs 28 w) 4= 7, [ N H BT RHIFHLAL £ 38 19 OG5
Sy v BT A FH %) 8L A S £ R 22 0 DX R 8 D I
KM AR AR B 5, B RE S U™ B2 IR OGL BAR S 4L
DL 1o MEAESK I PN AR AR AL G £ i 25 T
TERE T RERYHTSE, Wnrh [ BE 2 B b i 27 kG 2% HLAAITE
G T RIS IR T T AR K27 A i 5 A BATE S AL ) B 35 (ZeF,
HE CAIF AT InF 3058 75 T UG 1 5L BUSR R )
WFSE R, IF S T H B 46 2F Ok - ARk
MM, N ZE AR AR AL ) G 47 il 48 DB e 215 i
WoOtHERE S E RPN A —E 2288

F1 AR L ALY G T 7 Y P RE S HL

Table 1 Performance parameters of typical commercial fluoride fiber products
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Fig.2 Fabrication process of chalcogenide fiber micro-FBG™. (a) Schematic diagram of grating fabrication device; (b) typical optical

micrograph of imaging system during grating fabrication process; (c) optical microscope image and (d) SEM image of

chalcogenide micro-FBG with diameter of 2. 4 pum
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Fig.5 Microscopic images of passive three-core tellurite FBG structures™. (a) Top view; (b) side view
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L AMCEF ORI R R .
4.1.1 AAHRFHALEGRA

ALY B S B SRS AT UL B 2T A B SR Y
B GV (0. 3~5 pm) , T HOBLF7E 2. 5~3. 5 pm ¢
By FS A A R 10" dB/km, 20 Tt 42 70 4R AR BEIA N

ERAAENBRBEBEMWEGELEME . i
50 4FE B W97 & e, A4k B T A ZBLAN (ZrF,-BaF ,-
LaF,-AlF,-NaF) .InF, &  AIF, 545 TR R A2 2 09 54k
YR R O6 L, T AIF, L AL W Bl B A T RE
fr, ME DL 3~4 pm % B OB bR S R
Fis 4828 ZBLAN Hl InF, 3O 2

i 145 22 ALY LT O B 98 16 T ZBLAN 6
. FAE 1987 4F, BE S N B N B 4 £ B
ZBLAN G 21 F S 38 25 40 B, 7 514 nm & 5 T #0628
PR TR T 1 pm BB BOGHN o BE S 1 250k
F ROt H R AW &R, B & B B4R 5
7% B ZBLANDGEF 315 T 41.6 W 2. 82 pm 1Y
WG X R B AT R Ik 7E S AL YO R O T R AR
) Fe e T % . 1992 4F 78 A AR e Tk K2
Tobben ™ fdi F 655 nm 1 Y BL #0625 1E b % U8,
12em KM EC B4 EE /R 4350 1% 19 ZBLAN SGEF 4
A ZE AL ARAS T 3,48 um M 3. 54 pum BOGE L
HETFHN 8.5 mW , RERA N 2. 8%, X & IKAEE
T T AR K KT 3 pum BOGCLFBOGH .
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W, OB 2014 4R, WROR RO BT E SR FE R A
Henderson-Sapir %5 5% FH — B 7 (1% 52 3 )7 =X — %L
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1973 nm [ FBG Fl 55 — b 1 FE VR B SO A . 7E Er’
BIAREE R Y BN 1% B9 ZBLANYGEF b 6 2 3.5 um
O B By ol R ) 260 mW, A R AR R 5 2
16% . 2016 4%, Jin & K4 B K K 2 1) Fortin 48 7£
Ert B2 FEIR 380 1% 1 ZBLANSEL 5 A T FBG
YRy Bt R s A4 TR SR 974 nm M2 1976 nm (1 3
PR EWR T, 18T 3. 44 um FLHBOCH (D
1.5 W) 2017 4F , in & KL B IR K 2% 1) Maes 5 18
Er' 8 42 BE R 0 K0 1% B9 ZBLAN Y6 25 1 3 43 1) %1
BT REFERIY K 30% MFBG, #E8 T — 1 H4E
B LR B L BOGA A5 R a1 6 iR LB 3. 55 pm
WO I R E ] 5.6 W, Xt H A E PR b7 A
Tt & 1 3~5 pm B ELF O . 20184F &K
1B IR K 2% 19 Jobin 25UV fd 976 nm iE SOt 5
1976 nm ¥ Q Wk vi 3 Ot B K FEli Xk BT
3. 552 pm P K Ab B 14 25 R RO OB R A
FBG # B, W[5 7 fir 7, 0% ik b 8 52 4808 O 15 kHz
I B WA T 3 ol 204 W o 2019 4F , F7FLJK K2 1 Maes
e 2 SmKEBARES ZBLANGCH FmE AT
HL K 3. 42 pm U B4 51 D 96 V0 1 R IR Ok
W 55 %0 B9 S 5 3O 7E 3. 42 pm O K AL 15
BT 3k 38,600 MY BOGHN AL . BRI FLR K2
IR CRMEOEZIE TR RO I B 0 G 45 4, (E iR
A7 AE TG A 5 FE I K e 0 1 4 o S5 m) . O
2122 v 3B A A AR 2 3 pm 6 £T 30O 2% T 3R 46 B K 1
AR RS —

‘F7IJ

1976 nm 976 nm MHup, 'Sip IES’\
(core) (cladding) “Fy a0
ESA, T 4 3.55um

Butt-coupled .:::Z
junction VGSA

Sl

HR-FBG

~ 0/
o GSA

.Il'n/)
Filter

R at 1976 nm
Tat 3.55um

7° cleave

B 6 3.55pum &L Ot R Bz ™
Fig. 6 Structure of 3. 55 um all-fiber laser

148 Ho' 1Y ZBLAN JGEF h 3R 45 19 3~5 pm i Bt
AN O K FE LA R 3.9 pm A1 3.0 pm, TE
Dy* 1) ZBLAN G £F b 3845 19 3~5 pm % B 19 v 21 4h

[50]
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I Q-switched fiber laser system | 1976 nm pulses
I Actively I 10-30kHz
Amplifier |==f@e={ Q-switched || Emg=175-234
N ISO illator__|!  FWHM ~40-50ns
976 nm gyt
coupled
junction .
RPSFllters
PC HR-FBG  LR-FBG** 7  35pum
=90.% =30% pulses

Bl 7 3.55 um 3 5 FF G HOGRR IR B
Fig .7 Schematic diagram of 3. 55 um gain-switched

fiber laser™

WOGH K 5 2.8~3.4 um, BATTH h LA G4
Sk B BOR AN 2 s . MW 18 2% ZBLAN G
27 1) 3~4 pm W LD MO B SRS DR MER L TR
s £ 182419 ZBLAN SE£F honl DLER A5 55 5 T 32 11 3~
3.5 pm P B O SR T T 3.6 pm DL DR BE i
TR MABRACRAE AR . £ L iR, H AR AE
ZBLANOGEF 4R 15 7 3.9 pum BYOEH 1, H 2 30Ot
iy T EARIR AR B0 1 T R OB AR R,
P T 2L AN B AR SO R TR R ROR T  F HAT TEAIR
e A9 BE 35O64T  InFL 5O 47 2 H T A RAL Y
T2 v 1 fig i Ee AR Y, SR R OCR LA AR TR
JGRERAR M RL B TR LB 4% InF OB AR (1 3~4 pm
2T A O BRI AR 2.
4.1.2 BMERFHALEZNH LA

fit 7 3% 35 HL A @ KA 5 1 g 5 (300~450 cm '),
Tt 22 G 21 19 A% i 31 161 2 i A BB D6 2 b B B 1 (A 3
1~12 pm) , [ B 4 5 3 38 340 S 24 s 19 = B Al 2tk
810 W km T EE, A B 2 AR G,
e ¥ v 3 A Boi g ) A v G A L DR RIS B 2R R B
g (10 m/W 4, A9 m 2 M 90, DL Rk
T B B 25 BB g (10 " m/W B G, A Ak
Y 2 AR g0 E L . T T RE R R O
G TAEP AR M CHE, T RS P2 b R 27 30, 2ok
WOt HA S PRk &, = h2 55 R I AE
21 AN B B AL i R /N BE T AR ROG AR R — 7T
SEI 4 pm DL A AN S O TAE A . AR
K, B FH A 72 3% 35 0 £F B2 IR 200 2 28 MRS 28 il 1
PR, BT 3 pm DL b B 404 B O A Ot

i TS R AR S ek R0 T
2006 4, WK ) 3% JE K 2 Jackson 2R T AR B
K8 2051 nm B BOLBE R E W, RH
As,Se, MEFE PS5 P, L T TAEHE KA
2166 nm BP0 OGN 1, 5 1 TR 4R 16 mW X
JEE NSRS R T B R PSR ot AT
HIETF R T R 20 RO LT i 8 B0O6 25 0 98 B 313

1516015-7



$£59% F 15H1/2022 £ 8 A/ ESBFFHE

2 Wi LB FALY B K 3~4 pm P LLAME LR O S SR

Table 2 Research status of rare earth doped fluoride glass fiber and 3-4 pm mid-infrared fiber laser output

Fluoride fiber Year Institution Laser wavelength /pm  Laser power /mW  Reference
1995 Brunswick University of Technology, Germany 3.92 1 [52]
) 1997 Brunswick University of Technology, Germany 3.9 11 [53]
Ho™ doped 2011 Uni ity of Syd A li 3. 002 770 [54]
ZBLAN fiber niversity of Sydney, Australia . 0
University of Electronic Science and
2015 . 2.9-3 337 [55]
Technology of China
2016 The University of Adelaide, Austrilia 3.26 80 [56]
Dy*" doped . . . . 3
) 2018 The University of Adelaide, Australia 3.15 1.06 X 10° [57]
ZBLAN fiber
2016 Laval University, Canada 3.24 10* [56]
Dy’ doped InF; fiber 2018 The University of Adelaide, Austrilia 2.95 80 [58]
Ho"" doped InF, fiber 2018 Laval University, Canada 3.92 200 [59]

20134, Jin& K Hi BL /R K2 1) Bernier 25 438 1 F FH
TAEWA N 3. 005 pm W B ELRAL Y OCEF BOG 3 AE I
WK 3 m KA As,SOGEF1E R 472 3 25 A i, I 7
As,S, 625 1Y W6 i %0 A FBG, BF I Y TR Ky 3. 34
pm Y A GEF P O W S B, Hids K -1y
Ry A7 mW , AH W B B 3303 R 390, 2014 4,

L2 1pF 11
FBGI: ') Ll ~
Stokes HR ¥ P p FL
at 3.005um
~ FBG2:
Stokes LR

3m As: S_\
single-mode fiber

—1
FBG3: Detector
Pump HR
&/

Bernier % ilF — 25 R UK 1 A BL-H1 % (F-P) s 45
FITERRE ZOCLF s B T 3. 766 pwm iOLH X & e 4
KR FERL 2 G O RS AR R B K TAE DK X —
BERAR W A 3~5 pm KB 1 b & g B
WOCIR M & B T N — 2 Ot # 9
iR

50
600 5
E
%40 1500 5
: |
g 30! n=39% |40 x
- l200 &
S g
@ {200 &
£ 10} 3
& 1100 €
k7
0 o (. w

e e o : 0
0 50 100 150 200 250 300
Launched pump average power (mW)

B8 BT As,SCEF Y 3. 34 pm GUKL & HOE i KBOE T 4 R SR R e R

Fig. 8 3.34 pm cascaded Raman laser based on As,S; fiber and relationship between average laser output power and pump power

Er*":FG pump fiber laser
Er**-doped FG fiber,

L=5.2m \

980 nm

pump
diodes

IC at 3.01 um OC at 3.01 ym |,

________________________________________

I : Pump at 3.005 pm

Pump coupling to RFL

________________________________________

[65]

Cascaded chalcogenide RFL

______________________________________

I| As,S,ChG fiber, L=2.8 m

OC at 3.34 ym
OC at 3.77 pm

' IC at 3.34 pm
1 IC at 3.77 Hm

______________________________________

[1: Stokes 1 at 3.340 ym

[ : Stokes 2 at 3.766 pm

9 T As,SOELF M 3. 77 pm YRR 26 LT ok 28 e m
Fig. 9 3.77 pm cascaded Raman fiber laser device based on As,S, fiber grating™”’

2019 4F , TR 2 BF 5 AT B3 5k (AL 5 T
FIHT As,Se JCEF A fi 2 38 45 4 L B ADEEF 4.3 pm
PLEBOCA I ATME . MR RN 1.5 Wi, il

ok — L B RS 1 R T A 2 0. 269 WY
4.3 wm BOGH IS F I E T A B 2 362
g 3 88 25 A O 45 pum U B 27 S0 SO 28 1
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AIATIE . R hT 2 E AT BOAR R 25 A A MRS G
RN NI S EA I R IS EE P e ey
A U B ey . (HE T TAEM K KT 4 pm
B4 A 2 B 8 O £F BB SO SR I AR AT R AL S 56 R X
W5 2 TP 2T O B AR K R B IR B )
4.1.3 BB RAHIEEGEA

Tl 2 6 38 T8 O'6 2F 1) W (L 7 22 14 25 R U R O
£F 1 354, DR b 52 B 8 2850 % v 21 AR O T R Ok
L7 B A R K G, 3 A5 TR R 3 3% 3 O 25 T T
il B R R LD AN B O A OB . 19944, L H B A%
Wi K2k Wang 266 & T8 + 8 T8 240 iR $h 35 38Ot
2F  Ho Bk B4 4y TeO,-ZnO-Na,O (TZN) , Ye 41 i 1%
B FEA R 1 dB/m@1. 4 pm. H T FRAK B R Eh B 5
LT R AAE , 1998 4F , H AR HL it B i A /) (NTT) 6+
SFSLIG 3 Mori 28R B Te (4l > 6N) A Ak ik
B il =5 2l TeO,, BF il AR $5 #E 19 i 18 46 D% 35 56 27,
5 1 F0 3% 35 20 73 9 TeO,-Bi,0,-ZnO-Na,0 (TBZN) , 55
i BT TeOVE M JE M BRI A5 B JGEF M E , LT FE
0.9dB/m &K% 0. 054 dB/m @1200 nm. 2001 4F , Mori
S5 1 — 2 ARG AR A T R B B O
L HAEFEARE 0. 02 dB/m @1200 nm, I F] FH HAE A
P W25 A B, e T TR UK B A 3 1490~
1650 nm Y88 G 7 LR R 2 iR . 2008 4F , 7 Mok 2%
Z2 b 25 R B R Mori 25 BIF i (1) 41 451 #E s 12 6 9 B
T L7 A S $i B 16 25 A T, SR A 1480 nm #OGAE A A
N, P T AR UK Y L 55 1495~1665 nm Ay B I 3
P2 ot b, o B T RO R LR, R R AR
PO BB S WA N 22,3 THz, 11 8 1 25 R4
55m W IS 4% SUE W T R R B O 4T AF 5
PR O 7 I R AT L 2015 4F 58 [ A ST K
% Zhu 55V I BOE AR 5T T R A R R B B G £F
P S 7 348 25 A 0 58 B D) R 3~5 pm BO% Y T AT
LG o e I I e VA= € N EDA=R VN A B )

Tellurite fiber

Pump PR@)\.]

i
“' 1
I
HR@)\.I HR@Xp Laser
(a)
Tellurite fiber

Pump
HR@A, “" HR@A,, PR@ M,
I \AAA LIl Ll Ll
o 1L Il
HR@)"I HR@A’I Laser

(b)

E110  —B(a) A B (b) B30 2 i R 6 6 21 WO IR
Fig. 10 Schematic diagram of (a) first-order and (b) second-

order Raman tellurite fiber lasers”"
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ar SR A 10 B SO (HR)FBG FHAE 6 45, 1 &
S REF(PR)FBG FES R A 45 o MR LT RN
20 W B, AT S Tk 10 Wi 3. 53 pm 06 LK
BT R 1.5 W 4. 36 pm BOE . 2020 4F , T bRk
2 ZR AR U A — R U R SR B B e AT A
FE29 R 0.3dB/m @ 3. 8 pm, W] 1 AR K F A o
0.93~3. 95 pm i B AT KRR E 18 7 10 s D e 2
A SR OGS L DR AR 22,7 W H AT E PR
b TR R R R G 4 N A 5T R /DA G | ok
A Ji Hh 2T SNSRI 5 7 ) Y B
4.2 WL HFIHREEE

LA MR T R AR e M A F £ &
B R AN 78 G EF A5 By Tl R 5 24 2 B i AE T .
SREAR S R R (B R W S 7N R v 7 N | e = 1
ABRE/N ARBUN (R R BUE R MOE S B
o5 R 9F BoRT DLt R 1% 48 A e 2F ek v A T
2 pm DL b B BRI . AR R AR BT, R R
AT b X3k A% BN 0 b FBG AR I #% Fil LPFG 1%
AR . FBG S-S B A  LPFG 1 2B 5,
T B G £F 56 Mt A 3 R 0k 4 6 A AL BR B8 10 AR Akl F
S W B BT SR R ) v B R At A R R 2R A
WA R TR AL o

2006 4, Pudo %5 i3I8 T 7EBL &R As,Se, JGEF Al
7z VR A 7R G R IR AR BRI 4 TE SN 17 nm %
AR IR EE AT I8 & — 9 dB, A 78 1450 nm Z& 45 #4235 nm
U R PR L o4l b BRI AR 2T Ah R AR BE T AT REE
2011 4 , Ahmad 25" 75 PMMA % )22 W 0K 19 As.Se,
PrHEC L rh il & TS BB FBG, M T G LA
2| 40 dB, Z #5148 Ry 6 £ A% ORI Al 4R PR 1 25 AE T 2 Ab
S ab B A I RE T — SR . 2017 4F, Yang
FRR T — R T H BT (Ge-Sb-Se) B & LPFG
Tk B2 A A 2 AR AR TE 3 o (18 IR I 4 Ak 1Y B KR
BE R AT IR E 9. 02 nm/°C, i1 LPFG i 1%
JEREE X IR 35 A 5 3 HL AT W5 A A% R . 2018 4F
Zhang %R T — FP 3L T Ge-Sb-Se B Z # FBG 1)
Tk A TR 8 8 AR D K DA A 3 L B 3 e 2T
Hh X B, A5 RS AE 3390 nm Ak B IR R BE B T
0.16 nm/°C, tt 1550 nm 4b 9 3 B R SR = 2. 2 4%, &
HHFBG B 1545 . 2019 4F , Wang %' i T — Fh
LPFG 1 15 7 805 6 15 B2 16 2 B8 i R OL 2R
205 S 8 R N T O £ R I AR Ok R AR
i it B R AR Y LPEG M I8 176 pm B, 7E 3 pm
PR K e KR R IR F] 12, 6 nm/°C, AT
T Aot K. 2020 4F, Cai &V R R T — AN TE
WK H AR B As,Se, OGET il & 89 404 FBG, %
FHEREEL 4.5 pm KT M FBG B A7 15 dB 1974
JEHR 2 X 10 W B P 5T 3R i a e B Al 2T
HMEOG B o TAE BRI FBG il B 2 5000 ok 48 45 45 e B
A EAE R A . 2021 4F, She %57 F) ] AP0k
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i 0~2000 pe B R AE 78 HR 210 41 I K 98 BN A 0 AR R
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Fig. 11 LPFG stress sensor "’ (a) Experimental setup;

(b) transmission spectrum
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