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Research Progress on Evanescent Wave Sensor Based on Mid-Infrared Optical Fiber

WANG Min"*3, DAI Shixun'*®, ZHANG Peiging"**, WANG Xunsi"**, KANG Shiliang"*>, LIU Zijun"*>
(1. Laboratory of Infrared Materials and Devices, The Research Institute of Advanced Technologies, Ningbo University, Ningbo
315211, Zhejiang, China; 2. Key Laboratory of Photoelectric Materials and Devices of Zhejiang Province, Ningbo 315211, Zhejiang,
China; 3. Engineering Research Center for Advanced Infrared Photoelectric Materials and Devices of Zhejiang Province, Ningbo
315211, Zhejiang, China)

Abstract: Fiber sensors based on the principle of evanescent waves are widely used in liquid, gas, and biochemical sensors due to
their high sensitivity, fast response speed and low cost. Meanwhile, mid-infrared optical fibers based on tellurite glass, fluoride glass,
chalcogenide glass and halide crystal have attracted much recent attention in the sensing field because of their wide infrared
transmission range. This paper reviewed the principle of mid-infrared fiber optic evanescent wave sensing, introduced the
characteristics of various mid-infrared fiber matrix materials, fiber structure and parametric properties, provided a detailed review of
its sensing progress in the mid-infrared of gases, liquids, and biochemistry. In addition, the development tendency of mid-infrared
optical fiber evanescent wave sensors was also prospected.

Keywords: fiber sensor; evanescent wave sensor; mid-infrared fiber; chalcogenide glass fiber

FEEF AR AR AL — i A T R IR AE LT
AR T PR A 5 BHA T 75 8 U045 5 4
Mfelkas, HHLEARER. SAMRAR, WEER
W2 NI ISR A 7 W A SN T =R A U oy
MY, W T ERSHE L PN ENAR N T
Wzl W WE. IR W, AR

Wk H 1 2021-12-30. BATHI: 2022-01-27.

HETIH: EXKEREIHES(62090064. 61875094); T KRR A BLR
S TUKFE RS

$F—EH: £ WA997—), &, WA

BEEE: BEF1974—), 3, L, R

RIS H . Horb, el Bt R I 7 is 1
20 fit2d 80 AR, AHLLILERMRPLAA LIRS, ©
BA R WRNEER, Bt 5T 5H
EAR AT AR SR A, MO Z AT
BEy7. Ah. TolkBR/K. £ i i a4ssgt =,
1975 4=, HdHAE K2 Kronick 25F) FH 75T~ i

Received date: 2021-12-30. Revised date: 2022-01-27.

First author: WANG Min (1997-), female, Master candidate.

E-mail: 473511665@qq.com

Correspondent author: DAI Shixun (1974-), male, Ph. D., Professor.

E-mail: daishixun@nbu.edu.cn



< 1118 - CREMR Eh 25 4)

J Chin Ceram Soc, 2022, 50(4): 1117-1131

2022 4F

R THI A 475 P 468 0 30 A S 3R THT AR S PR SUR R AR 37
W IX IR 2O ES, BRI S 5 AR s
BB AAR (e S 0T, 20 tHe2E 80 4EAR, W
T IRER HOK T T 5 O AR I B ARS8 F B4R
BT P T SR AR SRR B R R TR (G AT
68 T 9% A B 2 R FH SR A YA 4705 5 L2 T R
A A SIS IR T AR R, (G B N B
ity P 5 A B P R AR MRS RE B A I D
TIRERM AN SENERE. &5 7RG
T E TSR R AR, AR, 1986 4,
Bt BT 5 AR ot Falcon 8 HEAT 1 ) FH A4
BT SRES, R BB 4738 o 6 235 4
B, A o I A b B RN BEINEASE, T
U B A SR P AN S R AR k). 1987 48, £
FE T AR K 2 Paul S54R0E T 2 T A SR 4Rl %
JEAIMIEAT VE, AR AL AR IR FE B
THRE . BEEILHAE, BT AR & TS
AR, FETARIRFE A TG AL B B 7 3
—WnRE, NATXED. Wk, SSRGS
W, B E 45 a0 CHL0 (1.6x1077, 200 s). CHy
(107, <20 s)ik B 1 HRAR AR I R PR R R 6 520 1
W NEE[A) o AR, BT A A TAE B KSR T
3um PAPY, ToIEN AL A B AR, AE LN T
HRALAMEI AT . SR EIE, 20 tHad 80 HELLK,
W& AL . B R OGET RN s AL R 4T 5
R MLt SRS, TFRE TR RS F
LML TE I A AME RN« 1987 4, HEHEAE
Tiff 58 5256 % France S5UESE | ZrFy YG£F BE A 500
WAL T 2.0~4.6 pm Ak 2P AT ATHER, R4,
it [ i R B B3 A BR A 7] Pruss 258 ] ZrF, S
AR AR A I SE B 4.25 um 4 CO SRR E
Rt 1995 4, SEEWEEWFELR R Sanghera
%%Uﬂq GesoAS1ose3oT€30 ﬁ)ﬁ/ d‘ﬁé?ﬁkljﬁ(j{ﬂﬂ%ﬁké N
R Y RATEY. 2000 4, BEEEK
2 Hocdé Z54R1E T8 H Te,As;Ses Yol B #BAE
TGH o R DA TER F AEG R R L ECR BR £Y
2.5% "2 TELT A AR S AT A IR T THT, 1995 4E,
W) ZE B g R K2 Mizaikoff 25 il AgBrCl
FAF LB T AEL T KRR (EALIE . DA
M) B NS AL S P Rt 1997 45,
Jakusch 257 FH ¥R T8 206/ TN 16 R G0 AgCLYGEFFF
RN IREE R G0, PRI S 2 7K
IR, DI 2 IREIRIE S 7 3001070,
AR, TR AR RTITAIR, BT Rpast

TCE R I R WS 12 A K,
B RA AR IERERE AL A M AW e, £
L FH T AT K M R I e A A s )
LY/ P TN ARG NS YA S

AT S LR T LA G AT R A IR LR
T BRI LN L B AR R R, TSR A
REEZHE, SR8 T HAEP AN BUUA . T
AMADI A5 GUR AL, e Jm xR i
ST TR

1 Pt e R

T 21 A6 X IR(RD 400~4 000 cm )7E 75 T
YR ZHEHLE TN S 4 T IEEA R 2 X5,
H B AR T RS R A M — P, BRI RN
DTIREX . T YT EL S I FIEFREUX (15
AR BN B AT WL B ST 2T A T IX 45k ) o B e
3~5 MEH. B TALE Y T4 R 2 R ks
P, FAH L) 4 JE IR S 7E Hh 2140 X S A 2 5
K. B, AR P LD AN ot B A, @
AT AMERE S5 1 2EY R 2 18 H AR )07 OR
REDU A3 M 2T ARSI 63, DA S BIGHFRFIIAE fd h
AL AR 2R R R P EAT s A s B A Y

S EPAW S AR SR G 3y L P e S a AR 5ciin)s
AN RS, R 1 Fis. SUAEERIHE
NS F IR 2 DL A 4 O 05 SR YR 4F it AT 4%
i, R A R BRI,
P I LF 5 AR 1 AE T A A i B 28 i T 5 LA AR
B ANPOETEIR, 1% BN . e S5
Y MTVIAH ELAE P, AR 5 A28 468 30 4 2 A 4
FIT AL A 23 B R Sl W WA A5 4 th e i B R BAT
AMEHETR e o DRI, S r AN RO B HEAT AT

A EERS LI HE AR et o BT 2 AL 2 AR L
11 HLBE % 73 M1 A= W) 21 2R A8 A B 38 B AR Ak 7
2o AT I A% AN UAN 77 2 S IR IR A it T AL 2
M, B RESEIUEAN T B R A ) DX ATz P 2
K22 EAh, SRS LA A P SRR TE A A
B, R R NS RN AR T ilm 5

Evanescent
T < wave
0.

Sensing region

BT OGP e A e )
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Table 1 Several typical mid-infrared fiber host materials and their performance characteristics

Glass matrix
. Performance and Features
material

Represented by glass systems such as TeO,-ZnO-NaO, TeO,-ZnO-La,03-WOs; visible to mid-infrared light transmission range (up to 6 um);

Tellurite glass

high nonlinear refractive index; good chemical stability; expensive raw material cost

Represented by glass systems such as ZBLAN, InF3, ZrF;; the light transmission ranges from ultraviolet to mid-infrared (up to 5 pm); poor

Fluoride glass

chemical stability and glass-forming performance; harsh preparation process conditions and expensive raw materials

Chalcogenide Represented by glass systems such as As;S;+ As,Ses+ Ge-As-Se(s). Ge-As-Se-Te; wide infrared transmission range (up to 25 um); extremely

glass high refractive index; nonlinear refractive index; good chemical stability; acid corrosion resistance and expensive raw materials

Represented by Ag,Cl,_,, wide infrared transmission range (up to 20 um); high thermal conductivity; high laser damage threshold; complex

Halide crystal ] .
preparation process, easy to deliquescence
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(a) Suspended core fiber

(b) Bragg fiber

(c) Photonic crystal fiber

(d) Anti-resonance fiber
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Fig. 5 Typical Microstructure fiber cross section

Proximal location Distal lgcation

: Hydrocarbons
ZrF fiber optic ¢, )

Sensor support é :
electronics L:::::
and optics Source Fiber optic

m——————

J
Sensor data I D -
collection and

processing  Detector

Remote
sensor
probe

Bl 6 IERRLLAMELT A A YA s R D)
Fig. 6 Schematic diagram of a remote IR fiber optic
hydrocarbon sensor®*®!

140 pm FILA AR RN 10 um &AL (4
& ZrFy, B2 : Teflon) 2 F TR ARSI A7 T
3.3 um 4t CHsCH,CHo SRR . F4E, &M@
SMA S % Levin S5 R T — Ml 56184,

RIS RS D T A D I 2 R SRR md e T e . 1%
REOHUINEN ZF B A — B T
M5B SIRAREZWTERECN 5%~8%M CO, Sk

[31]

DA K 6V 2 7E 7K HT CH;OH R (B 7)1%. 1991 4R,
SE [E AW S B A 7] Driver 258 K FE N 50 m [
ZrF, WAL BEI AR S T 0.8~4.5 pm Y% i [ Py
PR PR BRI, oI E . O A S AR AR
S AL 2R PO S B AT K QLA ZeF,
S AT I el B S e 2T AN, KK )
LEE. 1-4-—HOHFP KSR, DRSS P
M B HHT T, FHRIhEER T EATA A R
BT e M AT, (B S BE IS G LT R K B i
(Y BR B Rt — b e,
3.2 WMABIBNAIEHZARK

T 2R IR 6 A i I8 A% R T 20 40 80 4RAX,
1988 4F, £ [H & Wi K #l)(Foster-Miller) A 7] David
S ARG T As-Ge-Se ZL4Mi R I T
AR R 2 R VA TR IR EE A, I T A
SRV SRR & A AR E A S R FEREAT T S
MY, 2000 4F LKA B R B LT 7T AR J kK
BN L T R KT e I L R0 0 D e A



50 B 4 T8 A ET RS RA BT AR BT T « 1123
13.0 100
8% CO,
= \
2
<
; \
= B
2 3 N\
EREXIS g sof
7 2
g <
g
) \
5% CO, AJ// N
11.0 1 0 )
0.0 50.0 100.0 2.00 223 246
Time/s Wavelength/um
(a) (b)

7 (a) A 3% CO, FEAAL SN TAIOC R (b) BRSO 0

Fig. 7 (a) Transmission as a function of time for a sample with a 3% change in CO,; (b) Absorption spectrum of methanol™*!

#*2

ERER T HOIMERE AR AR IENA LT

Table 2 Reported chalcogenide glass fiber for mid-infrared sensor application

Glass composition (Mole fraction)/% Transmission band/um Loss/(dB-m™) Diameter/um Length/cm Ref.
GexrSeysTess 6-12 1-5@5-11 pm 380 5,10,15 [48]
Te,AssSes 218 1@6-10 pm 100 20 [2]
AsgSerq Tes 218 1@ 6-10 pm 100 10-20 [42]
Te,AssSes 2-12 1@8-9 um 40 4 [43]
?;iifgglj‘(‘gf;) 212 1.7@6.5-9.5 um 40 20 [44]
Te,As3Ses 212 1@6-9 pm 100 20 [49]
GeSe, 210 0.5@2-8 pm 400 [50]
Asa0Seq 1-8 3@1.55 pm 125 100 [51]
GexSesTers 416 10@11 pm 11,21,50 [52]
GasGexsSbioSegs 214 2@7 pm 100 [53]
(GezTe)ooAglio 3@10 pm 200 [54]
GeasAsisSeasTes 210 1.6-1.7@6-8.5 ym 150 8,12,16,20,22.5 3]
GexSegoTex 25-15 3.4@5.9 pm 30,50,70,90 30 [55]
As:S; 3-10 1@4.7 pm 320 02 [56]
G(gij‘;;;f:;::l ‘:)2 2525 0.57@6.52 um 130 100 [57]
GezohsirSezsTes, 578 0.9@7.1 um 150,180,230 100 [58]
GeyoSeso
Ge15SbisSer 9-10 2.14 @7.05 um 50 [59]
Gei5SbyoSees 5585 1.68@6.0 pm 244'92%’12170'44’ 11.53,13.84, 15.94 [60]
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Fig. 8 Absorption spectra of the C—O chemical bond at 1 045 cm™ at different curing times
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[16]

a - U-shaped; b - one loop; ¢ - two loops; d, e - one loop with a fiber radius of 150 pm and 230 pm; f-one loop with a bend fiber radius of 2 mm and 4 mm, respectively.

B9 R[A) ol X 27 1 e J 2 )

Fig. 9 Sensors with different taper types

[58]
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(a) Absorption spectra of six concentrations of the p-xylene aqueous solution recorded by the chalcogenide tapered fiber

with and without polydopamine coating; (b) Dependence of the absorbance at the p-xylene absorption line on the p-xylene

aqueous solution concentration for the sensors with and without polydopamine coating

FELF I INE] > 54 S%IRER CObE . =&-=%8
LHE HREFITNER . [FIKG 4 Fh AR A 7E— it
A7 TR, AT AR BV BETE A 1%~10% 1S

BEY, EIEN 2%~3%1%. 2009 4, JEETER
K% Charpentier 552 tH 5464 0.5 dB/m. EAEN
400 pm ] GeSeq J6ZF, SEERIUEH] T 1ZGLXT CO,
AR LR B TR /N T 60 s ELAS IR A T 3
PEIST, 2011 4E, 4R P W7 3 R OG 4F BF A o
Kosolapov %l 2 7 WK 12 BRI AssoSesoTex K
R OOER, BIRIGIE T A T3t ISR B FS
ZEAMEF 10.6 pm CO, WOG, XFDGLFE CO, Ot
PR ARG I 7 T AT S RO, 2019 4E, TR
Wang S| 7 — P T DU FL BT S AsySs MK}
(R RIS AR 4F, HRIH SR ORI e SR 47 1)
TSI T A BAME OB, 325 764 RN R4S

[61]

PRSI % . TERUBIE RS FL A, JeeF ot
RALRRTTII LA 3 pm/s BRSPS . 3l 38 A [A]
ik e 52 DA £ SR 27 T A 1R R AL B AR . B 132 &
R T IhEJEEJY 4 mW 2 30 mW HI62F 60 200 T 1L
TS R o AR, FLFIhInIFLIIFLEE & Bk e =
PIBE I K. B 13b N H 24 mW ki ag 4L 60 pm
RALII IR o FLIT A BE RS FIBENS, 1RDA TR
MR RS LIIA N T S5 m I TR AA AR
WA, EPET 24 mW ke g R & FLRESIE
NABIX . FAMHARFLIES 2 A IEE B 0.5 em (&
13¢). M4, T TR 200 pm P4 Ui TE,
IR 300 um (B 13d), {2t T 64F 554K AR B
TEH . SRIREE R, EARMUBIEN AsS; it
LPAG I F e ) RABEE /N T 100 mg/L, A% i o ) []
flitt /N 20s, HAAT R E R P,



« 1126 - CREMR Eh 25 4)

J Chin Ceram Soc, 2022, 50(4): 1117-1131

2022 4

T 28 VG 2T 08 JI A% SRR A3 W) DASKS 25 o 24 ff A
S AT IR LR I I, B RIS v Wi SE LR
TARBBE SR, EBRS PUE S A R
LRGSR BT ARG AR 38, AFEIR
SN EA A FIRLLAMFIE, N nT POE £
HMRFIE G AR AR SREUN AL (5 2 - 2005 48, K FE L
FIZIBK Lucas EHIH] Te,AssSes hrfEeHE Atk

JRYEA Y FREIE B 1 N A2 P o £ PR 6 A R Rk
SULEWIE Triton X-100 BRI N 2401 A AAL
(& 14), OB AR AL 1 R B ARAT 122 18] 7
R, RRAERLINEHOGENRIEE RIS, 2000 4F,
HhEE FE RS Yoo SEAF H — v ml LA 2B 1
PR (LT AN CAT AR IR AR A DAL BRI
K HZEBEIHAIMAM As-S BARLA . A

1.0

0.9

0.8

0.7

Intensity

0.5

0.5

0.4

0.3
@ ®)
K12 (a) RIEIRIGEFRERI KI5 S (b) CO, BRI TE G AP T b Fr) 3 2 3 A 1)

Fig. 12 (a) Morphology of the Anti-resonance fiber cross-section and (b) Intensity distribution of CO, laser radiation over the fiber
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