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Abstract

In this paper, the theory of refractive index sensing of etched thin-cladding optical fiber Bragg
grating is analyzed, and the experimental study of refractive index measurement is carried out
using the theory. Firstly, in the theory, the relationship between Bragg wavelength and fiber di-
ameter is analyzed based on the three-layer structure model of the fiber, and the variation of
Bragg wavelength with ambient refractive index is also calculated for different fiber diameters to
obtain the refractive index response curves of thin-cladding fiber gratings with different diame-
ters. The simulation results show that there is a nonlinear relationship between the Bragg wave-
length and the change of the ambient refractive index. The smaller diameter of the fiber sensor
has a higher sensitivity. In the refractive index range of 1.333~1.462, the sensitivity of the
thin-cladding fiber grating refractive index sensor etched to the core is about 22 nm/RIU, which is
theoretically the maximum sensitivity of this kind of sensor in the specific refractive index range.
Then in the experiment, three thin-clad fiber grating refractive index sensors with different di-
ameters (32 pm, 14 pm, 8.45 pm) are obtained by etching a Bragg fiber grating in three stages. The
change of reflection spectrum during the etching process is recorded, and the refractive index
sensing experiments are carried out respectively. The experimental results show that the average
sensitivity of the sensor is 0.246 nm/RIU, 1.319 nm/RIU and 6.332 nm/RIU in the refractive index
range of 1.33300~1.42789. Considering the spectral resolution of 0.02 nm, the calculated refrac-
tive index resolution is 0.08 RIU, 0.015 RIU and 0.00316 RIU. Finally, a new opinion is put forward
for the slight difference between the theoretical and experimental results, that is, the theoretical
model cannot predict the trend of red shift of Bragg wavelength.

Keywords

Fiber Bragg Grating, Etching, Refractive Index Sensing

Copyright © 2021 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

Yo 2R ) AR B Ve —, W] R S BRAD R VE 22 WA R, X 3T S B PR RS B 0 e A A 0
T, frdh FREEAE AL U £ ¢ 1], Se£F A frks St (fiber Bragg grating, FBG) [ 1978 4 fii tH: L)
e, ARBRBLLE B AE AL AT AS 2] T T RIS I [2]. FEARIRATIE, M AR LAt f i 1 A B AR AL ST 0, 3
R AR M AR IS 30 J S, 7 1) v i 5o PR TR S R B PP ) SN U, A T e A SR A,
FBG 1R FH SN BT K [3]o FEARZ UL TS AL IRTT R, FBG i AL 07 bk T A B4 A S
PURBE T 5T B RIS M R ARR B, A HOAR IR s 450 1, FBG HT i S A &5 1 5 T ik
S5t SR, (AT S R R R AR R (E 5. R 70 1, FBG T AR KM, BfAasT
SRR AR M, oA T RE AR R RS e N, TS TR R A A B 45 S

BTSN, @R FBG XIS 2 I B RIS, BRI S AL RS, WX FBG #H4T
BN TACEE . 1998 4F, Hit 2 W EE 7T BE ) Asseh 25 N By IR HE H 6 2R AR B e i A% 80y 58
[4]o flfiTH—4R FBG EAREIHE] 11 pm, BT FEOC ORI RN, SRt R P ik
107° RIU (refractive index unit, 7§ 5RAA, ToEA). MILLE ML FBG BRI, HAMK,
BRI, — BB RADIREHE FE N AE I8 S AR SOA ] & S M AP I BT — o HLR R R ik
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W B HF BREIE T s, (8RR T RE e e N SIS BN L 55 . NIRTE 2001 4E,
Schroeder %5 N\ B S RIS FBG /7%, AR LT 6337 2 B fEIR B, (613 FBG M3tk K
B Bragg WK SIREEHT S ZRAR G, (L0 T 9 B S 2T 75 TR R RS B AR A RE ORUE MBS T 2 [5] . J ki A
B VE T SEILELAR N TOK BRI FBG 47 56 284 BAs , 1T Bl A SR AT A n T4 AR I 2 J Rl S 2 (¥4 Hh
[6], WFFEN G TF 4 FH R SR BO g in TH R HIE FBG Hrit Fob 4421848, K2 LB PRI
FBG 159 LASZILE U WAL R RE, T2 o R U = 7 HER IS 3 R (7] 281, L3R FBG it Fefh By
TESEFR N A BAT S E s, BOMURGR AR, SRR IRECE IR .

AL FBG i RAL ARV IR (R Y4100 2 1) FBG 7 S S AL 8%, A LL T8 th 31 A5 47 451 FBG,
HA A AU AL AR e, TEFRATZ AT S YRR B (0 AR b, eI 1 AR it e ft
R B PSR [8], fEULEERE b, A DA )E FBG Pt A AR AT — A N ERIR B SE I 1 4
IR T . B SRAE RS iR T L2 FBG T ALK [, /b T IE AT = 245 AL, Bragg
%&S%QE%%%%,Hﬁﬁﬁﬁh%ﬂﬁﬁ%$%§%,ZHE@ﬂNBGmﬁ%$WME%OZE
FESEES R, @A FBG AT AN BME T, BB =R EANHEAE FBG i L s,
TR R R SIS AR, FRS Y B FBG F T H AR AT I . S04 %%@@‘ﬁ%ﬁ
W)t (BHAAERUMEZE, SHX /MR ZET TR R .

2. S§EE FBG ITHREREEMHE

FBG /& —MEEHE SRR E O DG T IR, e i B BRI Rtk (Bragg) K Ag B R 45
Jg =20 A @)

Hr, A AR, e NEPERAA RGN R, RO, PO R R T E AL,
HATHATE A L ST R IR T IR EET BARIB N2 @ LB, ZRUMR e A A AR
e, BRIV KBIZFS Z AP A AFETRA AT I R 32 BB EIT  A)520, - AT 513 Bragg %
KiRE2h, L I Bragg S AIIREEN, BRI LMSEIASTHTN R ARG O, X2 FBG T ALK IR

NFEEIINT Bragg K ST BARU LRGSR IR R, HENOCLTMOHBOTREL R, RKEAF
ZHT e 7ML, 3E—BARYE A (1) THE 15 3 Bragg KRR . X THAZE FBG, St /ZE
SRAFAE, BRI WNE 1 PFORIRDGE = Z 85 AL, OB N9

[jm(u)_ Am(uc][ n(V)- JAm(u )} ‘Aim+1(u'c)YAm+1(u,) (8 <kon,)
[m(u) JA (u'c) ][ n(V)- YAm(u )} Jm+1(u) Kz (UC) )
[Am(U) K )][Am(V)+Alm(W)] [0 (W) Ky (W) (B >kn,)
[30 (u)+ T (we) [ Ky (V) =Ky (W) Tra (W) K (we)
b 2, (X) = Z, (X)) X2 (X) (2 REVIREHI, Y, 1K), c=a/b
u=a(kin —p°)"
'=b(k2 2_ )
web(g i) ©)
v=b(g -Kkn2)”

B, BRI B = (2n/ )N+ Jn» Yoo e Ko APBINE—%. 25 73K Bessel ¥
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FABIERISE—2, 55225 Bessel % a. b M BINAFSSEEYE, nis no ng 0l ALRS . AELUK
AT OB A TR B R 8 RE, 0 B S SR AR HERY Coning SMF-28 BB
P2 a=4.15um, b=62.5pum, n=1.4681, n, = 1.4628. HEFLFISHHMEIFRF I B>k, , AL
KHAR@)PHE AL, IR AL IR vpasolve bk BdEAT BB KA -

ng

Figure 1. Three layer structure model of optical fiber
1. A= REMIER

B2 45T neg 5064F HARE40(125 pm~8.4 pm) I3 5 5 i 28 , 25 58 21 5246 o il ik S (HF) R 7
VLB bR/ IN T BLAR  TH SN SRFH (WA BT 5 28 ny = 1.38, X2 WK IE N 409% 1) HF BRI (13 5 2 B0 .
Mt gE BaT LA, XA EER NIRRT, neg fEEAVEE 125 um £ 20 pm 2 (A A GFADE,
M4 2 EARW/NE] 30 um A7, e FEURIR/N, X Bragg B IR . M E LT R W R, ney
AR LR 2.5 x 1073, X F At AE 1550 nm FHiE, FIAZI4 530 nm ) FBG ki, X1 ) Bragg
BRI ER = 2.65 nm. FI FH A AT SR BG4 B AR 1) MR AR R
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Figure 2. The relationship between the effective refractive index
of the fiber core mode and the fiber diameter, the surrounding
refractive index ns is set to 1.38
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34 AR R EARIEET B nes SERBIHTHT4(1.333~1.462) (196 21, M) LIS HI 45184, 55—,
Nets BE 5 PR EEHT S 2 ARSG AN G 0, FEAERLHL R A i R a A 5 2 B AR MER G R, [P Bragg
BRI, R 2, =2ng A, WKEEERESTH RN R AL, B, NTEHE—ERLL,
Nerr TEFN AT S 28 K HOTE B A S m T 3 3R R s 3=, P EARERN, L neg XTERSEHT I 20 11 R B
JERkE, HALZE BRI T R R UG S, MR AR AR R O EAT A 125 pm
135 um I, PISEHIZRE SAE i, e AT IAEEATI 3 JLF A RIS T2 64F BAR ARSI, it
RRPPEREIRTE . 7ENFEARM/NE] 16 um B, neg FFAA HILPT 5 RGUK, 6L EAEN 8.3 um B,
FELFALE A kb, RIS negr FERADI T S5 SR BB Y 1IN T4 2.7 x 107°, % FBG A4 530 nm, I
XN Bragg B K AR A 2.862 nm, 7E 1.333~1.462 [T S RIEHI N, PRI RBUZELN 22 nm/RIU. X2
WAL 2 FBG 75 3 A% IR LE LA 51 28 50 Rl P 11 s K30 R

125 pm & 35 um
1.4652 el e
________ s i
16pum e 7
1.4645 F _ ./
- = - ,/’ .:
s | === - ez
= 1.4637F ~ ’_:_/-"'
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B = =35um
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Figure 3. Relationship between effective refractive index of fiber
core mode and surrounding refractive index under different fiber

diameters
B 3. TRAAER T SEERINGTRESTEIR RN
KFE

3. HEE FBG T HRERMESLINHFR
3.1. FBG [E{hsLis

FBG J S 56 1 9 B2 BB S mT R PR v 328 IS Tl e 41 1) B4R o TR B/ 8 28 S8 SO I 5 26 O RS L
AT LE A B R A SE 5, SRAFRRE HF BRIRIEXS TORAF R i R A 00 ME, AR5 S br s ik
FBG I E &, XM Ms S TR sEEAR. B L —3REg o &, FBG Hi2 5L M Bragg
WRKAEWHRIICR, FTALESLLG AR a] LUE T WS Bragg ¥ K ARkl il FBG 4%, LA Bragg
BRKER NS, =B, B Bragg WK ERHT, RIFFHGERULRERG, XE— FBG ZHATHE M,
MM IRAF = AAF AR FBG 3T AL B, 0 BRI 5 R AL B . O T REAE IS Tl #2 rp st 1)
W Bragg RIS OL, RAWE 4 Frosiei sl 24t, R4 32 Bk E KRS (Amplified
Spontaneous Emission, ASE)J¢I§, =i ¥R 2 (circulator), #2471 FBG Frif AL, LLLGIESD
Hr{% (Optical Spectrum Analyzer, OSA)4H . Hrf, FBG &34 E i — N RN B O e, HHVA
¥ FBG $55,  [F 8 751 [0 & i) ity ARp o BV R (A, T oty 1) A I 2 5 [ fR B X B W, T Bl A
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MIRAAR AR o 123525 07 AT RGN R FR Y 3 mi, R SOREA T HES Al R 6 2800 5 S 3R g ], )
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Figure 4. Spectrum monitoring system of optical fiber refractive index sensor

4. LTS RATRIF RS I R 5

JRUERE —F B 2 ml RIS [ R25E FBG 194 B fa s AR RE ) HIF IRV T (40% Y HF i
WS EBEFKIOHRI N 1:2), FTCARRAE i b 1, b HF B s RO A B2 4= 1 B o
JE IR SRR 2D B, B 10 min GaR— YOG & 5(a) NIRRT 4R 0~140 min A T
AR RO . (RS Eh 140 min 5K FBG HER BN, EXRET/RREZ K. ZRIKETN HF %
W B R TG, WE SO)FR, UM EERLN 32 pm. ZJSHEAT R R T 5%
RS, AT, WM BRI 2 FBG dr 44y FBGL.

0min — 140 min - 0 min
—— 30 min
—— 60 min
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32.372 pm

.-.___t = W™

Reflection (dB)

L
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Wavelength (dB)
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Figure 5. (a) The change of spectrum with corrosion time in the first stage of etching (b) micrograph of FBG1
5. (a) E—MEREMIREPAERREMEREX; (b) FBGL ZHE

SO — B BURAT S AL RSLER 5, 4RSRIE D FBGL, HEATEE BB, T BEBESRAFARRIOL
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W C A2, i — B R HE VW, 14118 40%01 HE BRIEW S 2 B F /KRR L 1:4. J& sk 30 min )5,
Bragg ¥ KARXT AR JE ) FBG W%, BiHE k. & 6 A% BBt FBG UGtk (A Ak 1 5 J i e
BJE R, BRI AR NN B 14 pm 224, W H Ay 408 FBG2 HE R [H] FBGL — £ 1T i FAL B S

) Orpin 0 min

50k (@ 3? i —— 10 min
)
== 14.103 pm
S —
k3]
()
= 60
I~

-65 +

DAV . .
1549.0 1549.5 1550.0 1550.5 1551.0
Wavelength(nm)

100 pm

Figure 6. (a) The change of spectrum with corrosion time in the second stage of etching (b) micrograph of FBG2
6. (a) M ERIE 1T 2 IR RS hETE AR 1L ; (b) FBG2 EIME

FEEE BB o R I R B s, S, Bragg WKIERE A BERLTR, DT BE SR A Y4
JEVRRRRE, 58 =W BoR HI B hiBodt— ke, 40%I HF BRVAVRS 2 3 T /K ARy 1.7 35—, &t
Bt “Reve” . kb, KREMRATHAERE L I, S S S I i AT 53 BT
TR = B R o R rh 2 SR X — I 5. RIS E FBG 1R s, RIS 4, JE
ThE|EZI, Bragg B &S 2.65 nm. d1 T LB T oK e FBG A58 45 bR ik s 2 L3-S X It ]
IRAIEFER Bragg K HERS B HIAE 2 nm LA, DARE LB el B2 . 5 2%, 55 =B BOR B ihRr 4 17 22 miin,
TR AR A 7 R AR FIEATE) 8.45 um T L)Z FBG T S fEi&8%, N FBG3.

8.454 pm

}

Reflection(dB)

10 pm

1546 1548 1550 1552 1554
Wavelength(nm)

Figure 7. (a) The change of spectrum with corrosion time in the third stage of etching (b) micrograph of FBG3
7.(a) B=MERERIE 2 IR RS thETE AL ; (b) FBG3 EIME

8 AN B L FE 2, Bragg KRR TS R A AL U . RTUAE H . Bragg 35K B S T i ik
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17, EIHAEIEAH R ER KR WME, 2BER 0295 nm, H#E 1.711 nm. EBHESHTH
SRR A &, AR E B RER TN LR X —#a%h . 1R 290N G 7R ZABL I S 56 Hh R I
—ILR[10] [11] [12], #RIEMLAEELE 0.3~0.7 nm Z[A]. ABATTXS T 2088 J5 R A AR AN B e T — 25 & ik
e MEEEIIHGE R, REIRE TS S8 T Bragg K ILLEE .

KRR G AR X — AT 5E. Bk, FBG MRS RBUE ML N 10 pm/C, JEME FBG 1)
REPUEWA S RAERK[13]. BfF I Bragg K205 0.3~0.7 nm NI 75 ZHE BT+ 30°C~70°C . U2
HF WU HUBCRAS R AT RE P A AN oR R . LR, 7€ FBGL JETSEEe 5, Bragg K IFIA 1EIF 1L
DS ERBIWIGEAE,  [FIRE S 37 2 SIS h o] LR B, AHFENR AT R, FBGL 1Y
Bragg W KAHR R JE AT, AKAVERIZIRE T4 0.3 nm. XA LLiEH, Bragg W KAEEMT4G )5 L2
PG, AR R 3 B T Enm R I Fo o P B ARIX — I R R BRI AR RR N A

1550.5
__________________________________ I
I ___.---""' ‘.sz‘oz%nm
15500 F - m RS a -t
E | |
\= n
5 | |
%01549.5 - ]
2 n
% M=1711mm
21549.0 .
& =
[av]
— | |
B 15485
___________________________________________ [ .
1548000
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Etching time(min)

Figure 8. The variation of Bragg wavelength with corrosion time in
the whole corrosion process

[ 8. BAEMiZFES, Bragg K IKHEE imATE A LA

3.2. £ETHEE FBG R B H Bk E N EXH

=Rl s AR Oy H, 2 —Moot, &Y, TR, TCENRERK. T5KUERHEIRE,
AL E K 1.33~1.47 K5t 26 N 19T 3 R FEAR, &% AT R iR se it i . 7E 5 e
B PR EE R =B AR R T A, 7R %R 25 CIRM SR E 4 /N PA_EDLAR| 75y
RCEAT. 22 1 F0H T 10 TS FRREAR U BE AT 32 K/
Table 1. Concentration and refractive index of glycerol solution refractive index sample
= 1 HImR IR e R AR RE T

JEZN 1 2 3 4 5 6 7 8 9 10

W (%) 0 5 15 25 30 35 40 50 60 70
S 1.33300 1.33880  1.35106  1.36404 1.370700 1.37740  1.38413  1.39809  1.41600  1.42789

Xf_EIR =AW BUE S 2] FBGL. FBG2. FBG3 J3 AT i ALK, RAMSLREE S
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JE RIS B AR, DX RAE T HF BRI e nl 1 H sl . 184 ASE JilE, FBG il OSA, JHHL
TR 1 /BT JE AR IR A AR e TAE . FH R B TR T e 2 B, 2 mil (DRI 1)
2[5 75 P SRR N H VS RE AR, 0 OR FBG SE i@ NI s WL%2 21 Bragg K BRI Z1ma B 52 & Rk,
TRAF 1T Bragg KR FHREERREE, AR, FHEET/KIEERED 5 R, MIREHIET —IK
WA IS SZ 3] E—MEARTR BRI TH; BeoHia e 2, EELLFPIE, BERETAEFANEAIE.

K9 A=A JE FBGs FEAN R P2 H I v = T i S el o 0 -] 9(a) [ Bt FBGL (1K 4L, T
IR BT VP EEBE . RAEROCBIEME fa R+, A eE BIbEE HimR R K, Bragg
WRBAEIHIBIES . N TEHXMRR, K10 & H T 28 mEr =1 #4 2 FBGs 1) Bragg 3%
KE5MEIE R R, R HET TEEME. X FBGL ki, FEELMMASMERAE 25 R? =
0.92844, HHEILE HLM AR slopel KM, 53 FBGL MIITHT R RHUE N 0.246 nm/RIU, *#EF| OSA
(63 73 9 3R N B i 0.02 nm, HHARLHE FBGL 7E 1.333~1.42789 (5GP, W4T 0.08 RIU (13 5 3R 43
R, MR, RTINS A B LRI — e R, HESERATEN. BERLAN
32 um ) FBGL JoiZ 4y # S ie Hoic B IR A . IR MEAE A — N Bt BT 5 345 e

(a) (b) (©) 0
zoom in 1 e e o
B Y Y -50 — 5% 5%
. VAN i /R . 15%
. =551+ —25%
@ 55 g -ss5r g 30%
: 5 : R
2 2 2 L | 40%
g ool 2 60l g % "‘\ ——50%
% - 5 % A ‘
2 & e} (XN \’ f 60%
g g
65 ’
65t -65 \ r 1 ‘
ol r Al i
270 L . L L 70 LAY 70 i J AR
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Figure 9. Reflection spectra of three thin-cladding FBGs in glycerol solutions with different concentrations. (a) FBG1
spectrum; (b) FBG2 spectrum; (c) FBG3 spectrum
9. ZNMEAJZ FBGs EARIRE HIMARPHIR S KL, (a) FBGL ¥i&; (b) FBG2 kik; (c) FBG3 Hik

1550.5
——a—§8 555 —8——8—12
~ Slope,=0.246 nm/RIU
1550.0 - M
P
= N
::Q’ Slope,=1.319 nm/RIU
ED 1549.5 ®  experimental data of FBG1
o ® experimental data of FBG2
2 A experimental data of FBG3
< . .
N numerical fitting of FBG1
EI) 1549.0 numerical fitting of FBG2 R
o0 numerical fitting of FBG3
L
[an}
1548.5
AN
A Slope;=6.332 nm/RIU
1548.0 —

132 134 136 138 140 142 144
Surrounding refrctive index

Figure 10. Relationship between Bragg wavelength and surrounding
refractive index of three thin-cladding FBGs

E 10. =/ME8E FBGs Y Bragg SR K SHMET ST R X &K
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K 9(b) Ay FBG2 TEAS R B o H O 88 ORISR B L, BEE R 1 TH i, Hrit K, Bragg
WK EEIIL R . FIRLEE 10 s m] DUE 3, Seue S 10 26 v 10l & i 2G40 & PR B By, R® = 0.9807,
R A 1.319 nm/RIU, HHES 29752033 0.015 RIU. EH4AZ1N 14 um ] FBG2 #tL-T FBG1 3k
Ui, 2 R Ry R LRSI T 5~6 15

HARZ) 8.45 pum [¥) FBG3 (¥ H A T S e A5 ik gt 4 B 9 () it o 0 F LR B8NS 6 1 1R 3R T
SEHE TR AR LB T SR, A E R BARELA . At Bragg WK A LIIR S5 AT
SR EPRIFEH R, hE 10 BiR, HE R25 R = 0.93126, RFHTH R R MIRER slpoed ik
) 6.332 nm/RIU, 7E Tl 5e Bl P9 14T 5 R 40 38Ry 3.16 x 107°,

4, gEip

RXML ZJZBA K, BRI T 462 BRI 4R 080G 3 1 R AR e, AR
A= EAGL N, 0EA ST R SIS 2R m R /g, JFEH#AZE FBG £
1.333~1.462 1150 [l P 1) B R BEIR R BUE 208 22 nm/RIU.

SEEH R FBG 7 =AM BE M, 15 3] = F EAR KRR FBG Hri AL 4T FBGL, FBG2
N FBG3, 544 I T H i i T 569 48 86, s 25 3R 0, 7 1.333~1.42789 #T S K [Hl N, FBG1,
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