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Abstract

Aiming at the problem of low sensitivity in traditional surface plasmon resonance (SPR) sensors, an
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SPR sensor with a sensitivity-enhanced structure is designed based on photonic crystal fiber (PCF)
in this paper. Indium tin oxide (ITO) thin film is deposited on the surface of the polished D-shaped
PCF to excite the SPR effect and enhance the mode coupling strength, thereby significantly improv-
ing the sensing performance. In addition, a small number of air holes are adopted in the structural
design, which not only simplifies the manufacturing process but also enhances the light confine-
ment effect in the fiber core. The numerical analysis and optimization of the fiber structural param-
eters are carried out using the finite element method (FEM). The simulation results show that in the
refractive index (RI) range of 1.26 to 1.33, the proposed sensor exhibits an excellent maxi-mum wave-
length sensitivity of 25,000 nm/RIU, a remarkable figure of merit (FOM) of 226.25 RIU-1, and a res-
olution of 4.0 x 10-¢ RIU. The proposed sensor has promising application prospects in industrial
analysis, biochemical analysis, and medical diagnosis, which can provide a systematic theoretical
basis and design reference for the structural optimization, material selection, and practical appli-
cation of D-shaped PCF sensors.
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Figure 1. Cross-sectional structure of the D-shaped PCF-SPR sensor
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Figure 2. Electric field energy distribution of the fiber core mode at RI = 1.32; (a) x-polarization mode at wavelength 1.70 pum;
(b) y-polarization mode at wavelength 1.70 pum; (c) coupled mode at wavelength 1.63 pm
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Figure 3. Relationship between confinement loss of core mode and SPP mode and RI
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Figure 4. Influence of different polishing depths H=1.70, 1.75, and 1.80 um at RIs of 1.32 and 1.33; (a) analyte loss spectra;
(b) WS and FOM
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Figure 5. Influence of different air hole spacings di1 =2.62, 2.64, and 2.66 pm at RIs of 1.32 and 1.33; (a) analyte loss spectra;
(b) WS and FOM

[E 5. s 1.32 70 1.33 B, TRIZSFLIEFE di=2.62. 2.64. 2.66 um BISZMN; (a) FEMATRFESLIE; (b) HER
HESRRER

Kl 5(a) 7R TAES T AR 0 1.32 F1 1.33 If, AN[E A SSLIAIER(d) = 2.62 2.64 1 2.66 pm)ff]
WO AR FE TG o AT LS 3 P 2 A< AL IR R A8 A 58 35 s e SRR B KRR AR B I KD o B 28R
FLIRIEE dy 36K, LR B H R 7 mmEe, PR MIERILS . X R R RS IR T 38 A S LR B
KA T 0 XA R i 2o A, BEI e As 7O SPP A a] AR AL UL HAC 26 1 b4, BRRRIEME K/
BE di A AR . 2 SALIEERE KIS, J4F 0 O A R AE A o, i se &g - A i A
AL SPP A5 B AR G o AE . 2 dy /e, S ORI, SR 5 SR RS A
PERIAHXIIRTS . |2, 24 diid K, BSOS RAMEE, 580605 6 262 X8 JE s 8ol &
BEBETIRZ, NIECE 5B RS R0E.

Nk — VG A R 5 S HC AR AR T RE, tHE TR K REUE S FOM, W& 5(b)fis. AlWEE3|
REES FOM ¥JBE d R FER S, HHNESSSLAEE d "EN 2.62 um B, EKREEE 8800
nm/RIU, FOM {f 45.94 RIU"'. 4 d, 3% 2.64 um B, K REEHE L1 TFE 9000 nm/RIU, FOM &
Ff KA 51.51 RIUY. SAT Y dy B2 2.66 um B, P RBUELE FOM 7 5B 2 8000 nm/RIU 1 45.19
RIU'. X2t FR, i/ alid Kt 2 S AL BRI AR T s i AR S5 88 PR A 45 1R & R i (] B R A
O SPP A SR A AR F o BT SRR S S A L, RS ALIAIEE di = 2.64 pm JRILH R 1
WK RBEUE R R KK FOM, KUk, d=2.64 um #i% 5 e PCF-SPR 1 & L 240

33. SILERMK

K 6(a) o~ T EDHT T B R 58 1.32 F11.33 i, ANEAEZSSILER(d = 1.40. 1.45 Fl 1.50
pm) PSR BRI B FERE . T LA, A SAL B AR B 25 s i JL IR K AT FE I R o B . B 2
SALEAR d FIIGR, JEARPACE I K7 3, SECHILI AR . BRI FEEAE 1 /B EE d)
AR AR . B SALEARMIIGR, A Wz o M 3 SPP R, AT 55 48 — oI5t 5 1 i i g
WA EAEH . X FAH AR R A SECH I TR R H 5 FE .

DOI: 10.12677/jsta.2026.143039 395 AR IR HAR 5 R H


https://doi.org/10.12677/jsta.2026.143039

FRILFF, BOK

(b)
(a) 9500 52
700 L n=1.32,d,=1.40um —e— Wavelength Sensitivity
1=1.33,d,=1.40pm —=— FOM 45
_ _ ~
600 L n=1.32,d,=1.45um E 9000
\ - = n=1.33,d,=1.45um 0\¢ 450
»
e 1=1.32,d,=1.50pm | E
500 1 ~ —~
’é\ AL - — n=1.33,d,=1.50pm 2 8500 | =449 <
S z 5
[as] — X
3400 2 lu 2
2 3 8000 |- Z
3300 - k= {47 =
)
=)
2
200 o 7500 4 46
S~ ]
=
100 F d4s
7000
1 1 1 1 1 1 1 1 44
1.5 1.6 1.7 1.8 1.9 1.4 1.45 1.5
Wavelength(um) Air hole diameter d, (1m)

Figure 6. Influence of different air hole diameters d> = 1.40, 1.45, and 1.50 um at RIs of 1.32 and 1.33; (a) analyte loss spectra;
(b) WS and FOM
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Figure 7. Influence of different air hole diameters d3 =2.95, 3.00, and 3.05 pm at RIs of 1.32 and 1.33; (a) analyte loss spectra;
(b) WS and FOM
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Figure 8. Influence of different ITO film thicknesses T = 40, 50, and 60 nm at RIs of 1.32 and 1.33; (a) analyte loss spectra;
(b) WS and FOM
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Figure 9. Parameter determination of the designed sensor for RI ranging from 1.27 to 1.33; (a) Loss spectrum of the core mode;
(b) Polynomial fitting of the curve correlating resonance wavelength and analyte RI
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Table 1. Assessment of sensor performance in contrast to recent findings

% 1. SIEHIETST R BT L RO M AT

SERE AR Hr i #3E Fl (RIU) B KK R BUE (nm/RIU) PR (RIU) 5
ITO 1.19~1.29 10,700 9.9x10°¢ [10]
Au 1.26~1.33 16,400 6.09 x 107 [11]
Cu 1.31~1.36 7300 136 x 1075 [12]
Silver-TiO> 1.34~1.38 11,000 9.09 x 107 [13]
AL LER 1.27~1.33 25,000 4.0% 1076
4. ig

RSV T — A QIHTH PCEF-SPR AR as, ARG A M, fifb 7 HIE T2 0. fLRERM
ITO B EME N B TR, A 0 AR R ] 5 B 5 Py 3 T I Tl T 4 A4 (15 7 2 AL PR )

DOI: 10.12677/jsta.2026.143039 398 AL JRAR T A 5 N


https://doi.org/10.12677/jsta.2026.143039

FRILFF, BAK

MAME H 2 AL PR 1 — #0873 RE R IR YR HL S b 31 PCF %0 4 RAB LR, 10 ELIE 2 BRI 3
BWEIIER. SR SR A RS s 1A% RS ) RSN RE 1. BATE A IRIC ik, 4
PP T B A S5 SR TR AR AR B RUAR IR . i th AR RN 1.27 1 1.33 19 RUKINER, %

RRBUEFLLEF] T 25,000 nm/RIU, 2HEE A 4.0 x 10SRIU, VLA SFFE TN 22624 RIU™ . %45 1ds
fRiFR ATl v R RS B R e A0 8 R AR 34, SR BH L AR W s 2 A A A5k i 3k 20 kR LA
BRI .
SE ik

(1]

(2]

(3]

(4]

[10]

(1]

[12]

[13]

Ritchie, R.H. (1957) Plasma Losses by Fast Electrons in Thin Films. Physical Review, 106, 874-881.
https://doi.org/10.1103/physrev.106.874

Singh, S. and Prajapati, Y.K. (2023) Novel Bottom-Side Polished PCF-Based Plasmonic Biosensor for Early Detection
of Hazardous Cancerous Cells. IEEE Transactions on NanoBioscience, 22, 647-654.
https://doi.org/10.1109/tnb.2023.3233990

Chen, X., Xia, L. and Li, C. (2018) Surface Plasmon Resonance Sensor Based on a Novel D-Shaped Photonic Crystal
Fiber for Low Refractive Index Detection. IEEE Photonics Journal, 10, 1-9. https://doi.org/10.1109/jphot.2018.2790424

Tian, M., Li, J. and Meng, F. (2023) Independent Measurement of Refractive Index and Temperature Using D-Gapped
Dual-Channel Structure in a Photonic Crystal Fiber. Optical and Quantum Electronics, 55, Article No. 301.
https://doi.org/10.1007/s11082-023-04616-z

Kaur, V. and Singh, S. (2020) Design of D-Shaped PCF-SPR Sensor with Dual Coating of ITO and ZnO Conducting
Metal Oxide. Optik, 220, Article ID: 165135. https://doi.org/10.1016/].ijl€0.2020.165135

Luo, B., An, M., Hu, T. and Jia, H. (2023) Design of a Novel D-Shaped SPR Sensor with High Sensitivity Based on PCF
for Ultra-Low Refractive Index Detection. Laser Physics, 33, Article ID: 115101.
https://doi.org/10.1088/1555-6611/acee5c

Zhu, M., Yang, L., Lv, J., Liu, C., Li, Q., Peng, C., et al. (2022) Highly Sensitive Dual-Core Photonic Crystal Fiber
Based on a Surface Plasmon Resonance Sensor with Gold Film. Plasmonics, 17, 543-550.
https://doi.org/10.1007/s11468-021-01543-1

An, G., Hao, X., Li, S., Yan, X. and Zhang, X. (2017) D-Shaped Photonic Crystal Fiber Refractive Index Sensor Based
on Surface Plasmon Resonance. Applied Optics, 56, 6988-6992. https://doi.org/10.1364/20.56.006988

Melwin, G. and Senthilnathan, K. (2020) High Sensitive D-Shaped Photonic Crystal Fiber Sensor with V-Groove Ana-
lyte Channel. Optik, 213, Article ID: 164779. https://doi.org/10.1016/j.ijle0.2020.164779

Yang, Z., Xia, L., Li, C., Chen, X. and Liu, D. (2019) A Surface Plasmon Resonance Sensor Based on Concave-Shaped
Photonic Crystal Fiber for Low Refractive Index Detection. Optics Communications, 430, 195-203.
https://doi.org/10.1016/j.optcom.2018.08.049

Pan, H., Cao, C., Zhang, A., Pan, F., Sui, P. and Liu, X. (2022) A High Sensitivity Localized Surface Plasmon Resonance
Sensor Based on D-Shaped Photonic Crystal Fiber for Low Refractive Index Detection. Optoelectronics Letters, 18, 425-
429. https://doi.org/10.1007/s11801-022-1193-8

Ramani, U., Kumar, H., Singh, B.K. and Pandey, P.C. (2020) Study of Highly Sensitivity Metal Wires Assisted Photonic
Crystal Fiber Based Refractive Index Sensor. Optical and Quantum Electronics, 52, Article No. 521.
https://doi.org/10.1007/s11082-020-02658-1

Wu, B., Chen, H., Chen, Q., Yin, Z. and Wang, C. (2023) Highly Sensitive Refractive Index Sensor Based on TiO2/Ag
Films Coated D-Type Photonic Crystal Fibers. Optical and Quantum Electronics, 55, Article No. 858.
https://doi.org/10.1007/s11082-023-05149-1

DOI: 10.12677/jsta.2026.143039 399 AR IR HAR 5 R H


https://doi.org/10.12677/jsta.2026.143039
https://doi.org/10.1103/physrev.106.874
https://doi.org/10.1109/tnb.2023.3233990
https://doi.org/10.1109/jphot.2018.2790424
https://doi.org/10.1007/s11082-023-04616-z
https://doi.org/10.1016/j.ijleo.2020.165135
https://doi.org/10.1088/1555-6611/acee5c
https://doi.org/10.1007/s11468-021-01543-1
https://doi.org/10.1364/ao.56.006988
https://doi.org/10.1016/j.ijleo.2020.164779
https://doi.org/10.1016/j.optcom.2018.08.049
https://doi.org/10.1007/s11801-022-1193-8
https://doi.org/10.1007/s11082-020-02658-1
https://doi.org/10.1007/s11082-023-05149-1

	基于ITO的高灵敏度折射率D型光子晶体光纤等离子体传感器
	摘  要
	关键词
	High-Sensitivity SPR Refractive Index Sensor Based on ITO-Coated D-Shaped Photonic Crystal Fiber
	Abstract
	Keywords
	1. 引言
	2. 理论与模型
	2.1. 模型结构
	2.2. 传感器模场分析

	3. 传感器优化
	3.1. 传感器抛光深度优化
	3.2. 气孔间隔优化
	3.3. 气孔直径优化
	3.4. ITO薄膜优化
	3.5. 传感性能评估

	4. 结论
	参考文献

