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A novel ring-core photonic crystal ¯ber (PCF) sensor based on surface plasmon resonance

(SPR) is designed for ultra-low refractive index detection. A gold nanowire is coated on the
outer surface of the PCF as a plasma material, greatly facilitating the manufacturing of

the sensor. To achieve real-time detection, the analyte is located on the outside of the sensor.

The mode coupling e®ect and main performance parameters are analyzed through ¯nite element

method. In addition, by optimizing several important structural parameters, the overall per-
formance of the sensor has been greatly improved. The optimized sensor shows a maximum

wavelength sensitivity of 26,000 nm/RIU in the refractive index range of 1.14–1.26, maximum

amplitude sensitivity of 300RIU�1, as well as minimum resolution of 3:85� 10�6 RIU. The
PCF-SPR sensor with outstanding properties has great potential in applications such as oil

logging, biosensing, and chemical monitoring.

Keywords: Optical ¯ber sensing; surface plasmon resonance; photonic crystal ¯ber; low refrac-
tive index sensing.

¶Corresponding author.

Modern Physics Letters B

(2023) 2350216 (22 pages)

#.c World Scienti¯c Publishing Company
DOI: 10.1142/S0217984923502160

2350216-1

https://dx.doi.org/10.1142/S0217984923502160


1. Introduction

Optical ¯ber sensing has experienced tremendous progress in recent years, especially

in communication and sensing. The former requires a high capacity and quality,

while the latter needs a high detection sensitivity and wide detection range.1–3

Compared to communication, optical ¯ber sensing is more diverse, and many types

of optical ¯ber devices have been developed based on di®erent optical theories.

The basic principle is to establish the correlation between the spectra and certain

characteristics of the external medium by detecting the spectral changes in the

transmitted light beams in the optical ¯ber.

Surface plasmon resonance (SPR) has received much attention recently. When a

light beam impinges onto a metal surface, a surface plasma polariton (SPP) is excited

and coupled with an evanescent wave generated by total internal re°ection under

certain conditions. The coupling parameters change with the refractive index of the

surrounding medium and hence, SPR has been used for sensing.4,5 Conventional SPR

sensors are mostly of the prismatic type and typical con¯gurations are the Otto and

Kretschmann types.6,7 However, this type of SPR sensor has a large volume and low

sensitivity and is not suitable for most applications. By coating or ¯lling the plas-

monic materials in the optical ¯ber, the SPP mode can be excited under certain

conditions to produce SPR and a sharp loss curve in the spectrum. Since changes of

the characteristics of external media change the loss curve, the characteristics can be

assessed spectroscopically.8,9

Di®erent types of ¯bers can be used in SPR sensing. However, the single-mode

¯ber has limited transmission modes and design freedom. The photonic crystal ¯ber

(PCF) is a micro-structured optical ¯ber showing the refractive index di®erence

between the core and cladding layer by putting periodic pores in the bulk materi-

als.10–13 In this way, the light beam is constrained in the PCF ¯ber core and traverses

in a stable manner. Although the PCF structure is more complex than that of

traditional optical ¯bers, it creates more freedom for the design and application

leading to better characteristics and structural diversity.14–17

According to the placement of the analyte, PCF-SPR sensors are generally

divided into two types,18 internal and external. In the internal sensor, analytes ¯ll the

air holes in the PCF and the detection sensitivity is higher. However, ¯lling or

coating analytes and plasmonic materials inside the microstructures is di±cult in

practice and real-time monitoring cannot be easily achieved thus hampering com-

mercial application. On the other hand, an external sensor is easier to produce by

coating the plasmonic medium on the surface of the PCF and surrounding the

analyte around the optical ¯ber. Hence, the external sensor is more suitable for

real-time monitoring and has more practical signi¯cance.

Currently, many external optical ¯ber SPR sensors incorporate the use of gold

nanowires. Yan et al.19 proposed a PCF-SPR liquid sensor in which two gold coatings

with nanowires are deposited symmetrically on the PCF to achieve a wavelength

sensitivity of 9200 nm/RIU in the refractive index range of 1.33–1.36. Zhan et al.20
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designed a micro-structured optical ¯ber SPR sensor wrapped with gold nanowires

and in the refractive index range of 1.33–1.40, the maximum wavelength sensitivity

reaches 12,314 nm/RIU. Tong et al.21 proposed a D-type dual-core PCF-SPR sensor

based on metal nanowires. The sensor consists of a polished D-type dual-core pho-

tonic crystal ¯ber and a metal nanowire array, and in the refractive index range of

1.32–1.38, a maximum wavelength sensitivity of 16,000 nm/RIU is observed. Pan

et al.22 designed a localized SPR refractive index sensor based on PCF on which 31

silver nanowires are placed on the D-shape PCF. The simulation results indicate that

the maximum sensitivity is 16,400 nm/RIU in the refractive index range of 1.26–1.33.

However, existing sensors of this type have low sensitivity or a small range of

refractive indexes, resulting in poor overall performance. In addition, it is worth

noting that there are few external high-performance PCF-SPR sensors available for

low refractive index detection.

Herein, a ring-core PCF-SPR sensor designed for the detection of low refractive

indexes is analyzed by the ¯nite element method (FEM) implemented in COMSOL

Multiphysics. The results show that the ring-core structure constrains the light ¯eld

making it closer to the gold nanowires coated on the outer surface to enhance cou-

pling between the fundamental mode and SPP mode. The sensor exhibits a maxi-

mum wavelength sensitivity of 26,000 nm/RIU and maximum amplitude sensitivity

of 300RIU�1 in the refractive index range of 1.14–1.26.

2. Basic Theory and Structure Optimization

The light beam traversing the PCF-SPR sensor excites SPPs in the vicinity of the

metal coating and under certain conditions, the propagation constant of the core

mode will be equal to that of the SPP mode on the metal surface resulting in

SPR.23,24 The beam maintains a speci¯c ¯eld distribution as it propagates through

the ¯ber and will not change with distance. Each ¯eld distribution is referred to as an

eigenmode and is a solution of the wave equation. According to the component of the

electromagnetic ¯eld in the propagation direction, the eigenmodes can be divided

into the TE, TM, EH, and HE modes. The longitudinal electric ¯eld component of

the TE mode is 0 and the longitudinal magnetic ¯eld component of the TMmode is 0.

The EH and HE modes with both the longitudinal magnetic and electric ¯elds are

called hybrid vector modes. In weakly guiding optical ¯bers, the propagation con-

stants of these eigenmodes are very close, resulting in degeneration and a mode with

almost constant polarization direction called the linearly polarized LP mode. In non-

weakly guiding ¯bers, the eigenmodes can be separated and the ¯ber can transmit

the fundamental mode HE1;1 mode as well as other high-order eigenmodes.25,26

However, the PCF does not have regular boundary conditions and cannot be solved

analytically by the Helmholtz equation and therefore, the ¯nite element analysis is

commonly used to derive the mode ¯eld distribution.

The properties of the materials should be considered when designing and nu-

merically analyzing the sensor. Silica is often used as the bulk material for PCF due
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to its low cost and simple manufacturing. However, when light travels in a medium,

the medium has di®erent refractive indexes at di®erent wavelengths, which is known

as material dispersion. The dispersion of silica can be derived by the Sellmeier

equation27:

n2 � 1 ¼ 0:6961663�2

�2 � 0:06840432
þ 0:4079426�2

�2 � 0:11624142
þ 0:897479�2

�2 � 9:8961612
; ð1Þ

where n is the refractive index of silica and � is the incident wavelength. The

selection of plasma materials is also a critical factor in the design of the sensor. Gold,

silver, copper, and aluminum are commonly used plasma materials that can e®ec-

tively generate the SPR e®ect. However, gold has more stable chemical properties

compared to other metals, which can ensure the normal operation of the sensor for a

long time. And the ductility of gold is better, making it easier to manufacture and

practical applications. Thus it is selected as the plasmonic medium and coated onto

the surface of the optical ¯bers in the form of gold nanowires. The dielectric constant

of gold for di®erent wavelengths can be derived by the Drude–Lorentz model as

follows28:

"ð!Þ ¼ "1 � !2
p

!ð!þ i!cÞ
; ð2Þ

where "ð!Þ is the dielectric constant of the metal, "1 is related to the high-frequency

absorption peak, !c is the collision frequency, and !p is the plasma frequency. For

gold, "1 ¼ 9:75, !c ¼ 1:45� 1014 rad/s, and !p ¼ 1:3659� 1016 rad/s. The beam

propagating through the ¯ber core by total internal re°ection will generate eva-

nescent waves on the metal surface. In addition, the surface plasma wave (SPW) is a

charge density oscillation in the cross section between the metal ¯lm and the di-

electric substrate. Only when the phase matching condition is met, the SPW will be

excited by the external beam. However, the momentum of light in free space is

smaller than that of SPW, resulting in momentum mismatch. This means that light

beams in free space cannot directly excite SPW, while evanescent waves have this

ability and can e®ectively form SPR e®ects under certain conditions.4 In optical

¯bers, phase matching manifests as the equality of mode propagation constants.

With changing wavelength, the propagation constant of the core mode will be equal

to that of the SPP mode in the gold nanowires at a certain point as expressed by

Eq. (3).29

kCore ¼
!0

c

ffiffiffiffiffi
"d

p
sin �SP ¼ kSP; ð3Þ

where !0 is the plasma frequency, c represents the speed of light in vacuum, "0 is the

dielectric constant of the target medium, and �SP is the resonance angle. This means

that the two modes couple strongly, and the photon energy in the core mode is

transferred to the vicinity of the gold nanowires. As the wavelength approaches the

phase matching point, the charge density oscillation on the metal surface is excited,
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so the area of positive charge surplus exists in it. Under the action of Coulomb force,

electrons in the ¯ber core are attracted to the vicinity of the metal and neutralized

with positive charges, resulting in increased losses. As the wavelength continues to

increase, the charge density oscillation on the metal surface gradually weakens, thus

reducing the attraction of positive charges. The repulsive force between electrons will

cause them to return to the ¯ber core, reducing the loss in the ¯ber. A loss peak thus

appears from the spectrum, and the corresponding wavelength of the loss peak is

called the resonance wavelength. The loss can be obtained by the following

equation30,31:

L ¼ 8:686� 2�

�
ImðneffÞ; ð4Þ

where � is the wavelength and neff is the e®ective refractive index of the mode. The

amplitude of the resonance wavelength corresponding to the refractive index of the

analyte is an important criterion to evaluate the performance of the sensor and is

expressed in terms of the wavelength sensitivity32:

Sð�Þ ¼ ��peak

�na

; ð5Þ

where��peak is the resonant wavelength shift and�na is the change in the refractive

index of the analyte.

In this work, a new type of PCF-SPR sensor is designed. By using two layers of

cladding air holes and a larger central air hole, a ring core is created in the PCF, in

which the fundamental mode is constrained. Compared to the solid PCF, the ring-

core structure reduces the area of the mode ¯eld and makes the photon energy more

concentrated. Moreover, this structure guides the light ¯eld to be closer to the gold

nanowires on the outer surface, making it easier for the fundamental mode to leak

into the SPP to increase mode coupling. The cross-section of the designed sensor is

shown in Fig. 1 in which the blue area represents silicon dioxide, the white area

Fig. 1. (Color online) Cross-section of the circular PCF-SPR sensor.
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represents the air hole, and the gold part is the gold nanowire coated onto the outer

surface of the PCF. The analyte surrounds the external part of the sensor during

operating as shown in the purple area in the ¯gure. The radius of the central air hole

is R. The ¯rst and second air holes are composed of 18 air holes with equal angular

spacing and the center distances are R1 and R2, respectively. The diameters of the

holes are d1, d2. The radius of the cladding isR3, and a gold nanowire with a diameter

of dAu is coated on the outer surface of the cladding. The merit of this design is that

the sensor has a simple structure and is easy to manufacture. In order to obtain the

appropriate initial parameter values, a large number of rough simulation calculations

are carried out, which ensures that the designed sensor can transmit mode stably and

achieve the SPR e®ect. In addition, the extent to which each parameter a®ects the

sensor performance is demonstrated in the process, and several important para-

meters will be further optimized for better performance.

In the preliminary study, the following parameters which enable the sensor to

excite the SPR e®ectively are chosen: (1) center air hole radius R ¼ 7:4�m, (2)

center distance of the ¯rst layer air hole R1 ¼ 13:8�m, (3) center distance of the

second layer air hole R2 ¼ 17:6�m, (4) cladding radius R3 ¼ 20:6�m, (5) diameter

of the ¯rst air hole d1 ¼ 2:6�m, (6) diameter of the second air hole d2 ¼ 3:2�m, and

(7) diameter of the gold line dAu ¼ 2�m. By adopting these parameters, the fun-

damental mode HE1;1 is clustered in the ring core and propagates stably. However,

the X polarization state and Y polarization state of the HE1;1 mode exhibit di®erent

e®ects when coupled to the SPP mode. As shown in Fig. 2, the electric ¯eld of HE1;1

mode is concentrated in the ring core and divided into two high electric ¯eld intensity

regions with central symmetry. In addition, the transverse electric ¯eld component

dominates in the mode ¯eld and has a uni¯ed direction. In the X polarization mode,

the transverse electric ¯eld components all point towards the metal ¯lm, making it

easier for the mode ¯eld in the ring core to transfer to the SPP mode. The

X polarization of HE1;1 mode will have better SPR excitation e®ect in theory. In fact,

the results in Fig. 2 indicate that X polarization shows an obvious mode ¯eld transfer

process and strong coupling, whereas Y polarization hardly changes. Therefore,

X polarization of the HE1;1 mode is used as the excitation mode. In addition, the

refractive index range is 1.14–1.26 thus spanning the range of low refractive indexes.

At the initial structural parameters, the loss spectrum of the designed sensor

within the entire refractive index detection range is shown in Fig. 2(c). The result

reveals that the sensor with initial parameters has a good trend of loss peaks, but the

overall wavelength sensitivity needs to be promoted. It achieves the highest wave-

length sensitivity of 13,000 nm/RIU in the refractive index range of 1.25–1.26. In

order to improve the properties, several important parameters are optimized in

which process the wavelength sensitivity in the analyte refractive index range na of

1.25–1.26 is selected as the main optimization criterion, while also taking into the

account other indicators such as the full-width at half-maximum (FWHM). Based on

the degree of in°uence of parameters on sensor performance and structural char-

acteristics, these important structural parameters are optimized in order from the
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inside out, which is the center air hole radius R, the ¯rst air hole diameter d1, the

second air hole diameter d2, and the gold line diameter dAu. In addition, when

optimizing one parameter, keeping the other parameters unchanged not only ensures

the optimization e®ect but also improves computational e±ciency. Although this

method omits some parameter combinations, it generally has little e®ect on the ¯nal

optimization results.

The radius of the central air hole R is an important parameter that directly a®ects

the mode ¯eld distribution. It not only determines the thickness of the ring core, but

also changes the distance between the mode ¯eld and gold nanowire. Figure 3(a)

depicts the changes in the loss spectrum as the central air hole radius R increases

from 7.4�m to 9�m in steps of 0.4�m. The resonance wavelength blue-shifts as R

increases. The loss decreases and the resonance peak °attens gradually. Figure 3(b)

shows the curve of the resonance wavelength and wavelength sensitivity in the re-

fractive index range of 1.25–1.26. The larger the R, the greater the blueshift of the

(a) (b)

(c)

Fig. 2. (Color online) Mode ¯eld transfer processes: (a) X polarization and (b) Y polarization for the

HE1;1 mode; (c) Loss spectrum of the sensor at initial structural parameters.

High-sensitivity ring-core PCF sensor based on SPR for ultra-low refractive index detection

2350216-7



resonance wavelength and the higher the wavelength sensitivity. Accordingly, R

should be as large as possible. However, it is necessary to ensure the quality of the

loss curve while increasing the wavelength sensitivity. The FWHM and peak loss in

Fig. 3(c) intuitively represent the sharpness of the loss curve. When R is 9�m, the

loss peak becomes relatively °at, and further increasing R leads to poor quality of the

spectral curve during sensing consequently a®ecting the actual performance. In

general, a larger radius of the central air hole decreases the thickness of the ring core

and compresses the area of the mode ¯eld to produce less loss. However, it also brings

the fundamental mode closer to the SPP mode and the external analyte to enhance

mode coupling and improve the detection sensitivity. Therefore, the radius of the

central air hole R is determined to be 9�m and the wavelength sensitivity increases

from 13,000 nm/RIU to 19,000 nm/RIU.

The ¯rst layer air hole diameter d1 is the next parameter to be optimized. It

determines the ability of the cladding to constrain the mode ¯eld. An excessively

large d1 decreases the gap between the ¯rst layer of the air holes and prevents the

(a) (b)

(c)

Fig. 3. (Color online) (a) Loss spectra, (b) wavelength sensitivity and resonance wavelength, and

(c) FWHM and peak loss for di®erent R and analyte refractive indexes of na ¼ 1:25 and 1.26.
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mode ¯eld from leaking to the gold nanowires, thus limiting mode coupling. A small

d1 makes the mode ¯eld unrestricted resulting in unstable beam transmission. Based

on the optimized center air hole radius R, the e®ects of the ¯rst layer air hole

diameter d1 are analyzed when it increases from 2.2�m to 2.6�m in 0.1�m steps.

Figure 4(a) shows the change of the loss curve, and a smaller d1 gives rise to red-

shifting of the resonance wavelength. Moreover, the loss increases due to more

leakage of the mode ¯eld. Figure 4(b) presents the resonance wavelength and

wavelength sensitivity for di®erent d1. It can be seen that the resonance wavelength

bears an almost linear function relationship with d1. When d1 is between 2.5�m and

2.6�m, the wavelength sensitivity remains at 19,000 nm/RIU but with decreasing d1,

the wavelength sensitivity drops slightly. On the other hand, according to the

FWHM and peak loss in Fig. 4(c), the larger d1, the sharper the loss curve. In order to

achieve higher sensitivity while also taking into account the loss spectrum,

d1 ¼ 2:5�m is chosen. In general, d1 has little e®ect on the wavelength sensitivity,

although it can alter the loss. The FWHM of the loss curve is improved by adjusting

d1, and the wavelength sensitivity remains at 19,000 nm/RIU.

(a) (b)

(c)

Fig. 4. (Color online) (a) Loss spectra, (b) wavelength sensitivity and resonance wavelength, and

(c) FWHM and peak loss for di®erent d1 and analyte refractive index of na ¼ 1:25 and 1.26.
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Based on the optimized center air hole radius and ¯rst layer air hole diameter, the

second layer air hole diameter d2 is optimized. Figure 5(a) shows the change of the

loss curve when d2 decreases from 3.2�m to 2.4�m at steps of 0.2�m. As d2
decreases, the resonance wavelength changes. The loss also descends albeit insig-

ni¯cantly. Figure 5(b) describes the relationship between the second layer air hole

radius d2 and resonance wavelength and wavelength sensitivity. The curve of the

resonance wavelength exhibits a large slope, implying that the second layer of air

holes a®ects the refractive index di®erence between the PCF cladding and core,

consequently changing the wave band of mode coupling. On the other hand, a

smaller d2 also increases the wavelength sensitivity. When d2 decreases from 2.6�m

to 2.4�m, the wavelength sensitivity increases dramatically to 25,000 nm/RIU.

However, according to the rule described in Fig. 5(c), further reduction of d2 leads to

a large increase in the FWHM and a °at loss curve. Therefore, the diameter of the

second layer air hole d2 is adjusted to 2.4�m. The wavelength sensitivity increases

(a) (b)

(c)

Fig. 5. (Color online) (a) Loss spectra, (b) wavelength sensitivity and resonance wavelength, and

(c) FWHM and peak loss for di®erent d2 and analyte refractive indexes of na ¼ 1:25 and 1.26.
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from 19,000 nm/RIU to 25,000 nm/RIU and the resonance wavelength declines

signi¯cantly from about 4�m to 2�m.

The diameter of the gold nanowires dAu has a direct in°uence on SPP excitation

and so their size is crucial. Here, several important changes are analyzed when the

diameter of the gold nanowires dAu decreases from 2�m to 0.8�m in steps of 0.4�m.

Figure 6(a) depicts the regularity of the loss peaks. Overall, the loss curve does not

change signi¯cantly, although a smaller dAu produces a small redshift of the reso-

nance wavelength and increased loss. In addition, Fig. 6(b) shows that the wave-

length sensitivity increases albeit in small increment, implying that smaller gold

nanowire diameters result in greater sensitivity. However, when dAu is less than

1.2�m, the wavelength sensitivity remains at 26,000 nm/RIU. The relationship be-

tween dAu and FWHM and peak loss in Fig. 6(c) shows that the FWHM tends to

decrease with decreasing gold nanowire diameter dAu, while the peak loss goes up. All

in all, changing dAu to 0.8�m improves the wavelength sensitivity and increases the

sharpness of the loss peaks. On the other hand, the size of gold nanowires has little

(a) (b)

(c)

Fig. 6. (Color online) (a) Loss spectra, (b) wavelength sensitivity and resonance wavelength, and

(c) FWHM and peak loss for di®erent dAu and analyte refractive indexes of na ¼ 1:25 and 1.26.
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in°uence on the sensing properties, thus increasing the tolerance of manufacturing

errors.

By optimizing the aforementioned parameters, that is, R ¼ 9�m, d1 ¼ 2:6�m,

d2 ¼ 2:5�m, and dAu ¼ 0:8�m the maximum wavelength sensitivity goes up from

13,000 nm/RIU to 26,000 nm/RIU.

This PCF-SPR sensor has a simple structure and gold nanowires are deposited

onto the outer surface of the PCF to minimize production complexity. In practice,

PCFs are generally produced by the catalyzed sol-gel method in which silica is

converted into a sol and a gel is formed. After the heat treatment, the gel is processed

into the optical ¯ber preform, and introduced into the wire drawing tower to form

the required optical ¯ber shape.33,34 The ¯nished PCF is coated with gold nanowires

to form the PCF-SPR sensor. As shown in Fig. 7, in the actual test, the sensor

terminals are connected to the light source and optical spectrum analyzer (OSA) via

a single-mode ¯ber (SMF), and the sensor is immersed directly in the analyte.

3. Results and Discussion

3.1. Coupling properties

After optimization, the sensor delivers not only high detection sensitivity, but also

excellent performance. Adequate mode coupling is a prerequisite to achieving de-

tection, and the PCF-SPR sensor exhibits good mode coupling e®ects. Figure 8

shows the e®ective refractive index curves of the fundamental mode and SPP mode

near the resonant wavelength as well as the loss curve of the fundamental mode,

Fig. 7. (Color online) Schematic diagram showing the sensing process.
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when the refractive index of the analyte is 1.20. There is an intersection between the

e®ective refractive index curve of the fundamental mode and the SPP mode, where

the loss of the fundamental mode reaches a peak. This means that the fundamental

mode and SPP mode couple well at this wavelength. Figure 8 describes the changes

in the mode ¯eld during mode matching. Before the phase matching point, the base

mode is bound in the ring core, and only a small portion of the light ¯eld leaks near

the gold nanowires. At the resonance wavelength, a large portion of the light ¯eld in

the fundamental mode is transferred to the vicinity of the gold nanowires, while the

light ¯eld in the SPP mode concentrates at the ring core. Therefore, the mode ¯eld

distribution of the fundamental mode is similar to that of the SPP mode at reso-

nance. When the wavelength exceeds the resonant wavelength, the mode ¯elds of the

fundamental mode and SPP mode gradually revert to their original distributions. In

fact, mode coupling is also a process of energy transfer. In order to quantify this

process, we calculate the power fraction � of each region in the mode ¯eld at di®erent

wavelengths by Eq. (6)35:

� ¼
RR

X
SzdxdyRR

All
Szdxdy

; ð6Þ

where Sz represents the z component of the Poynting vector, the numerator is the

optical power of each part, and the denominator is the total power of the ¯ber

section. Figure 9 shows the power fraction curves of the core region and gold

nanowire region of the fundamental mode during mode coupling. The power fraction

Fig. 8. (Color online) Dispersion curves and mode ¯eld distributions in phase matching.
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of the gold nanowire region in the fundamental mode is away from the resonance

wavelength, indicating that the mode ¯eld is concentrated in the core with little

transfer. As the wavelength approaches the resonant wavelength, the power fraction

in the core region decreases gradually and reaches a trough at the resonant wave-

length, while the power fraction in the gold nanowire region reaches a peak. This

trend corresponds to the process shown in Fig. 8 and explains mode coupling in the

sensor from another perspective.

3.2. Loss spectrum and wavelength sensitivity

It is important to establish the relationship between the refractive index of the

analyte and loss spectrum. Figure 10 shows the loss spectrum in the refractive index

range between 1.14 and 1.26 and it shows good regularity. As the refractive index of

the analyte decreases, the resonance wavelength red-shifts. The loss increases sharply

and then decreases slightly. The FWHM and peak loss are also shown in Fig. 10.

FWHM decreases and then increases, reaching the smallest value of 136.8 nm at a

refractive index of 1.20. This means that when the refractive index is around 1.20, the

loss peak is the sharpest and the sensor delivers the best performance. Moreover,

based on the loss spectrum, Fig. 11 calculates the resonance wavelength and

wavelength sensitivity for di®erent analyte refractive indexes. The detection sensi-

tivity of the sensor changes for analytes with di®erent refractive indices. Within the

entire refractive index detection range, the higher the refractive index of the analyte,

the higher the wavelength sensitivity of the sensor. The maximum wavelength

Fig. 9. (Color online) Mode power fractions in phase matching.
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sensitivity of 26,000 nm/RIU is achieved within the refractive index detection range

of 1.25 to 1.26. The average wavelength sensitivity within the entire detection range

has also reached 17,583.3 nm/RIU. The wavelength sensitivity response represents

the rate of change of the resonance wavelength with the refractive index of the

analyte. This trend reveals that the change of the resonance wavelength is closer to a

conical curve than a linear one. Therefore, the curve of the resonance wavelength

with refractive index is ¯tted by a quadratic function as shown in Fig. 11. The curve

agrees well with the actual data and re°ects the e®ects of the resonance wavelength

change, which can improve the accuracy in actual detection. The empirical ¯t is as

follows:

�peak ¼ �43386:3þ 95298:2na � 46903:1n2
a: ð7Þ

3.3. Amplitude sensitivity

Amplitude detection at a speci¯c wavelength is another method to measure the

sensing sensitivity. In practice, owing to the wide refractive index detection range

and large resonance wavelength range, it is di±cult to determine the wavelength

sensitivity. Therefore, monitoring the loss changes of di®erent analytes at ¯xed

wavelengths is a more e®ective method to evaluate the sensor sensitivity represented

Fig. 10. (Color online) Loss curves for analyte refractive indexes between 1.14 and 1.26.
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by the amplitude sensitivity, as shown in Eq. (8)36:

SAð�Þ ¼ � 1

�ð�;naÞ
@�ð�;naÞ

@na

; ð8Þ

where �ð�;naÞ is the con¯nement loss when the refractive index of the analyte is na,

@�ð�;naÞ is the di®erence between two adjacent loss spectra caused by the small

change of the refractive index of the analyte, and @na is the change of the refractive

index of the analyte.

Figure 12 shows the amplitude sensitivity of the sensor for di®erent analyte re-

fractive indexes. The amplitude sensitivity corresponding to the refractive index of

each analyte increases initially and then decreases with red-shifting of the wave-

length and there is a maximum. On the other hand, when the refractive index is

between 1.25 and 1.19, the maximum amplitude sensitivity rises signi¯cantly with

decreasing refractive indexes. When the refractive index of the analyte decreases

from 1.19 to 1.14, the maximum amplitude sensitivity decreases signi¯cantly and

throughout the entire refractive index detection range, the sensor shows a maximum

amplitude sensitivity of 300RIU�1 for na ¼ 1:19.

3.4. Resolution

Resolution refers to the minimum change in the refractive index a sensor can detect

and to a certain extent re°ects the detection accuracy of the sensor. It can be cal-

culated by Eq. (9)37:

R ¼ ��min

Sð�Þ ; ð9Þ

Fig. 11. (Color online) Linear ¯tting between the resonance wavelength and refractive index of the

analyte for the PCF-SPR sensor.
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where the minimum resolution of wavelength ��min ¼ 0:1 nm. The resolution may

°uctuate for di®erent refractive index ranges and Fig. 13 shows the resolution cor-

responding to the refractive indexes of di®erent analytes. It can be seen that the

resolution decreases with increasing analyte refractive indexes. This means that the

higher the refractive index, the lower the detection limit of the sensor. When

na ¼ 1:26, the resolution of the sensor reaches a minimum of 3:85� 10�6 RIU.

Fig. 13. (Color online) Resolution of the PCF-SPR sensor.

Fig. 12. (Color online) Variation of the amplitude sensitivity with wavelength.
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3.5. Detection distance

In practice, the stability of mode transmission is important. The walk-o® length

represents the maximum distance the mode can transmit stably and improving the

detection distance is of great signi¯cance. The walking distance can be calculated by

Eq. (10)38:

L10 ps ¼
c� 10 ps

n even
eff � nodd

eff

¼ 3� 10�3

n even
eff � nodd

eff

; ð10Þ

where c is the speed of light, and n even
eff and nodd

eff are the e®ective refractive indexes of

the even and odd modes, respectively. Here, we analyze the mode walk-o® lengths of

di®erent analytes at the resonance wavelengths, as shown in Fig. 14. The detection

distance of the sensor increases gradually with increasing analyte refractive indexes.

When the refractive index of the analyte is less than 1.20, the walk-o® length is less

than 30m. When the refractive index is higher than 1.20, the walk-o® length

increases dramatically to a maximum of 1187m. This indicates that the higher the

refractive index of the analyte, the longer the detection distance and the better the

overall performance.

3.6. FOM and SNR

The PCF-SPR sensor detects the refractive index of the analyte by locating the loss

peak and therefore, the quality of the loss spectrum is an important indicator of the

Fig. 14. (Color online) 10 ps walk-o® length of the fundamental mode of the PCF-SPR sensor for

di®erent na.
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sensor performance. A high-quality loss curve is bene¯cial to locating the resonance

wavelengths and improving the detection accuracy. The ¯gure of merit (FOM) is an

evaluation index that measures the overall quality of the loss spectrum and it

includes factors such as wavelength sensitivity and FWHM as follows39:

FOM ¼ Sð�Þ
FWHM

; ð11Þ

where S is the wavelength sensitivity of di®erent analytes and FWHM is the full-

width at half-maximum. The signal-to-noise ratio (SNR) is another indicator to

evaluate the quality of the loss spectrum and can be calculated by the following

equation40:

SNR ¼ ��R

FWHM
; ð12Þ

where ��R is the di®erence in the resonance wavelength corresponding to the re-

fractive index of two adjacent analytes. Figure 15 shows the FOM and SNR for

di®erent analyte refractive indexes. With increasing na, FOM rises initially and then

declines, reaching a maximum of 116.95RIU�1 at na ¼ 1:20. In the refractive index

range, the FOM of the sensor is above 25RIU�1 and both the SNR and FOM exhibit

consistent trends and the loss spectrum has high quality.

3.7. Performance comparison

To illustrate the advantages of our sensor, Table 1 compares the properties of our

sensor with those of recently reported PCF-SPR sensors with gold nanowire struc-

tures used for low refractive index sensing.

Fig. 15. (Color online) FOM and SNR corresponding to the refractive indexes of di®erent analytes.
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4. Conclusion

A ring-core PCF-SPR sensor is designed and demonstrated for low refractive index

detection. A gold nanowire is coated on the surface of PCF as the plasmonic medium.

The sensor with a simple structure consisting of a central air hole and two layers

of cladding air holes is easy to manufacture. In addition, the analyte does not need

to be introduced into the interior of the PCF for detection boding well for real-time

monitoring in the ¯eld. The properties of the sensor are analyzed and the

important structural parameters are optimized by the ¯nite element method. The

optimized sensor can detect media with high sensitivity in the analyte refractive

index range of 1.14–1.26. When the refractive index of the analyte is 1.26, the

maximum wavelength sensitivity is 26,000 nm/RIU and the corresponding minimum

resolution is 3:85� 10�6 RIU. The maximum amplitude sensitivity of 300RIU�1 is

accomplished when the refractive index of the analyte is 1.19. Furthermore, the

maximum detection distance of the sensor is 1187m rendering the device practical

and °exible in real applications. This sensor boasting a large detection range and

high sensitivity has immense potential in the detection of low refractive index

materials.
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Table 1. Comparison of the properties of recently reported PCF-SPR sensors.

Max. sensitivity Refractive index Resolution
Ref. Characteristics (nm/RIU) range (RIU)

19 Gold nanowires outside the PCF 9200 1.33–1.36 2:81� 10�6

20 Gold nanowires outside the micro¯ber 12,314 1.33–1.40 ���
39 Gold nanowire in the PCF air hole 10,286 1.32–1.38 9:72� 10�6

21 Metal nanowires array on D-type PCF 16,000 1.32–1.38 1:43� 10�5

22 Silver nanowires array on D-type PCF; 16,400 1.26–1.33 ���
Low refractive index detection

41 Gold pillars ¯lled in the PCF pores; X -pol: 5200 1.21–1.49 ���
Low refractive index detection Y -pol: 4700

This work Gold nanowire outside the PCF; 26,000 1.14–1.26 3:85� 10�6

Low refractive index detection
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