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Abstract: A highly sensitive surface plasmon resonance (SPR) sensor on a dual-core
photonic crystal fiber (PCF) for low refractive index (RI) detection is presented in this paper.
Plasmonic material silver (Ag) is deposited outside of the fiber structure to detect changes
of the surrounding medium’s refractive index. To prevent oxidation a thin layer of titanium
dioxide (TiO2) is employed on top of the silver. The sensor shows maximum wavelength
sensitivity and amplitude sensitivity of 116,000 nm/RIU and 2452 RIU−1 with corresponding
resolutions (R) of 8.62 × 10−7 and 5.55 × 10−6 RIU, respectively. A thorough study of the
relevant literature yielded that these attained sensitivities in both interrogation methods are
the highest among reported PCF-SPR sensors to date. In addition, the sensor possesses a
very high figure of merit of 2320 in the sensing range of 1.29 to 1.39. Therefore, it would be a
suitable candidate for pharmaceutical inspection, organic chemical sensing, and biosensing
and other analytes detection.

Index Terms: Surface Plasmon Resonance, Photonic crystal fiber, Refractive index.

1. Introduction

SPR is an optical phenomenon, which happens due to the free electron oscillation on the interface

between metallic surface and dielectric layer. In this phenomenon, photons’ wavelengths of the

incident electromagnetic wave match with the wavelengths of surface electrons under a p-polarized

light radiation [1]. Hinge on this process, SPR sensors have been extensively studied due to

their attractive characteristics such as electiveness and exactitude in sensing, fast response, real-

time and label-free detection, and efficient light-controlling capabilities [2]. The conventional SPR

sensors have been designed based on the prism, fiber Bragg grating, slot waveguide and V-groove
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waveguide, which make the system bulky and costly [2]. In order to overcome these limitations,

SPR sensor based on photonic crystal fiber (PCF) has been proposed which ensures portability,

compactness and remote sensing ability. A wide range of PCFs have already been studied with

various structures for SPR based sensing applications such as microfluidic slot-based structures,

external metal-coated, long-period fiber Bragg grating, and internal metal-coated, and D-shaped

structures and so on [2].

PCF based SPR sensor comprises two forms of sensing arrangement: internal and external. In

internal sensing, the analyte selectively fills the air holes. This sensing mechanism shows greater

sensitivity as implanted analyte directly changes the initial refractive index distribution of the fiber.

However, for real-time and distributed sensing application internal sensing method of detection is

not feasible. Moreover, this technique is very arduous to execute and also experiences greater

propagation loss. These drawbacks of internal sensing can be overcome by placing the analyte on

the surface of the PCF, which is known as external sensing technique. Currently, this technique

becomes popular due to its simple detection and practical implementation approach [3].

In [4], a gold grating-based PCF-SPR sensor has been introduced with the highest WS of

3340 nm/RIU. A D-shaped PCF sensor accompanied by 1.33–1.43 sensing range with maximum

WS of 46000 nm/RIU is reported in [5]. A gold plated D-shaped PCF-SPR sensor is discussed in

[6]. The mentioned sensor has a detection range of RI from 1.33–1.38, and the maximum sensitivity

of 10,493 nm/RIU which is attained at 1.38. Many other PCF based SPR sensors which are capable

of identifying the refractive index of analyte starting from 1.33 are reported in [4]–[14]. Most of these

works emphasize on the sensing structures which can only identify analyte having RI greater than

1.33. Very few researches have been conducted on PCF-SPR sensor that can sense the lower RI

less than 1.30 [3]. Nowadays there are abundance applications arising where low RI needs to be

identified, such as aerogel [15], halogenated ether [16], sevoflurane, pharmaceutical drugs, and so

on. Considering this fact some PCF-SPR sensors have been come up in the contemporary time

which is apt to sense lower RI of analyte less than 1.30 [16]–[21]. The highest WS of the mentioned

sensors are 13500, 6000,11055, 20000,13000 and 51000 nm/RIU, respectively. However, AS has

been calculated only in [19], [21] which are about 1054 and 1872 RIU−1, respectively.This indicates

enough scope for PCF-SPR sensor able to detect lower refractive index with enhanced sensitivity

in both interrogation methods.

In this paper, a dual-core PCF-SPR sensor has been designed and numerically analyzed for low

refractive index detection. Double sensing channel created by the microchannel and bimetallic con-

figuration improved the sensing performance in the wavelength as well as amplitude interrogation

methods. This is because when TiO2 is placed on the top of the silver it produces a large number

of electrons at the surface which attracts the field from the core to interact firmly with the plasmonic

mode. Numerical results indicate maximum spectral and amplitude sensitivities of 116,000 nm/RIU

and 2452 RIU−1, respectively. Within the sensing range 1.29–1.39, the obtained lowest resolution

of the sensor in the wavelength interrogation method is 8.62 × 10−7. Effects of parametric variations

and possible fabrication technique of the sensor are also explained here thoroughly.

2. Numerical Design and Modeling

The x-y cross-section of the stated sensor is depicted in Fig. 1(a). This proposed sensor architecture

is arranged in a square lattice composed of two layers of air hole. Two air holes (d2) from the top of

the first ring have been scaled down to improve the coupling between the core guided and surface

plasmon polariton (SPP) modes. To create dual-core another two air holes from the middle of the

first ring have been omitted. Fig. 1(b) shows the possible fabrication technique of the proposed

sensor. First, all the capillaries and solid rods are stacked together and then draw at a specific rate

known as stack and drawn method [5], [9], [19] to fabricate the fiber. Thin, thick capillary and solid

rod are used to create big, small and no air holes, respectively [9]. After the fabrication of the fiber

is done polishing technique will be applied [5], [13]. By polishing process, part of the fiber plus the

large thin wall capillary from the second ring will be polished and the remaining part of the capillary
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Fig. 1. (a) Schematic diagram of the proposed sensor (b) Stacked preform of the fiber.

produces the microchannel. Chemical deposition method [18], [19], [21] is then applied to coat the

silver and TiO2 on the polished side of the fiber.

The numerical study of the proposed sensor has been done using COMSOL Multiphysics. A

perfectly matched layer [22] is added at the outermost layer to absorb radiation power. Physic

controlled extremely fine mesh element has been used in order to attain maximum simulation

accuracy. Optimized parameters of the structure are as follows: d1 = 1.80 µm, d2 = 1.00 µm,

d3 = 1.65 µm, pitch � = 3.30 µm, and thickness of the silver and TiO2 are 65 nm and 10 nm and

opening of the microchannel, 1.75 um, respectively. The dielectric constant of the silver is obtained

from the Drude model described in [23]. For background material SiO2 is used whose refractive

index is calculated by the following Sellmeier equation as mentioned in [24].

n
2
si
(λ) = 1 +

B 1λ
2

λ2 − C1

+
B 2λ

2

λ2 − C2

+
B 3λ

2

λ2 − C3

(1)

where, RI of silica is represented by nsi, the operating wavelength is denoted by λ in µm and

Sellmeier coefficients are specified by B1, B2, B3, C1, C2 and C3.

The dielectric constant of TiO2 can be defined by the given equation [5].

n
2
Ti o2

= 5.913 +
2.441 × 107

(

λ2 − 0.803 × 107
) (2)

where, λ is in µm.

3. Result and Discussion

Fig. 2(a,b) depict the field distribution of the core-guided mode and plasmonic mode for the analyte

having RI of 1.36. In case of core guided mode, the entire optical field is enclosed in the core. On

the other hand, the plasmonic mode is observed on the metal coated sensing medium. The field

distribution at the resonance point is presented in Fig. 2(c). Energy transition method between the

core-guided fundamental mode and the plasmonic mode as a result of strong coupling effect can

also be seen from this figure. In Fig. 2(d), the dispersion affinity of the fundamental mode, plasmonic

mode and loss spectra is presented. Refractive indices of the second order SPP mode and the core

guided mode intersect each other at the operating wavelength of 1.72 µm for the analytes with RI

of 1.36. It is considered here that the excitation of the majority number of free electrons from the

surface is responsible for the greater evanescent field in the y-polarized transverse electric (TE)

mode TEy compared to TEx mode. As the phase matching condition is fulfilled, maximum power

transfer can be observed from the core guided fundamental mode to the plasmonic mode. As a

result, a peak is observed at the point of intersection.
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Fig. 2. Optical distribution of na 1.36 (a) core mode (b) plasmonic mode (c) resonance condition
(d) dispersion relations of core guided mode and SPP mode.

The propagation loss or confinement loss has been calculated by the following equation [5], [21].

α =
40πIm

(

nef f

)

In (10) λ
≈ 8.686 × k0Im(nef f ) × 104db/cm (3)

where, number of waves in free space is specified by, k0 = 2π/λ, operating wavelength is determined

by λ and imaginary part of the effective RI is represented by Im(nef f ).

Figure 3(a) presents the loss spectra of the resonant wavelengths while changing the external RI

of analyte from 1.29 to 1.39. Due to incomplete coupling, the resonance wavelengths of the sensor

experience red shift with increasing propagation loss when the value of RI increases [18]. The

R–square value of 0.99 of the polynomial fit indicating a good fitting agreement which is depicted

in Fig. 3(b).

WS and resolution can be defined by the equation 4 and 5 [5], [10], respectively. By applying

equation 4 and 5, the proposed sensor exhibits maximum WS of 1,16,000 nm/RIU and resolution

of 8.62 × 10−7 RIU, respectively. When the analyte’s RI changes from 1.29 to 1.39 with a step

size of 0.01, the proposed sensor shows wavelength sensitivities of 4000, 4000. 5000, 5000, 6000,

6000, 7000, 9000, 16000 and 116,000 nm/RIU, respectively. The minimum loss is found to be

0.74 dB/cm at the resonance wavelength of 1340 nm while the maximum loss is found to be

829 dB/cm at the resonance wavelength of 3110 nm. Moreover at na = 1.39, confinement loss is

found to be higher due to the strong coupling between core guided and SPP mode. In addition,
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Fig. 3. (a) loss spectra of the sensor for analytes 1.29 to 1.39 (b) Polynomial fit of resonant wavelengths.

Fig. 4. Loss curve for variation of (a) d1, (b) d2, (c) d3, (d) pitch �.

FOM (sensitivity/FWHM) [25] is also calculated and maximum and minimum FOM are obtained 44

and 2320 for the analyte of RI 1.29 and 1.38, respectively.

WS[nm/RIU] =
�λpeak

�na

(4)
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Fig. 5. Loss curves for thickness variation of (a) Ag (b) TiO2.

Fig. 6. Amplitude sensitivity with analyte RI changing from 1.34 to 1.39.

where �λpeak indicates shift in loss resonance peak and �na specifies change in RI of analyte.

R = �na�λmin/�λpeakRI U (5)

where �λmin represents minimum wavelength resolution and �λpeak refers the peak shift of reso-

nance in the wavelength domain.

The impacts of variation of structural parameters (air hole, pitch and metal thickness) on the

resonant wavelength of the sensor are investigated for the RI of analyte na = 1.37 and the results

are presented in Fig. 4 and Fig. 5.

When the air hole diameter d1 increases from 1.70 to 1.90 µm, a red shift is observed in resonant

wavelength with high confinement loss as shown in Figure 4(a). Higher confinement loss implies

robust coupling within core and SPP mode and vice-versa. As the value of d2 increases, a blue

shift along with reducing confinement loss can be found which is depicted in Fig. 4(b). In Fig. 4(c),

a noticeable red shift of resonant wavelength is observed while increasing the value of d3 from 1.55

to 1.75 µm. For the deviation of pitch ∧ from the value of 3.2 to 3.4 µm, a blue shift followed by low

confinement loss is seen in Fig. 4(d).

The influence of silver and TiO2 thickness on loss spectra are depicted in Figures 5(a) and (b)

respectively. When silver layer increases, damping loss also increases. As a result, evanescent field

with poor penetration arises, consequence is poor confinement loss [8]. In addition, shifted peak

of resonant wavelength can be observed with variation of silver thickness. Because of this fact, as

the silver thickness differs from 55 nm to 75 nm, a remarkable blue shift is noticed with decreasing
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Fig. 7. Wavelength sensitivity for variation of (a) Silver Thickness and (b) TiO2 Thickness.

TABLE 1

Performance comparison of the proposed sensor with others

propagation loss. When the effective RI of the fundamental mode and SPP mode changes, phase

matching condition also changes. As a result, a red shift having rising propagation loss in the

resonance wavelength is seen in Fig. 5(b) as the depth of TiO2 layer increases from 5 nm to 15 nm.

Moreover, thicker TiO2 layer improves the coupling among fundamental mode and SPP mode and

the other way around.

AS of the proposed sensor is calculated by using the following AS formula mentioned in [5],

the proposed sensor shows the maximum AS of 2452 RIU−1 for na = 1.38 and the minimum of

20 RIU−1 for na = 1.29. Fig. 6(a) depicts AS of the sensor for the variations of analyte RI from 1.34
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to 1.39 as an example.

A S[RIU−1] = −
1

α(λ, na)

∂α(λ, na)

∂na

(6)

where, the loss for the given analyte with RI na is presented by α(λ, na), the difference between two

loss spectra is denoted by ∂α(λ, na) and change in analyte RI is specified by ∂na.

Fig. 7(a) and 7(b) show, how WS differs with different thickness values of silver and TiO2 respec-

tively. It can be noticed that the highest WS 116000 nm/RIU is attained at 65 nm silver thickness

and 10 nm TiO2 thickness.

The Performances of the proposed sensor are tabulated in Table 1. From Table 1, it is evident that

the presented sensor outperformed the recently reported PCF-SPR sensors. Moreover, the record

lowest resolution of 8.62 × 10−7 RIU implies that the sensor is able to recognize slight changes of

analyte in the 10−7 scale which is desirable in the field of bio-sensing [14].

4. Conclusions

A double core highly sensitive plasmonic refractive index sensor for low refractive index detection

has been proposed and numerically analyzed. Dual sensing channels induced by microchannel

as well as Ag-TiO2 configuration of the sensor improved the resonance effects significantly result-

ing in maximum sensitivities of 116,000 nm/RIU and 2452 RIU−1 are obtained using wavelength

and amplitude interrogation methods, respectively, in the sensing range of 1.29–1.39. Apart from

sensitivities, the lowest resolution of 8.62 × 10−7 and maximum FOM of 2320 are also attractive

features of the sensor. Moreover, external sensing mechanism and feasible fabrication techniques

make the proposed sensor a strong candidate to detect analytes with a lower refractive index like

drug monitoring and inspection, bio-organic chemical and so on.
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