
 

 

1

Abstract— Dual D-shaped (DD-shaped) plasmonic photonic 

crystal fiber (PCF) for refractive index sensing is designed and 

analyzed. In the proposed design, two gold nano-rods are 

attached to the two etched surfaces of the PCF to enhance the 

sensing characteristics. The surface plasmon (SP) modes excited 

at the metal/dielectric interfaces are strongly coupled to the PCF 

core mode. Therefore, high refractive index (RI) sensitivity of 

19100 nm/RIU is achieved. Such a sensor can be employed in 

environmental monitoring and food safety applications. 

 

Index Terms— Photonic crystal fibers, Refractive index sensor, 

surface plasmon, Environmental monitoring. 

 

Design and study of compact and integrated photonic devices 

is the most recent development in photonics science. Coupling 

between surface plasmon modes (SPMs) excited at the 

metal/dielectric interface and the core-guided modes is the 

main concept of the surface plasmon resonance (SPR) sensing 

mechanism1. This coupling occurs when the real part of the 

effective indices of a SPM and the core mode are equal. In this 

case, maximum power transfer from core mode to the SPM is 

achieved. This resonance occurs at a specified wavelength 

with a certain RI of the surrounding medium (analyte). When 

the analyte RI is changed, a shift in the resonance wavelength 

is induced. Thus, the sensitivity is detected. SPR technique has 

been applied to many types of optical devices including 

filters2, optical absorbers3 and optical instruments4. 

Among the most often utilized platforms in sensing 

applications, PCFs arouse great importance in sensing5,6,7, 

salinity detection8, and food safety and environmental 

monitoring 9. In this context, a self-calibration plasmonic PCF 

biosensor has been analyzed in10 with sensitivities of 10000 

nm/RIU and 6700 nm/RIU for the x- and y-polarized core 

modes, respectively. Further, a low refractive index sensor of 

concave-shaped PCF combined was designed with square-

channel using lossy material indium tin oxide (ITO) 11. Such a 

RI sensor11 achieves sensitivities of 1700–10700 nm/RIU with 

a dynamic RI range from 1.19 to 1.29. Furthermore, liu et al. 
12 introduced a low RI sensor based on SPR mechanism with 

gold nanowires with sensitivity of 2350 nm/RIU.  In addition, 

Hasan et al. 13 proposed a PCF biosensor based on a two-layer 

circular lattice that achieves sensitivity of 2200 nm/RIU. 

Moreover, An et al. introduced a quasi-D-shaped PCF sensor 

with a sensitivity of 3877 nm/RIU through RI range from 1.33 

to 1.42 14. Furthermore, Rifaat et al.15 presented a SPR-PCF 

sensor with sensitivity of 11000 nm/RIU for a wide range of 

analyte RI where irregular air-hole diameters have been used 

in the first ring. 

 

Fig. 1 The cross sections of dual D-shaped PCF SPR 

multifunctional biosensor. 

 

Figure 1 depicts the proposed structure using three successive 

rings of air holes arranged in a triangular lattice with a hole 

pitch Λ and silica (SiO�) background material. The first ring 

of air holes have diameter d	, while the second and third rings 

have a diameter d. In addition, the two surfaces of the PCF 

structure are etched at a distance h from the horizontal line 

passing through the core center as shown in Fig. 1. To excite 

SPM, two gold nano-rods with diameter d
 are attached 

vertically at the two etched surfaces. In addition, four holes (in 

gray color) in the first ring are shifted horizontally with l� and 

l distances as depicted in Fig. 1. The frequency-dependent 

gold  permittivity is taken from the model of Johnson and Christy 
16,17. Additionally, silica RI is determined by the wavelength 

dependent Sellmeier equation1,2. In this investigation, COMSOL 

Multiphysics software package 18 based on the well-known full 

vectorial finite element method (FVFEM)19 is utilized to study 

and analyze the proposed PCF structure. The PCF structure is 

discretized into small triangular elements with a minimum 

element size of 3 × 10�� μm. Moreover, perfect matched layer 

(PML) 20 absorbing boundary conditions is employed to truncate 
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the simulation domain from all transverse directions and calculate 

the confinement losses of the studied modes.  

 

 

 

Fig. 2. Dispersion of the quasi TM core modes and SPP mode and 

variation of the loss spectra of quasi TM, quasi TE and SPP modes 

with the wavelengths. 

The dispersion characteristics of the core mode and SPM 

supported by the DD-shaped PCF structure are depicted in Fig. 2. 

The real parts of the effective indices of the quasi TM core mode 

and SPM are shown as blue and red lines, respectively. The n��� 

of the quasi TM core mode and SPM decrease with increasing the 

wavelength. Moreover, the attenuation loss of the TM core mode 

has a loss peak at the phase matching wavelength as shown in 

Fig. 2. The insets (a), (b) and (c) depict the electric field profiles 

of the SPM (at λ=1000 nm), the core mode at the phase matching 

point (at λ = 1417 nm) and quasi TM core mode (at λ=1000 nm), 

respectively. At the resonance wavelength, there is a strong 

coupling between the SPM and the quasi TM core mode as both 

have approximately the same electric field distribution with 

nearly identical effective indices. However, the loss of the quasi 

TE mode (green line) is very small throughout the whole 

considered wavelength range as may be seen in Fig. 2.   

  

 

(a) (b) 

Fig. 3 Variation of the attenuation loss spectra with the wavelength at (a) RI range from 

1.23 to 1.28, and (b) RI range from 1.29 to 1.32. 

     It may be seen from Figs. 3 (a) and (b) that increasing the 

analyte RI moves the loss peaks to longer wavelengths. Further, 

high RI sensitivity of 19100 ��/��� is obtained with a 

resolution of 5.2 × 10�� RIU. Due to high sensitivity throughout 

wide low refractive indices (1.23 – 1.32), the proposed sensor is a 

promising candidate especially in environmental monitoring and 

food safety applications9, 11, 12. Moreover, As may be seen from 

the two insets in Figs 3(a) and (b), the suggested sensor has a 

linear-like behavior over the RI range from 1.23 to 1.32. 

Finally, a highly sensitive D-shaped PCF low refractive indices 

sensor that works along wide RI range (1.23-1.32) is reported. 

The proposed sensor achieves sensitivity and resolution of 19100 

��/��� and 5.2 × 10�� RIU, respectively, with high linearity 

behavior. 
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