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Abstract: The refractive index sensing characteristics of the side-polished photonic crystal 
fiber (PCF) surface plasmon resonance (SPR) sensor are detailed investigated in this paper. 
We used the finite element method (FEM) to study the influences of the side-polished depth, 
air hole size, lattice constant, and the refractive index (RI) of the PCF material on sensing 
performance. The simulation results show that the side-polished depth, air hole size, lattice 
pitch have significant influence on the coupling strength between core mode and surface 
plasmon polaritons (SPPs), but have little influence on sensitivity; the coupling strength and 
sensitivity will significant increase with the decrease of RI of the PCF material. The 
sensitivity of the D-shaped PCF sensor is obtained to be as high as 21700 nm/RIU in the 
refractive index environment of 1.33-1.34, when the RI of the PCF material is controlled at 
1.36. It revealed a new method of making ultra-high sensitivity SPR fiber sensor. Then we 
experimental demonstrated a SPR refractive sensor based on the side-polished single mode 
PCF and investigated the sensing performance. The experimental results of the plasmon 
resonance wavelength sensitivity agree well with the theoretical results. The presented gold-
coated D-shaped PCF SPR sensor could be used as a simple, cost-effective, high sensitivity 
device in bio-chemical detection. 
© 2017 Optical Society of America 

OCIS codes: (060.2370) Fiber optics sensors; (240.6680) Surface plasmons; (060.5295) Photonic crystal fibers; 
(280.4788) Optical sensing and sensors. 
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1. Introduction 

Surface plasmon resonance technology can serve as a basis of many standard tools used to 
measure the extent that electromagnetic wave can be absorbed into the metal-dielectric 
structure (typically gold or silver with dielectric). It is extremely sensitive to changes in 
permittivity of the metal and dielectric, and the structural shape. This feature constitutes the 
core of designing high sensitivity SPR sensors [1]. During the past decade, a great effort has 
been devoted to adapt and optimize SPR sensing configurations based on optical fibers. 
Doctor Jorgenson firstly proposed the SPR fiber sensor in 1993 [2]. In order to enhance 
sensitivity and narrow full width at half maximum (FWHM) of resonance peak, the 
multimode fibers (MMF) were instead by single mode fibers (SMF) as the sensing element 
[3]. In many of these later fiber SPR sensing configurations, the cladding of the fiber is 
removed (sensing area) to allow for the deposition of a thin metallic (mostly Au or Ag) layer 
that supports the excitation of SPR and their interaction with optical waveguide modes of the 
fiber [4,5]. These configurations include the modified fiber end [6–8], tapered fiber [9], D-
shaped fiber [4,10–16], fiber grating [17], and photonic crystal fiber [18]. According to the 
control ability of coupling between optical fiber core modes and surface plasmon waves, 
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more and more attention is being paid to the surface plasmon resonance sensor based on D-
shaped photonic crystal fiber recent years. 

Nowadays, the surface plasmon resonance (SPR) sensor based on microstructured optical 
fiber (MOF) is becoming more and more popular for having extensive application prospects 
in biochemical sensing field. There is, however, one downside that many researchers 
encounter is the difficulty in phase matching and analyte filing when dealing with MOF based 
SPR sensors. As an innovative solution, Luan et al. [11] proposed a MOF-based SPR sensor 
characterized by two special designs. One is a D-shaped hollow core that can lower the 
refractive index of a Gaussian-like core mode so as to match with that of a Plasmon mode. 
The other novelty lies with the method of depositing analyte, that is, the analyte is deposited 
directly onto the D-shaped flat surface rather than filling the fiber core. With this new 
method, they have obtained a satisfactory spectral sensitivity of 2900 nm/RIU. Later, On the 
basis of D-shape gold film photonic crystal fibers, Chen et al. [12] have designed an 
ultrabroad bandwidth polarization filter. One benefit of the structure is that it helps with 
generating multiple resonances between fiber waveguide modes and surface plasmon 
polaritons (SPPs) modes. Similar work has been conducted by others, like Tan et al. [14], 
who have carried out a numerical investigation on a deep-polished fiber SPR sensor, which 
was designed with all-solid photonic crystal fiber and found to have exhibited major phase 
modulation. By utilizing the phase modulation and adopting phase interrogation method, the 
sensitivity has been determined to be 9.09 × 104 Deg/RIU, the theoretical value is higher than 
those of the conventional wavelength sensitivity. It is noteworthy that Xie et al. [19,20] 
experimental researched the influences of side-polished depths and sensing layer thicknesses 
on D-shaped photonic crystal fiber surface plasmon resonance sensors, and concluded that the 
sensitivity increases as the sensing layer thickness increases. But it decreases slightly when 
the side-polished depth is going up with a certain range. Then they determined the highest 
sensitivity to be 7381.0nm/RIU in the refractive index environment of 1.40-1.42. Last but not 
least, Peng et al. [21] proposed a D-shaped MOF SPR senor, which consists of a rectangular 
lattice with two special large air holes. Based on the analysis of the mode coupling 
characteristics, the sensing performance dependence of fiber birefringence and the two large 
leaky channels is revealed. Theoretically, the proposed sensor improves the wavelength 
sensitivity with a value of 7481 nm/RIU. 

In this paper, we present a SPR fiber sensor based on D-shaped photonic crystal fiber. 
Through numerically investigating the transmission loss for different side-polished depths, 
hole sizes, lattice pitches and refractive index coefficients of the material making PCF, we 
found that all of these parameters have significant influence on the coupling strength between 
y-polarized core mode and surface plasmon polaritons (SPPs), but only the RI of the PCF 
material has a much more significant influence on sensitivity. Simulated results indicated that 
high sensitivity 21700 nm/RIU is acquired in our proposed sensor model, which is higher 
than the theoretical values of previous reports [1–21]. Furthermore, we experimentally realize 
a SPR fiber sensor based on side-polished PCF. Compared to reports in [19,20], our 
experimental results are closer to theoretical values with improved sensing performance. 

2. Theoretical analysis 

The schematic diagram of the fiber SPR sensor based on D-shaped PCF in 3D view is shown 
in Fig. 1. All the six layers air holes are arranged in a hexagon arrangement with a lattice 
pitch Ʌ, and the diameter of the air holes is d. The upper side of the PCF is polished with a 
polishing depth h, which is the height of the fiber center to the polished surface, the gold film 
has a fixed thickness t with a value of 45 nm, and where it touches the analyte. The RI of the 
background material of the PCF and the gold layer are given by experimental values with 
linear interpolation [22,23]. To simulate the waveguide mode of the side-polished PCF SPR 
sensor, we use the finite element method with perfect match layers (PMLs) boundaries [24]. 
In this method, the Fourier components electric field of electromagnetic wave is discretized in 
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algebraic system, and then the eigenmodes are calculated. The simulation is completed by 
commercial software COMSOL Multiphysics [10–14]. In addition, we assume that the 
refractive index of the analyte changes from 1.33 to 1.34. According to definition, the 
wavelength sensitivity is given by [11,12]: 

 ,resS nλ αλ= Δ Δ  (1) 

where resλ is the plasmon resonance wavelength of the D-shaped PCF sensor, and nα  is the 

refractive index of the analyte. In the field of waveguide optics, the confinement loss is 
calculated according to the following equation [25]: 

 08.686 Im[ ]( / ),effk n dB mα = ⋅  (2) 

where 0 2k π λ=  is the wavenumber in meter scale. 

 

Fig. 1. Schematic diagram of the SPR sensor based on D-shaped photonic crystal fiber in 3D 
model. The PCF polished surface is perpendicular to the y axis. 

 

Fig. 2. (a). Real part of effective refractive index of the y-polarized fiber core mode and SPP 
mode, and the loss spectra of the D-shaped PCF SPR sensor with Ʌ = 7.8 um, d = 3.6 um, h = 
0.4Ʌ, and na = 1.33. (b) Electric field distributions of the y-polarized care modes at λ = 520 
nm, λ = 602 nm (phase matching point), and the SPP mode at λ = 540 nm along the y axis. 

Figure 2(a) plots the real parts of the y-polarized fiber core mode, the first-order surface 
plasmon polaritons (SPP), and the confinement loss of the y-polarized fundamental core 
mode with different wavelength when na = 1.33, Ʌ = 7.8 um, d = 3.6 um, and h = 0.4Ʌ. As 
show in Fig. 2(a), with the wavelength increasing, the loss of the y-polarized fundamental 
core mode first increases and then decreases. When the refractive index real part of the y-
polarized core mode is equal to the real value of the refractive index of the SPP mode, that is 
to say, it is to meet the phase matching conditions, the loss of the y-polarized core mode 
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reaches the maximum value at λ = 602 nm. To further illustrate the physical phenomenon, the 
electric field intensity of the y-polarized core modes at resonance wavelength λ = 602 nm 
[insert Fig. 2(a)], non-resonance wavelength λ = 540 nm, and the SPP mode [insert Fig. 2(b)] 
at λ = 540 nm are compared in the form of electric field distributions along the y-axis. From 
the Fig. 2(b), we can see that there are clear essential difference between the y-polarized core 
mode and the SPP mode. At different values of light wavelength, the electric field strength of 
the y-polarized core mode appears in near the metal film with different strength. The electric 
field distributions of y-polarized core mode mainly appear in the core area of the PCF. 
However, the electric field distributions of the SPP mode mainly appear in the interface of 
gold film and dielectric [insert Fig. 2(b), amplifying section]. It is clear that the y-polarized 
fundamental core mode and the SPP mode occurs high coupling at the wavelength of 602 nm. 
Since some energy of the fiber waveguide mode is transfer into the energy of the SPR mode, 
making the loss spectra of the fiber core mod appears a loss peak at the resonance wavelength 
[26,27]. The RI of the analyte has a significant influence on coupling between the y-polarized 
core mode and the SPP mode. With the change of the RI of the analyte, the coupling 
wavelength (resonance wavelength) would be to shift from one position to another. Therefore, 
the loss peak of the loss spectra will vary with the change of the RI of the analyte. 

Next, we will discuss the sensing characteristics and the coupling characteristics of the D-
shaped PCF SPR sensor. In the wavelength interrogation method, according to the 
relationship between the peak wavelength of the loss spectra and the RI of the analyte, the RI 
of the analyte under sensing can be obtained by being measured the peak wavelength of the 
loss spectra. This is the sensing principle of the D-shaped PCF SPR sensor. 

 

Fig. 3. (a) Loss spectra of the y-polarized core mode with analyte na at 1.33 and 1.34 when Ʌ = 
7.9 um, d = 3.6 um, and h = 0.4Ʌ. (b) Loss spectra of the y-polarized core mode for different 
values of the h with na = 1.33. 

Figure 3(a) presents loss spectra of the y-polarized core mode for two different RI of the 
sensing analyte with Ʌ = 7.9 um, d = 3.6 um, and h = 0.4Ʌ. The simulation results are shown 
in Fig. 3(a), with the refractive index of the sensing analyte increasing, the peak wavelength 
of the loss spectra exhibits a red shift and the coupling strength increases accordingly. When 
the RI of the sensing analyte changing from 1.33 to 1.34, the shift of the peak wavelength 

resλΔ is 16 nm, and the corresponding theoretical wavelength sensitivity of the SPR sensor is 

about 1600 nm/RIU. Here, we want to determine the impact of the polishing depth of D-
shaped PCF on the sensing performance. Figure 3(b) illustrates loss spectra of the y-polarized 
core mode for different polishing depths with Ʌ = 7.9 um, d = 3.6 um, and na = 1.33. As 
shown in Fig. 3(b), with the polishing depth h decreasing, that is to say, the polishing surface 
is more and more closer to the fiber core, the coupling strength between y-polarized 
fundamental core mode and SPP mode will increase, resulting in the loss of the y-polarized 
fundamental core mode at resonant wavelength both increases. But the position of the 
resonant wavelength is almost unaffected by the polishing depth. The effect of polished depth 
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on wavelength sensitivity is described in Table 1. The results show that the wavelength 
sensitivity is almost unchanged when varying the polishing depth h. So we cannot improve 
the wavelength sensitivity by optimizing the polishing depth. 

Table 1. Wavelength sensitivities ( Sλ ) of the D-shaped PCF SPR sensor with different h. 

h 1Λ 0.8Λ 0.6Λ 0.4Λ 0.2Λ 

Sλ (nm/RIU) 1500 1500 1600 1600 1700 

When the duty ratio Ʌ of the PCF is set to be 7.9 um, the polishing depth h is set to be 
0.4Ʌ, the RI of the sensing analyte is set to be 1.33 or 1.34, respectively, the real part of the 
effective refractive index (Re(neff)) and the peak loss of the loss spectra of the y-polarized 
fundamental core mode at the resonant wavelength for different duty ratios are shown in Fig. 
4(a). With the duty ratio increases, the Re(neff) of the y-polarized core mode decreases, and 
simultaneously the peak loss of the loss spectra increases correspondingly. But the change of 
Re(neff) of the y-polarized core mode at the phase matching point is so small and we cannot 
tune the resonance wavelength by changing the duty ratio of PCF. Table 2 describes the 
wavelength sensitivity for different duty ratios of PCF. As duty ratio of PCF increases, but the 
wavelength sensitivity of the D-shaped PCF SPR sensor does not change. Therefore the 
wavelength sensitivity is independent of the duty ratio of PCF. 

 

Fig. 4. The Re(neff) of the y-polarized core mode at the phase matching point and the peak loss 
of the y-polarized core mode for various values of (a) duty ratio with Ʌ = 7.9 um, and h = 0.4Ʌ, 
(b) lattice pitch with d = h = 0.5Ʌ. 

Table 2. Wavelength sensitivities ( Sλ ) of the D-shaped PCF SPR sensor with different 

duty ratios. 

d/Λ 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Sλ (nm/RIU) 1600 1600 1600 1600 1600 1600 1600 1600 1500 

Table 3. Wavelength sensitivities ( Sλ ) of the sensor with different lattice pitches of PCF 

Λ(um) 2 3 4 5 6 7 7.9 

Sλ (nm/RIU) 1800 1700 1700 1500 1600 1600 1600 

Figure 4(b) illustrates the Re(neff) and the peak loss of the y-polarized fundamental core 
mode at the resonant wavelength for different lattice pitches. Where both of the diameter of 
air hole and the polishing depth are set to be 0.5Ʌ. When the lattice pitch of PCF Ʌ changes 
from 2 um to 7.9 um, as shown in Fig. 4(b), the Re(neff) of the y-polarized fundamental core 
mode at the resonant wavelength increases, but the peak loss decreases correspondingly. The 
results indicated that the coupling strength between the core mode and the SPP mode reduces 
gradually with increase of the size of lattice pitch Ʌ. It leads to a reduction in peak loss of the 
loss spectra at resonant wavelength. Table 3 shows the wavelength sensitivity of the D-shaped 
PCF SPR senor for different lattice pitches. With the lattice pitch of PCF increasing, the 
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sensitivity increases at first and then reduces. But the sensitivity changes little so that it is 
impossible to improve sensitivity by varying the lattice pitch. 

 

Fig. 5. (a) Loss spectra of the y-polarized core mode with the RI of PCF material at 1.44, 1.43, 
1.42, and 1.41 when Ʌ = 7.9 um, d = 3.6 um, h = 0.5Ʌ, and analyte na = 1.33. (b) Wavelength 
sensitivity and peak loss of the y-polarized core mode for various values of the RI of PCF 
material. 

As mentioned above, the wavelength sensitivity cannot be improved by varying air hole 
size, lattice constant of PCF, and polishing depth. Thus we would like to study the influence 
of the RI of PCF material on the wavelength sensitivity. Figure 5(a) depicts the loss spectra of 
the y-polarized fundamental core mode for different values of the RI of PCF material n = 
1.44, 1.43, 1.42, and 1.41 with Ʌ = 7.9 um, d = 3.6 um, h = 0.5Ʌ, and analyte na = 1.33. The 
FEM simulation results reveal that the loss spectra of the y-polarized core mode exhibits red-
shift and peak loss increases with the decreasing of the RI of PCF material. Other conditions 
remain unchanged, the resonant wavelength increase means that the sensitivity of the D-
shaped PCF SPR sensor increases. Figure 5(b) depicts the sensitivity and peak loss of the y-
polarized core mode as a function of the RI of PCF material. The RI of PCF material is varied 
from 1.44 to 1.36, the sensor sensitivity is extraordinary non-linear increased from 1900 
nm/RIU to 21700 nm/RIU, and simultaneously the coupling strength between the y-polarized 
core mode and the SPP mode is increased, the latter leads to the peak loss increasing. To our 
best knowledge, the theoretical value of the wavelength sensitivity (21700 nm/RIU) is highest 
sensitivity reported in D-shaped fiber SPR senor [1–21,25,26]. Compared to these design 
strategies of by the introduction of a small hollow core into MOF [1,11], optimizing air holes 
arrayed in MOF cladding [4–10], and sensitization processing at the polished surface [27], 
making PCF with lower RI material is a more effective method for improving sensitivity in 
D-shaped fiber SPR sensor. 

3. Experiment and discussion 

There, we experimental demonstrate a gold-coated side-polished hexagonal structure PCF 
SPR sensor. ESM-12 PCF (NKT Inc.) is chosen in our experiment because it is strong enough 
without the tensile failure problem during the polishing process. ESM-12 PCF is an all-glass 
endless single-mode fiber with a standard 125 um cladding diameter. The cross section of 
ESM-12 PCF is shown in Fig. 6(b), the lattice constant and air hole diameter of the PCF are 
7.9 um and 3.6 um, respectively. Figure 6(a) illustrates the schematic of the wheel polishing 
setup (Wanrun Ltd., Wuxi, China) to realize the side-polishing PCF. A 10 mm long PCF is 
spliced between two single-mode fibers at first and then the spliced fiber is fixed by a pair of 
fiber holders. In our fiber polishing system, the grinding wheel is fastened on a 3D 
mechanical platform that can move along the X, Y, and Z directions [28]. The polishing 
length and polishing depth are easy to set up and operate accurately via computer program. 
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To speed up the polishing speed, a small weight is used to straighten the fused PCF and 
provide suitable polishing force. Abrasive paper fastened around the mechanical wheel for 
polishing fiber. A broadband light source (BBS) with a range from 1250 nm to 1650 nm and 
an optical spectrum analyzer (OSA, Yokogawa AQ6370C) are employed to online monitoring 
the transmission spectrum during the polishing process [28]. The PCF polished surface is 
gently cleaned using an air-laid paper with water to remove residual silica dust. The polishing 
process is stopped at the stage when the polishing surface appears near the PCF core region 
and with a power loss of approximately 3 dB in air. 

 

Fig. 6. (a) Optical fiber side-polised system. (b) SEM image of the PDF before polishing. (C) 
The cross section of the D-shaped PCF with gold-coated. (d) The side-polished surface of the 
D-shaped PCF with gold-coated. 

 

Fig. 7. Schematic diagram of the real-time online measurement system, insertion is the 
structure diagram of the D-shaped PCF sensor. 

After completed the polishing process, Gold thin films with a thickness of 45 nm is 
deposited on the flat surface of the D-shaped PCF by fiber magnetron sputtering Coating 
machine system (LN-JS2, Shenyang Vacuum Technology Institute). Then, the work of 
fabricating D-shaped PCF SPR sensor is accomplished. The cross section and side-polished 
plane of the D-shaped PCF are observed by a microscope as shown in Figs. 6(c) and 6(d), 
respectively. The values of the polishing length and the polishing depth are 7mm and 13um, 
respectively. 

In order to verify our simulation results, an experimental setup [28] for the proposed SPR 
sensor is presented in Fig. 7. In this sensing system, the light source is a tungsten halogen 
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with a broadband Spectrum from 450 nm to 1100 nm (LS-300, Ocean Optics Inc.), and the 
spectrometer is a miniature spectrometer with a measuring range from 200nm to1100nm 
(USB65000, Ocean Optics Inc.). The white light transmits into the SPR sensor through single 
mode fiber and is modulated by the refractive index matching liquids on the flat surface. 
Finally, the modulated optical signal is recorded at room temperature by the spectrometer. 
The modulated optical signal is processed by a laptop through a USB port. We need to rinse 
the sensor with alcohol repeatedly between each subsequent measurement to ensure that the 
sensing sensitive region is clean. 

The experimental performance of the D-shaped PCF SPR sensor is shown in Fig. 7(a). 
The normalized transmission spectrum is calculated according to the ratio of the transmittance 
when the sensor is immersed in liquid compared to the transmittance of the sensor exposed in 
the air. As a result of the electromagnetic field coupling from the y-polarized fundamental 
core mode to SPP mode in proximity to gold film at the resonant wavelength, an obvious dip 
(absorption peak) appears in the transmission spectra when the sensor is immersed in each 
refractive index matching liquid. With the increase of the RI of the refractive index matching 
liquid, the dip of the transmission spectrum appears red-shift and becomes deeper. Figure 8(b) 
illustrates the non-liner relation between the resonance wavelength shifts versus the RI 
variation, where the RI of refractive index matching liquid varies of 1.30 to 1.41 with a step 
of 0.01. As the RI of the refractive index matching liquid increases, the wavelength sensitivity 
of the D-shaped PCF SPR senor non-liner increases. The results show that experimental 
values have a good agreement with theoretical values at lower RI of the refractive index 
matching liquid. In spite of rinsing the sensor with alcohol repeatedly between each 
subsequent measurement, it is difficult for refractive index matching liquid to be completely 
cleared in the air holes of PCF. This is the main source of errors between calculated results 
and experimental values at higher RI of refractive index matching liquid. 

 

Fig. 8. (a) Experimental normalized transmission spectra of the D-shaped PCF-SPR sensor 
testing in different RI. (b) Experimental and theoretical values for the wavelength sensitivity. 

4. Conclusion 

In conclusions, we numerical and experimental investigated a D-shaped PCF-SPR sensor. 
The gold film and the analyte are both deposited onto the PCF polished surface. The sensing 
characteristics of the fiber SPR sensor and the modes coupling characteristics are analyzed by 
finite element method. Simulation results show that it is impossible to improve the 
wavelength sensitivity by changing the duty ratio, the lattice pitch of PCF, and the polishing 
depth. Compared to these design strategies of by the introduction of a small hollow core into 
MOF [1,11], optimizing air holes arrayed in MOF cladding [4–10], and sensitization 
processing at the polished surface [28,29], most noticeably, we proposed a more effective 
method for improving sensitivity in D-shaped fiber SPR sensor by making PCF or ordinary 
fiber with lower RI material. When the RI of PCF material is 1.36, the sensor has an 
extremely high sensitivity with a value of 21700 nm/RIU. In order to verify our simulation 
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results, a set of D-shaped PCF SPR sensing system is developed. The result shows that there 
is a good agreement between prediction of model and experiment. Considering the potential 
for fast-response, real-time, distributed sensing of the D-shaped fiber and these demonstrated 
SPR sensing characteristics. The D-shaped fiber SPR sensor based on lower RI of CPF 
material will be more competitive in the chemical, biological and industrial applications. 
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