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Abstract 

    A plasmonic D–shaped photonic crystal fiber (PCF) sensor for refractive index (RI) and 

temperature is designed and studied in this paper. The RI channel is made up of a silver thin 

layer deposited on the plane of the D–type structure, and the temperature sensing channel is 

formed by a silver nanowire and benzene filled in an elliptical hole in the PCF. The designed 

structure can be used for temperature and RI sensing via coupling between the core–guided 

modes and the surface plasmon modes around Ag nanowire and Ag thin layer. The coupling 

characteristic and sensing performance of the proposed dual–functional sensor is studied in the 

present work. Results show that the maximum sensitivity in terms of RI units (RIU) is 6.9 

μm/RIU in the range of 1.33–1.38, and the maximum temperature sensitivity is 3 μm /°C in the 

range of 27 °C–67 °C. 

Keywords: Surface plasmon; Photonic crystal fiber; Temperature sensor; Refractive index 

sensor; Evanescent field. 
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1. Introduction 

   The SPR is the coupling of electromagnetic (EM) waves and free electron density oscillations 

on the metal–dielectric interface. Owing to the high sensitivity to the metal surface RI variations, 

it has been utilized in several sensing apparatus, including optical waveguides, PCFs and 

conventional fibers [1–3]. The PCF–SPR sensors show privileged features such as appropriate 

phase matching, high integration and flexible design that make them attractive for application. 

To attain SPR sensing in PCFs, a thin metal film is deposited on the inner walls of the PCF holes 

and a proper analyte is then filled. The resonance peak in the loss spectra of the transmitted light 

occurs as the real part of the effective refractive index of the core mode (neff) is equal to that of 

the SPR mode at a specific wavelength. As the analyte RI changes, the propagation constant of 

the relevant mode changes too and affects the SPR spectrum.  

Because the SPR spectrum is very sensitive to the variations in the medium RI surrounding the 

metal surface, any parameter that affects the medium RI can be detected by monitoring changes 

in the SPR spectrum. As a consequence, the RI of the filling liquid (as the temperature sensing 

material) and so the neff of the PCF design will be temperature dependent. Hence, PCF–SPR 

temperature sensor can be fabricated. It is necessary to say that the diameter of air holes in PCF–

SPR sensors is usually in the order of a few microns. Thus, the metal deposition operation in 

these holes is so hard to perform in practical issues. Furthermore, either in RI or in temperature 

PCF–SPR sensor devices, the variation in SPR spectrum is eventually affected by RI of the 

medium around the metal surface. Determination of the factor (analyte RI or temperature) that 

causes changes is difficult from the SPR spectrum. Hence, it is hard to achieve a simultaneous 

analyte RI and temperature sensing in a PCF–based SPR sensor. One solution to overcome the 
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difficulties of metal coating is to use D–type or exposed–core PCFs [4–7]. Meanwhile, 

simultaneous detection of RI and temperature will be realized by creating vertical sensing 

channels in the D–shaped or exposed–core PCF–SPR sensor [7]. 

In this study, a D–shape PCF–SPR sensor for measuring RI and temperature is designed. It is 

aimed at gaining high sensitivity and fabrication feasibility. The RI sensing portion is 

constructed by coating the metallic Ag film on the D–plane of the PCF and the temperature 

sensing part is formed by filling the Ag nanowire into the hole of the PCF filled with benzene as 

the temperature sensing analyte. The two mentioned sensing segments can excite two 

independent peaks with orthogonal polarizations, which can be utilized to discern RI or 

temperature changes. 

2. Structure design and modeling details   

   Fig.1. displays the cross–sectional schematic of the proposed PCF–SPR. The finite element 

method (FEM) is employed to study the PCF–SPR properties and sensing performance. In the 

designed sensor, the metallic Ag layer is deposited on the D–plane as the RI sensing part, 

exposing it directly to the analyte. Also, the air holes are decorated as triangular lattice. The 

lattice constant or pitch of the PCF (Λ) is considered 4 μm. The fiber radius (r) is equal to 7 Λ 

and the distance between the center of fiber and the boundary polished surface is h=1.1 Λ. The 

thickness of Ag layer is 42 nm and the radius of Ag nanowire is 200 nm. Meanwhile, air holes 

with optimized diameter of d1= 0.8 Λ and d2= d1–1.5 μm are used to attain well coupling 

between surface plasmon polariton (SPP) mode and core guided mode. To reduce the 

interference of different polarization, elliptic air holes have been optimized on both sides of the 

fiber core. The major and minor axis of the ellipses is considered as a= 0.8 Λ and b=a/3, 
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respectively. One elliptic hole is filled with Ag nanowire and benzene (as sensing medium) to 

construct the temperature sensing portion.  

Fig.1. Cross–sectional schematic of the proposed D–shaped PCF–SPR sensor for detection of RI 

and temperature.

The fused silica is taken as the background material with RI=1.45.  The RI of benzene used is 

dependent on both temperature and wavelength changes as follows [8] 

)( 00 TT
dT

dn
nn                                                                                                                (1) 

where n0 stands for wavelength dependent term and is given by [9] 

-6-4-222

0 60.0001787950.000499480.023034640.0005939972.17018459  n  (2) 

for benzene. The thermo–optical coefficient 
dT

dn
is C  /10594.7 4 at reference temperature 

CT  200 or CT  270 for benzene [9]. The dielectric parameters of Ag can be obtained from 

the L4 model [10] 
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all constants of Eq. 2 were taken from Ref [10].  

Fig. 2. Real part of neff for x and y–polarized core and SPP modes along with the loss spectra for the x and 

y–polarized core modes. The corresponding electric field distributions are also shown. The red arrows 

display the polarization direction of E–field. 

The modes will couple, when their neff are equal. To investigate the coupling properties of the 

designed sensor, we display the neff curve and E– field distributions along with the loss spectra of 

the pertinent modes in Fig. 2. The confinement loss of the sensor can be characterized by using 

the following formula [10] 
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 The metal nanorods can stimulate a limited number of discrete SPP modes on their surface [11]. 

As can be seen from the figure, the x–polarized SPP mode of Ag nanorod can couple to the x–

polarized core mode at a particular wavelength. On the other hand, the coated Ag film on the D–

plane can merely stimulate the y–polarized SPP mode which can couple to the y–polarized core 

mode at the resonance wavelength only. This behavior can be obviously seen by the E–field 

distributions in the figure. Clearly, the x– and y–polarized core modes are well confined in the 

core zone. The curve of confinement loss has an explicit absorption peak at the wavelength 

corresponding to the intersection points in the real part of the neff of the SPP mode, which 

confirms the phase matching coupling in which extreme energy can be propagated from the core 

mode to the SPP modes of Ag nanorod and thin film along the x–polarized and y–polarized 

directions, respectively.  

3. Results and discussion  

     As the analyte RI (nAnl.) or temperature sensing medium RI (nTem.) changes, the corresponding 

intersections (phase matching points) changes accordingly, resulting in the shift of the resonance 

peaks of x– and y–polarized to different wavelengths.  

3.1. RI sensing analysis 

     The variation of the confinement loss curve of y–polarized resonance peak is illustrated in 

Fig.3 at different nAnl.. As the nAnl enhances, the resonance peak (λPeak) shifts to longer 

wavelengths, and the intensity of the resonance peak gradually rises. The λPeak increases from 

0.56 μm to 0.76 μm as nAnl changing from 1.33 to 1.38. This implies that the sensor can provide 
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higher sensitivity at higher nAnl of the detection range. The sensitivity of the sensor of the RI unit 

(RIU) can be defined as [12] 

 
.
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peak

n
n
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                                                                                                              (4) 

where peak  denotes the shift of y–polarized peak. As displayed in the inset of Fig. 3, the 

maximal Sn is 6.9 μm/RIU in the range 1.33–1.38. The higher nAnl may lower the limit of the 

core mode, and hence enhances the evanescent E–field in the sensing area, which results in a 

higher sensitivity. Nevertheless, as the nAnl exceeding 1.41 (not shown), the higher order SPP 

modes are excited, that lead to more noise in the loss spectra of the core modes. Therefore, the 

sensor is not appropriate to sense the nAnl beyond 1.41.  
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Fig. 3. Dependence of the confinement loss curve of the y–polarized on the analyte RI (nAnl.). Inset 

represents the peak wavelengths (λPeak) and RI sensitivities (Sn) for y–polarized core modes at different 

nAnl.. 

3.2. Temperature sensing analysis 

       A temperature sensor works on the basis of the change of RI of the temperature sensitive 

material (Benzene in this study) with the change in temperature. Hence, the λPeak shifts with the 

temperature variation.   

Fig. 4. Variation of the x–polarized confinement loss spectra with analyte temperature. Inset represents 

the peak wavelengths (λPeak) and temperature sensitivities (ST) for x–polarized core modes at different 

temperatures. 

    The variation of the confinement loss curve of x–polarized resonance peak is depicted in Fig.3 

at different temperatures. As the temperature increases, the λPeak moves toward longer 
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wavelengths and the intensity of the λPeak increases. The λPeak increases from 0.95 μm to 1.02 μm 

as the temperature changing from 27°C to 67°C. The temperature sensitivity can be calculated by 

[13] 
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 The average ST of the proposed dual–function sensor is 2 nm/°C between 27°C and 67°C and 

the maximum ST is 3 nm/°C in the whole range of temperature. This value is very higher than the 

reported values for the Mach–Zehnder interferometer NFN structure (∼0.014 nm/°C) [14], 

modal interferometer PCF (∼92.6 pm/°C) [15], liquid–sealed PCF (∼166 pm/°C) [16], and 

surface long–period grating (LPG) D–shaped PCF (∼0.3 nm/°C) [17]. It is necessary to say that 

the achievement here is merely valid for temperatures in which the sensing material remains 

liquid state.  

3.3. Amplitude analysis 

   To detect the analyte, sensor is operated in the range of wavelength according to wavelength 

interrogation technique, and spectral manipulation is needed. Since no spectral manipulation is 

required, it is more cost effective to utilize the amplitude interrogation technique (AIT) to 

investigate the performance of the sensor. The amplitude sensitivity can be calculated by [18] 
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Where α, Δα and ΔnAnl. stand for loss, loss difference and variation of the analyte RI, 

respectively. The amplitude sensitivity is calculated based on AIT and shown in Fig. 5. As seen 

from Fig. 5a, the amplitude sensitivity of the proposed RI D–shaped sensor is 185.54, 283.16, 

371.13, 474.87, and 642.50 RIU–1 at wavelength of 0.566, 0.609, 0.667, 0.694, and 0.788 μm, 

respectively. Similarly, from Fig. 5b, the amplitude sensitivities of 256.58, 270.78, 286.17, and 
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301.72 RIU–1 are observed at temperature regions of 27°C–37°C, 37°C–47°C, 47°C–57°C, and 

57°C–67°C, respectively. As it is seen, the maximum amplitude sensitivity for RI channel is 

642.50 RIU–1 at 788 nm and the corresponding value for temperature sensing channel is 301.72 

RIU–1 at 1032 nm. These values are higher than the reported values in Ref [13].       

Fig. 5. Variations of amplitude sensitivity for (a) RI change of 0.01 and (b) temperature change of 10°C. 

4. Conclusion   

   In summary, we introduced a plasmonic D–shaped PCF sensor for refractive index and 

temperature sensing. The sensing performance of the designed sensor is investigated using 

wavelength and amplitude interrogations. The maximum wavelength RI and temperature 

sensitivities are 6.9 μm/RIU and 3 μm /°C, and the corresponding amplitude sensitivities are 

642.50 RIU–1 and 301.72 RIU–1. The interference challenge between the x– and y–polarization of 

RI and temperature channels is solved wholly by utilizing the D–shaped PCF with ellipse air 

holes. Therefore, no cross–sensitivity will happen. Furthermore, the coupling between the core 

mode and the SPP modes excited by the Ag film and the Ag nanorod is discussed and analyzed. 
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