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High-sensitivity photonic crystal fiber sensor based on 
surface plasmon resonance*
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In this paper, we propose a photonic crystal fiber (PCF) sensor based on the surface plasmonic resonance (SPR) effect 

for simultaneous temperature and refractive index (RI) measurement. The coupling characteristics and sensing per-

formance of the sensor are analyzed using the full vector finite element method (FEM). The sensor provides two 

channels for independent measurement of RI and temperature. When operating independently, channel I supports 

y-polarized light with a sensitivity of up to 7 000 nm/RIU for detecting RI, while channel II supports x-polarized light 

with a sensitivity of up to 16 nm/°C for detecting temperature. Additionally, we investigate the influence of gold layer 

thickness on the sensing performance to optimize the sensor. 
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With the increasing demand for high quality in both 

production and daily life, as well as the rapid develop-

ment of high-tech fields, there is an urgent need for 

highly sensitive sensors in today’s era. Photonic crystal 

fiber (PCF) combines the advantages of photonic crystals 

and optical fibers, such as excellent optical properties, 

miniaturization, small size, and easy integration. PCF has 

gradually gained extensive attention from researchers by 

overcoming limitations brought about by conventional 

optical fibers, such as low-loss guidance of light. In re-

cent years, the research focus has shifted towards con-

cepts, such as microstructure, multi-material integration, 

and multi-functionality. Surface plasma technol-

ogy-based PCF sensing has emerged as a prominent area 

of scientific investigation and is regarded as an advanced 

direct sensing technique[1,2]. 

Surface plasmon waves (SPWs) are transmission wave 

modes that propagate continuously along the surface of 

metallic materials and dielectrics, exhibiting sensitivity 

to small changes in the refractive index (RI) of the sur-

rounding medium[3]. In simple terms, incident light is 

irradiated onto the metal material’s surface under 

phase-matching conditions, allowing it to propagate en-

ergy according to the structure of the metal material. This 

phenomenon is known as surface plasmonic resonance 

(SPR). By combining the sensitivity of SPWs with the 

optical properties of optical fibers, Jorgenson pioneered 

the first SPR-based optical fiber chemical sensor in 1993. 

The design utilized a smaller sensing element, stream-

lining optical design and reducing sensing volume for 

remote and in situ detection[4]. Conventional sensors 

utilize a prismatic structure based on the attenuated total 

reflection (ATR) principle, which for commercial SPR 

sensors necessitates numerous optics and mechanical 

components, resulting in large size and high cost. The 

introduction of PCF disrupts the traditional optical fiber 

landscape and expands the potential applications in 

sensing. PCF is a novel type of optical fiber with flexible 

design capabilities, allowing for customizable pore 

structures around the core to control energy coupling 

between the fiber core and plasma for practical use. With 

this flexibility in fiber structure design, dispersion can be 

controlled to achieve high degrees of flexibility that fur-

ther enhance performance in fiber optic sensing[5]. So far, 

many single data measurements have been proposed in 

research papers, such as RI[6,7], temperature[8], magnetic 

field[9], colony-forming[10], gas[11], biosensing[12], etc. In 

practice, the operating temperature affects almost all 

uncompensated sensors, which is also known as tem-

perature cross-sensitivity. To solve this headache, meth-

ods such as temperature compensation or 

multi-parameter measurement of the sensor are generally 

used. YANG et al[13] proposed a D-shaped microstruc-

tured optical fiber surface plasma sensor for simultane-

ous measurement of RI and temperature. When the 

thickness of the gold layer exceeds 40 nm, the RI sensi-

tivity reaches 2 400 nm/RIU, while the temperature sen-

sitivity is 2 nm/°C. SPR sensors are flexible in their 

structural design and allow sensitivity to be adjusted by 

modifying their external shape[14,15].
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PCF has been revolutionizing traditional fiber optic 

applications by fostering innovative thinking modes. Its 

exceptional optical properties enable remarkable ad-

vancements in biomedical research, communication sys-

tems, imaging technologies, detection methods, metrol-

ogy practices, and other fields. Furthermore, it is worth 

noting that PCF development remains ongoing with un-

predictable potential. In this paper, we propose an opti-

mized structure for a D-shaped PCF-SPR sensor to 

achieve simultaneous measurement of temperature and 

RI. Our approach expands the temperature detection 

range and improves sensitivity data accuracy while sim-

plifying the structure design. Moreover, considering in-

dustrial production feasibility, our designed PCF optic 

sensors hold promising practicality.  

Fig.1 shows the schematic structure of the D-shaped 

PCF which can detect both RI and temperature changes. 

Channel Ι, located in the D-shaped region, facilitates RI 

change detection, while channel II utilizes air holes lo-

cated in the center of the optical fiber coated with tem-

perature-sensitive liquid chloroform to detect tempera-

ture changes. Chloroform possesses a large thermal ra-

diation coefficient (dn/dT) of −6.328×10
-4/K. In addition, 

it can be noted that the air holes located in the fiber core 

are closer to the D-shaped region, which can enhance the 

interaction between the swift field and the metal film in 

such a way that the transport coupling between the two is 

strengthened and the SPR effect is enhanced. The sensor 

cladding has three layers of pores, the optical fiber di-

ameter r=9 μm, the perfectly matched layer (PML) 

rp=1 μm, the spacing Λ=2 μm for each layer, the diame-

ter d is set to 0.4Λ, and the thicknesses of gold m1 and m2 

used for plasma excitation material are both 40 nm. The 

chemical stability of gold is better than silver, it does not 

easily oxidize when exposed to air over extended peri-

ods. Additionally, gold exhibits larger resonant wave-

length shifts which contribute to improved sensitiv-

ity[12-14,16-18]. The sensor can be prepared by stacked 

drawing and polishing techniques for D-shaped optical 

fiber, while a gold film is clad on the outside of the 

D-shaped optical fiber as a plasma excitation material; 

the desired thickness of the gold film is obtained by pre-

cisely controlling the deposition time and the deposition 

rate by using a conventional wet chemical deposition 

technique[19]. The sensor can be prepared using stacked 

pulling and polishing techniques for the optical fiber and 

D-shaped region; the gold film can be prepared by con-

ventional wet chemical deposition technique by control-

ling the deposition time and deposition rate exactly to the 

required thickness of the gold film[20]. The background 

material used for this sensor is SiO2 in its molten state 

and its RI is calculated by the Sellmeier equation[19]. 
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where A=1.315 52, B=0.788 404, C=1.101 99×10-2, 

D=0.913 16, E=100[19], λ is the wavelength of the light 

incident in free space, and nS is the RI of SiO2. n0 is the 

RI at room temperature, and nT is the RI at temperature 

T. The RI of chloroform can be calculated by Eq.(2). The 

RI is different for different ambient temperatures, and the 

RI of gold refers to the Drude-Lorentz model[19]. The 

research core of the whole paper is to simulate the 

D-shaped PCF-SPR sensor. The structural model was 

calculated using the full vector finite element method 

(FEM). The boundary conditions are PML and scattering 

boundary condition (SBC), both of which are used to 

model the external space and absorb excess light waves. 

When the modal analysis is performed on a plane, light 

travels in a direction perpendicular to the plane that is the 

z-axis. The effective RI profile relations for the core and 

SPP modes of different orders as well as the losses of the 

x-polarized fundamental mode and y-polarized funda-

mental mode are shown in Fig.2, and the losses are cal-

culated by  

loss 0 eff(dB/ cm) 8.686 Im[ ],k n� � � �             (3) 

where k0=2π/λ, and Im[neff] is the imaginary part of the 

RI. 

 

 
Fig.1 Schematic cross-section of a modified D-shaped 
PCF sensor in x-y plane 

 

As can be seen in Fig.2(a), due to the asymmetric 

structure of the sensor, the effective RI of the x-polarized 

and y-polarized fundamental modes are different in the 

real part, and thus a strong birefringence phenomenon 

can be seen. As can be seen from the loss curve in 

Fig.2(b), it can be observed that the loss curve plots of 

both x-polarized and y-polarized fundamental modes 

contain raised loss peaks, which is since the energy of 

the fiber core is coupled to the metal surface most at the 

resonance wavelength, resulting in a huge drop in the 

energy of the fiber core, and the loss value of the fiber 

core will be increased dramatically, and thus sharp peaks 

appear in the loss spectra. At the same time, the wave-

length corresponding to the loss peak is the resonance 

wavelength at which the SPR effect occurs between the 

core and the metal material under the current conditions. 

Also at the resonance wavelength positions, the real part 

of the RI jumps (see 660 nm, 740 nm, and 760 nm in 

Fig.2(a)). It can be seen that the loss peaks in channel Ι 

are sharper and the corresponding transmission losses are 

larger, which indicates that the core and SPP modes are 

more strongly coupled in channel Ι than in channel II. 

The x-polarized and y-polarized fundamental modes have 

two loss peaks in the 500—800 nm band, and at the 
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resonance wavelength corresponding to each of these 

peaks, the core mode transmits the most energy to the 

SPP mode of different order, and the coupling degree 

between the two modes is the strongest and the corre-

sponding modes have been shown in Fig.2(b), where the 

real part of RI also jumps (see 660 nm, 740 nm, and 

760 nm). The corresponding modes have been shown in 

Fig.2(a). 

Fig.3 illustrates the coupling of the SPP mode to the 

fiber core mode. The red arrow in the figure represents 

the direction of the electric field. As can be seen from 

Fig.3, the core mode located in the fiber core is divided 

into two modes with completely different directions in 

the process of light transmission, one of which has an 

electric field direction parallel to the x-axis and is called 

the x-polarized fundamental mode (see Fig.3(f)). The 

other mode has an electric field direction parallel to the 

y-axis and is called the y-polarization fundamental mode 

(see Fig.3(g)). In the following sections, the x-polarized 

fundamental mode is referred to as x-pol for conven-

ience; and the y-polarized fundamental mode is referred 

to as y-pol. Because the core mode is divided into two 

orthogonal modes, the sensor has strong birefringent 

properties. 

Fig.4 shows the movement of x- and y-pols loss peaks 

at different ambient temperatures and RI. As can be seen 

from Fig.4(a), when the external ambient temperature is 

20 °C and the RI is varied from 1.36 to 1.37, respec-

tively, it can be observed that the loss peak of y-pols 

moves from 640 nm to 660 nm, Δλ=20 nm, whereas the 

loss spectrogram of x-pol remains unchanged. As can be 

seen in Fig.4(b), when the RI is 1.37 and the temperature 

is varied from 20 °C to 30 °C, respectively, it can be ob-

served that the loss peak of x-pol moves from 862 nm to 

920 nm at Δλ=58 nm, and one of the loss peaks of y-pol 

produces a slight shift due to the small portion of the y-pol 

energy coupled to the temperature-sensitive channel.  

Tab.1 demonstrates the shifting of the resonance 

wavelengths of x-pol and y-pol when T rises from 20 °C 

to 30 °C and RI rises from 1.36 to 1.37. Thus it can be 

shown that the channel Ι changes only with the RI and 

does not change with the temperature; similarly, it can be 

shown that the channel II changes only with the external 

ambient temperature. 

 

 
 

 
Fig.2 (a) Effective RI real part curves of core modes 
and SPP modes of different orders; (b) Loss spectra 
of x- and y-pols 

 
Fig.3 Electric field distributions of SPP modes at sensing region П: (a) 0th-order SPP mode; (b) 1st-order SPP mode; 
(c) 2nd-order SPP mode; (d) 3rd-order SPP mode; Sensing region I: (e) SPP mode; (f) Core mode of x-pol; (g) Core 
mode of y-pol; Sensing region II: (h) 2nd-order core mode of x-pol; (i) 2nd-order core mode of y-pol; (j) 3rd-order 
core mode of x-pol; (k) 3rd-order core mode of y-pol (The red arrow represents the direction of the electric field) 
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The sensors were analyzed below at different tem-

peratures and RI conditions, respectively, and the reso-

nance wavelengths at different RI or temperatures were 

recorded with linear and nonlinear fits. The RI sensitivity 

(see Eq.(4)) and temperature sensitivity (see Eq.(5)) can 

be calculated from the shifts of the resonance peaks. 

/ ,nS n�� � �                             (4) 

/ ,TS T n� � �                             (5) 

where Sn is the RI sensitivity, ST is the temperature sensi-

tivity, Δλ is the offset of the resonance wavelength, ΔT is 

the temperature change, and Δn is the change of RI in the 

external environment. 

 

 
 

 
 

Fig.4 Loss spectra of x- and y-pol core modes (a) at 
T=20 °C when RI changes from 1.36 to 1.37, and (b) at 
RI=1.37 when temperature changes from 20 °C to 
30 °C 
 
Tab.1 Resonant wavelengths of x- and y-pol when the 
temperature changes from 20 °C to 30 °C and RI 
changes from 1.36 to 1.37  

Sensing channels Channel Ι Channel П 

Temperature (T) RI 
x-pol  

(nm) 

y-pol  

(nm) 

x-pol 

(nm) 

y-pol  

(nm) 

20 °C 1.36 920 640 920 640 

1.37 920 660 920 660 
30 °C 

1.37 862 660 862 660 

Fig.5 shows the fundamental core mode loss spectra 

when the temperature is changed from −15 °C to 10 °C. 

It can be seen from the figure that the position of the 

resonance peak changes when the temperature changes. 

Fig.6 shows the sensitivity curve of the resonance wave-

length of x-pol fitted with temperature. From the figure, 

it can be seen that the shift of the resonance wavelength 

of x-pol in the range of −15—10 °C, the resonance 

wavelength undergoes a substantial blue shift with the 

increasing temperature, while the resonance wavelength 

of y-pol remains unchanged at 660 nm. The average sen-

sitivity in the range of −15—10 °C can be calculated as 

8.4 nm/°C by Eq.(5). In the range of −15—10 °C, the 

fitting function is linear, and the expression of the sensi-

tivity curve is y=−16x+1 020. The slope of the straight 

line is the corresponding sensitivity, with values up to 

16 nm/°C. The sensitivity is expressed as a nonlinear 

function in the range from −10 °C to 10 °C. In the range 

from −10 °C to 10 °C, the fitting function is nonlinear 

and the sensitivity curve is expressed as 

y=0.085 7x2−6.2x+1 111.714. The correlation coefficient 

is 0.995 3, and the sensitivity curve can be obtained by 

derivation of the curvilinear relationship of 

y=0.172x−6.2. It is seen that a maximum value of 

6.2 nm/°C is achieved when the temperature is 0 °C.   

 

Fig.5 Fundamental core mode loss spectra at 
−15—10 °C 

 
Fig.6 Shift of the resonance wavelength from −15 °C 
to 10 °C 

Fig.7 shows the fundamental core mode loss spectra 

when the temperature is changed from 15 °C to 60 °C. 

Fig.8 shows the shift of the x-pol resonance wavelength 

from 15 °C to 60 °C. It can be seen from the figure that 
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the resonance wavelength appears to be blue-shifted as 

the temperature increases, and this result is consistent 

with that in Fig.6. When the temperature is higher than 

60 °C, the shift of the resonance wavelength will be 

saturated, so the maximum detection temperature of the 

sensor is 60 °C. The average sensitivity in the range of 

15—60 °C can be calculated from Eq.(5) to be about 

4.9 nm/°C. Fitting the data of x-pol resonance wave-

length in the range of 15—25 °C, the expression of the 

sensitivity relation curve is y=−8x+1 080, and the tem-

perature sensitivity reaches 8 nm/°C.   

 

 

Fig.7 Fundamental core mode loss spectra at 
15—60 °C  

 
Fig.8 Shift of the resonance wavelength from 15 °C to 
60 °C 

 
Fig.9 shows the relationship between RI and y-pol 

resonance wavelength, which increases from 1.345 to 

1.40 at a rate of 0.05. From the curves in the figure, it 

can be seen that the resonance wavelength of x-pol stays 

at 660 nm without shifting and the resonance wavelength 

of y-pol is red-shifted and will no longer shift as the RI 

becomes progressively larger, which is in agreement with 

the results of Ref.[21]. In the range of 1.37≤RI≤1.375, 

the sensitivity equation of RI versus resonance wave-

length was obtained by fitting the function of 

y=7 000x−8 930, and the slope of the curve is 7 000. So 

the slope of the curve is the RI sensitivity value of 

7 000 nm/RIU. 

The optimization of the sensor parameters is also the 

focus of this study as the thickness of the metallic mate-

rial has a significant effect on the sensitivity of the sen-

sor. The values in Fig.10 represent the positions where 

the resonance peaks are located. By using Eq.(4) and 

Eq.(5), it can be concluded that the sensitivity is directly 

proportional to the size of the wavelength shift, so the 

larger the resonance wavelength shift, the higher the sen-

sitivity will be accordingly. The offset of the resonance 

peak at 40 nm is Δλ=50 nm, so the metal film of 40 nm 

thickness is the best choice. Meanwhile, the loss spec-

trum has a tendency to increase and then decrease, 

reaches the maximum at 40 nm, and the transmission 

coupling efficiency is the highest when 40 nm is se-

lected. The trend of increasing and then decreasing in 

Fig.10 is caused by the limited penetration depth of the 

core mold. 

 

               
Fig.9 Resonance wavelength shift when RI changes 
from 1.345 to 1.40 with a step of 0.005 

 

 

 
(b) 

Fig.10 (a) m2=40 nm, loss spectra corresponding to 
different gold film thicknesses m1; (b) m1=40 nm, loss 
spectra corresponding to different gold film thick-
nesses m2
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Eq.(4) shows that the greater the offset, the greater the 

sensitivity. We conclude that when studying the influence 

of gold layer thickness m1 and m2 on sensor sensitivity, 

the emphasis should be placed on the value of the offset. 

As shown in Fig.11, both Δλ1 and Δλ2 exhibit a similar 

trend, increasing with gold layer thickness before stabi-

lizing. The wavelength sensitivity values also follow this 

trend. When the thickness of the gold layer is 40 nm, the 

coupling efficiency is larger and the wavelength sensitiv-

ity is larger, so a gold layer thickness of 40 nm is more 

favorable to the performance of the sensor. When the 

thickness of the gold layer is 40 nm, the temperature 

sensitivity can reach up to 16 nm/°C, and the RI sensitiv-

ity reaches 7 000 nm/RIU. 

In this study, the D-type PCF optical sensing structure 

based on plasma resonance is improved. Compared with 

the conventional sensors, the sensor proposed in this 

paper has the following advantages. Channel Ι and 

channel II can work simultaneously, avoiding 

cross-sensitivity to a larger extent. The sensitivity can be 
 

 
Fig.11 The x- and y-pol resonance wavelengths 
change curves when the gold layer thickness 
changes from 30 nm to 60 nm at 20 °C and 30 °C, or 
when RI is 1.36 and 1.37  

 

Tab.2 Performance comparison among the proposed sensor and other present PCF-SPR sensors 

Ref. Structure style RI range T range (℃) 
Layer of 

metal 

Channel Ι 

(nm/RIU) 

Channel П 

(nm/°C) 

[15] D-shaped coated double-channel 1.33—1.35 20—60 Au 2 400 2 

[22] D-shape temperature and RI SPR sensor 1.35—1.46 −50—50 Au 5 000 3.0 

[23] Open channels with plasmonic materials 1.33—1.39 - Au 6 000  

[24] Gold-coated D-shaped structure  0—60 Au  10.61 

[25] Gold coating structure 1.35—1.40 20—60 Au 4 520 4.83 

[26] Gold coating structure (only a single variable is detected) 1.32—1.40 - Au 9 000 - 

Proposed  D-shaped coated double-channel 1.34—1.39 −15—60 Au 7 000 16 

calculated directly from the offset of the resonance peaks 

without the need for complex matrix equations. The 

sensor can detect temperature and RI at the same time, 

which is economical and practical. The structure has a 

D-shaped polished surface coated with a gold film and a 

gold film on the outside of only one hole, which reduces 

the difficulty of the coating operation and makes it oper-

able, and the D-shaped polished surface also enhances 

the SPR effect to improve the sensitivity and practicality. 

The simulation data in this study show that the sensor 

has good numerical performance in temperature and ex-

ternal environment detection, which is expected to be 

useful in the field of sensing.  
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