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Abstract
A D-type photonic crystal fiber (PCF) sensor with ultra-low loss is presented in this paper. The sensor is capable of detect-
ing analytes in the refractive index (RI) range of 1.36 to 1.42. When the RI of the analyte is 1.36, the maximum loss of the 
sensor in the x-polarized direction is only 23.25 dB/m. A maximum wavelength sensitivity of 8000 nm/RIU is obtained 
as the analyte has a RI of 1.42, and the sensor has an average wavelength sensitivity of 4678 nm/RIU in the x-polarization 
direction. The design of the sensor is implemented by coating the side-polished surface of the PCF with a gold film. For the 
high-sensitivity sensor, the deposition of gold can provide excellent optical performance while maintaining an ultra-low 
loss. In general, the designed D-type PCF sensor based on side-polished flat gold layer has great potential in various sensing 
applications due to its ultra-low loss, high sensitivity, and stable properties.

Keywords Surface plasmon resonance · Photonic crystal fiber · Refractive index sensor · Ultra-low loss

Introduction

 Photonic crystal fiber (PCF) is a type of fiber with a vari-
able periodic refractive index (RI) structure that controls and 
senses light by controlling the optical transmission charac-
teristics of the fiber [1–4]. D-type PCF is also a fiber with 
a periodic index distribution structure, consisting of a fixed 
index core and a fiber cladding with a periodic index shift 
[5]. PCFs with flat, smooth surfaces can be manufactured 
using side polishing techniques [6]. When incident light 
passes through the center of the fiber and enters the cladding, 
due to the change in RI, the light is confined by the periodic 
structure in the cladding, forming a specific mode, which 
is often referred to as the SPR mode. This type of sensor is 
usually fabricated by machining a side-polished structure 
onto a D-type PCF, which allows light to be transmitted from 
the inside of the fiber to the external environment, and thus 
to interact with objects in the environment. When the object 

contacts the side-polished part and changes its RI, a change 
in the transmission properties of the light happens. A signal 
related to the properties of the object to be measured can be 
obtained by measuring the changes in the optical transmis-
sion properties. Common applications include the measure-
ment of physical parameters such as temperature, pressure, 
and humidity, and the sensing of chemical substances and 
biomolecules [7–9]. In summary, a side-polished D-type 
PCF sensor is a type of sensor based on the fiber structure 
that uses the variation of the light transmission properties to 
measure the properties of the object being measured.

In 2022, Saleh Falah et al. proposed a D-shaped PCF 
surface plasmon resonance (SPR) sensor with open micro-
channels [10]. Its RI detection range is between 1.330 and 
1.435, with a maximum sensitivity of 28,400 nm/RIU. This 
sensor has a good linear range and a maximum transmis-
sion loss of 22.4 dB/cm. In 2023, Srivastava et al. proposed 
a sensor probe based on the concept of surface plasmon 
resonance (SPR) and applied it to the detection of tubercu-
losis [11]. The sensor probe consists of a D-type PCF and 
a microscopic elliptical channel. The detection refractive 
index ranges between 1.343 and 1.351, and the maximum 
wavelength sensitivity increases to 45,000 nm/RIU. In 2023, 
Bing et al. proposed a PCF sensor for urine analysis in dia-
betic patients [12]. Indium tin oxide (ITO) is used as the 
plasmonic material to be coated on the polishing plane to 
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ensure the high flatness of the coating. The maximum wave-
length sensitivity is 25,000 nm/RIU in the RI detection range 
of 1.320–1.355. Overall, side-polished D-type PCF sensors 
are a promising sensor technology with excellent sensing 
performance and a wide range of applications, providing 
an effective solution for high-sensitivity and high-precision 
fiber sensing [13].

In this paper, we introduce a D-type PCF sensor with 
ultra-low loss. The sensor is capable of sensing analytes in 
the RI range from 1.36 to 1.42. In particular, when the RI 
of the analyte is 1.36, the maximum loss in the x-polarized 
direction is only 23.25 dB/m. By using simulation calcula-
tions, we find that the sensor has an average wavelength 
sensitivity of 4678 nm/RIU in the x-polarized direction. The 
sensor is designed by coating the side-polished surface of a 
PCF with a gold film. The gold film can provide good optical 
properties while maintaining low-loss properties to achieve 
high-sensitivity sensors.

Model Design and Operation Principle

Figure 1a shows the end-face structure of a D-type PCF 
sensor based on a side-polished flat coated gold film. The 
PCF consists of three layers of air holes of different sizes. 
The structural parameters of the PCF are as follows: the 
thickness of the gold film t is 20 nm, the diameter of the 
large hole d is 2.0 μm, and the diameter of the small hole 
d1 is 1.6 μm. The distance h from the polishing surface 

of the fiber to the center is 4.0 μm. The distance between 
two adjacent air holes Λ = 3.0 μm. The grid structure [14] 
diagram of the sensor is shown in Fig. 1b.

The gray part in Fig. 1a is the background material of 
pure silica, whose material dispersion relationship is con-
trolled by the Sellmeier equation:

w h e r e   A 1  =  0 . 6 9 6 1 6 6 3 ,   A 2  =  0 . 4 0 7 9 4 2 6 , 
 A3 = 0.8974794,  B1 = 0.0684043 μm,  B2 = 0.1162414 μm, 
and  B3 = 9.896161 μm. The yellow part is the gold film 
that is applied to the polished surface. Among them, the 
dielectric constant of gold is calculated using the Drude-
Lorentz model:

Here, ε∞ = 5.9673 is the permittivity of gold and 
Δε = 1.09 can be interpreted as the weight factor; 
ω is the angular frequency of the guiding light. ωD 
(ωD/2π = 2113.6THz) and γD (γD/2π = 15.92 THz) repre-
sent the plasma frequency and damping frequency, respec-
tively. ΩL (ΩL/2π = 650.07 THz) and ΓL (ΓL/2π = 104.86 
THz) represent the frequency and spectral width of the 
Lorentz oscillator, respectively. Here, the loss of optical 
fiber can be expressed as [15]:
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Fig. 1  a Cross section of the proposed D-shaped PCF. b FEM mesh and scattering boundary condition for computation
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where λ represents the wavelength of light and Im(neff) 
represents the imaginary part of effective refractive index. 
The loss unit is dB/m and the wavelength unit is 𝜇m.

When the RI of the analyte is 1.38, the relationship 
between the confining losses of x-polarized (black curve) 
and y-polarized light (red curve) in the fiber core and the 
wavelength is shown in Fig. 2, which clearly shows that the 
confining loss in the y-polarized direction is much higher 
than that in the x-polarized direction. In particular, the con-
fining loss in the y-polarized direction increases with wave-
length. In the inset of Fig. 2, it is clear to understand the 
dependence of the limiting loss of x-polarized in the fiber 
core on the change in wavelength. The data show that the 
limiting loss of the x-polarized fiber core mode reaches its 

(3)L = 8.686 ×
2π

�
Im
(

neff
)

× 10
6 maximum value of 22.62 dB/m at the resonance wavelength 

of 1730 nm. Therefore, in the following analysis of the sens-
ing performance of the sensor, the x-polarization direction 
will be the object of study.

Figure 3a and b show the electric field distribution in 
x-polarization direction and y-polarization direction at 
the wavelength of 1730 nm, respectively [16]. As shown 
in Fig. 3, from the mode field distribution of the x- and 
y-polarized fiber core modes, it is clear that most of the 
energy is bound in the fiber core and therefore the corre-
sponding confining losses are very low.

Here, by choosing a suitable thickness of the metallic 
film, the sensor can be made more sensitive to a particular 
target material. Adjusting the size of the air holes around 
the fiber can affect the performance of the sensor, just as 
changing its optical properties by tailoring the core and clad-
ding refractive indices of the fiber. Thus, by tuning structural 
parameters such as the thickness of the metal film and the 
size of the air holes, the performance of D-type plasmonic 
resonant fiber sensors can be optimized and their selectivity 
towards the target material can be improved.

Simulation Results and Discussion

Figure 4a–d shows the numerical simulation results of the 
loss of the x-polarized core mode as a function of wave-
length when the thickness t of the plasmonic material gold 
film is 20, 30, 40, and 50 nm, respectively. The data show 
that for the same thickness of the gold film, the resonance 
wavelength in the x-polarization direction shifts towards the 
longer wavelength direction as the refractive index increases, 
the loss intensity gradually decreases, and the width of the 
half-peak of the loss peak widens. When the thickness of 
the gold film is t = 20 nm, the sensor has the widest range of 
refractive index detection, ranging from 1.36 to 1.42. When 
the thickness of the gold film is t = 30 nm, the refractive 

Fig. 2  The loss of the core mode with a refractive index of 1.38 as a 
function of wavelength

Fig. 3  a, b Electric field 
distribution of x-polarized 
and y-polarized core mode 
at wavelengths of 1730 nm, 
respectively
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index detection range of the sensor is 1.36 to 1.38. When 
the thickness of the gold film is t = 40 nm, the refractive 
index detection range of the sensor is 1.37 to 1.40. When the 
thickness of the gold film is t = 50 nm, the refractive index 
detection range of the sensor is 1.37 to 1.40. Therefore, a 
gold film thickness of t = 20 nm is the optimal structural 
parameter for this sensor.

The air hole diameter of 1.6, 1.8, and 2.0  μm was 
selected and its effect on loss was investigated. The loss 
of the x-polarization core mode of the D-type PCF sensors 
with the wavelength is shown in Fig. 5a–c, respectively. It 
can be seen that the resonant wavelength in the x-polarized 
direction is shifted towards the long wavelength direction 
as the RI increases for the same diameter. At the same time, 
the intensity of the loss gradually decreases and the half-
peak width of the loss peak becomes wider. At different 

diameters, it is observed that the resonance wavelength of 
the x-polarized fiber core mode is blue-shifted with increas-
ing pore diameter, the loss intensity gradually decreases, and 
the overall half-peak width of the loss peak broadens. In 
addition, we investigate the effect of different aperture diam-
eters on the range of RI detection of the sensor. When the 
diameter of the pore is 1.6 μm, the RI of the analyte ranges 
from 1.36 to 1.42. When the diameter of the hole is 1.8 μm, 
the RI detection range of the sensor is 1.36–1.42. When the 
aperture diameter is 2.0 μm, the sensor RI detection range 
is 1.36–1.41. In summary, the diameter of 1.6 μm is the best 
structural parameter of the sensor.

Figure 6 shows that the normalized transmission power 
decreases as the length of the PCF sensing region increases, 
while the position of the resonant absorption peak remains 
almost constant, similar results were also observed in 

Fig. 4  a–d The relationship between the loss of the x-polarized core mode and wavelength variation, with thicknesses t of 20, 30, 40, and 50 nm, 
respectively
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reported works [17]. This indicates that the length of the 
PCF polishing region can be increased appropriately, while 
maintaining the wavelength sensitivity of the sensor, which 
is beneficial for practical applications of the sensor. When 
the length of the sensing region is shortened from 300 to 
50 mm, the loss absorption peak at the resonance wavelength 
remains is sharp, indicating that shortening the length of the 
polishing region does not affect the discrimination of the 
sensing detection.

Therefore, the optimal structure of the designed PCF sen-
sor is obtained through calculation; that is, the thickness 
of the gold film is 20 nm, the diameter of the small hole is 
1.6 μm, and the sensor can detect the RI of the analyte from 
1.36 to 1.42. Wavelength sensitivity is an important index 
used to evaluate sensor performance, which can be calcu-
lated by the following formula [18]:

where 𝑑𝜆𝑝𝑒𝑎𝑘 represents the wavelength change under the 
change of unit RI, and 𝑑𝑛𝑎 represents the change of unit RI.

Figure 7a and b show the linear fitting results of the 
x-polarization core mode loss characteristic curve and wave-
length sensitivity of the D-type sensor with the thickness of 
the gold film of 20 nm and the diameter of the holes near the 
core of 1.6 μm, respectively. According to the fitting results 
[19], the average wavelength sensitivity of the D-type sensor 
is 4678.57 nm/RIU. A linear fit gives a value of 0.94305. The 
parameters and simulation results are shown in Table 1. The 
performance comparison of the designed D-type photonic 
crystal fiber sensor with some reported PCF-based SPR sen-
sors are presented in Table 2 [20–23]. It can be observed that 
the sensing performance of our proposed PCF-based SPR 

(4)S�
(

nm ⋅ RIU−1
)

= d�peak∕dna

Fig. 5  a–c The relationship between the loss of the x-polarized core mode and wavelength variation, with diameter d1 of 1.6, 1.8, and 2.0 μm, 
respectively
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sensor is significantly optimized and improved as compared 
with reported results [20–23].

Fig. 6  Normalized transmis-
sion spectra for several polish 
lengths of the D-type sensor

Fig. 7  a Loss curves corresponding to different refractive indices. b Linear fitting results of refractive index and resonance wavelength

Table 1  Simulation results of the proposed D-type sensor

Gold film thickness (t) 20 nm
Small hole diameter (d1) 1.6 μm
Fiber loss ≤ 23.25 dB/m
Refractive index range 1.36–1.42
Average wavelength sensitivity 4678.57 nm/RIU
Maximum wavelength sensitivity 8000.00 nm/RIU
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Conclusion

A D-type PCF sensor with ultra-low loss has been pro-
posed. This sensor is capable of sensing and detecting ana-
lytes with refractive indices ranging from 1.36 to 1.42. 
This sensor has a maximum loss of only 23.25 dB/m in 
the x-polarization direction. The average wavelength sen-
sitivity reaches 4678 nm/RIU. The design of the sensor 
is achieved by coating a gold film on the side-polished 
surface of the PCF. Such coatings can provide good opti-
cal performance while maintaining low-loss properties, 
enabling high-sensitivity sensors with great potential for 
various sensing applications.
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