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Abstract 

In this paper, a new plasmonic photonic crystal fiber (PPCF) to use as sensor for different analyte was designed. The 
finite element method (FEM) by COMSOL environment was used to investigate the properties and sensing 
performance numerically. The sensor is made from photonic crystal fiber surrounded by a layer of noble metal. The 
effect on the outer surface of the PCF of various selective noble metals (gold, silver and copper) used to efficiently 
generate surface plasmon resonance (SPR) has been studied. A high wavelength sensitivity with a limit of 
              was achieved for different refractive index of analyte. The simulation results indicate that closing 
holes to the center of the sensor have high influence on the sensitivity of the refractive index, where the wavelength 
sensitivity and the peaks values in the behavior of the losses curves were increased. For all tests, the relation of 
wavelength of resonant with the refractive index of analyte was linear, meaning that the sensor could be used for a 

wider range of refractive index of analyte. Realized amplitude sensitivity reaches 
1300RIU 

 at 5.5h m . Using 

the same value of h will make the wavelength sensitivity in presence of gold better than the other elements, while the 
presence of copper is the best in term of amplitude sensitivity.  
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Introduction 

Surface resonance plasmon (SPR) sensors provide 
high sensitivity without using molecular labels. In 
the analysis of bimolecular interactions and the 
detection of chemical and biological analyte they 
found numerous applications [1]. Moreover, SPR 
biosensors have been used for detection of 
different chemical and biological compounds such 
as liquid detection, environmental protection, food 
testing, medical diagnostics, salinity measurement, 
and so on [2,3]. The free electrons on a metal 
surface react collectively by vibrating in resonance 
with a light wave, and the resonant interaction may 
constitute surface Plasmon’s (SPs), after which the 
SPs become strongly trapped on the interface 

between the metal and dielectric (silica example), 
leading to an enhancement of the electrical field, 
instantaneously, the SPR effects become very 
sensitive slight refractive index change [4,5]. 
Essentially, SPR sensors based on SPs use the 
attenuated internal total reflection procedure, so 
conventional optical fibers are commonly used 
instead of the prism used in this technique [6], 
where the SPR sensor based on prism is bulky and 
the remote sensing use is limited [7]. 
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Besides, one of the principles of designing any 
sensor using this approach would be the cladding 
consisting of a plasmonic metal layer and 
immobilized ligands to detect an unidentified 
analyte concentration [8]. Moreover, the traditional 
fiber optic-SPR sensors appear to be less sensitive 
because of their single structure [9]. Therefore, 
many new photonic crystal fibers (PCFs) structure, 
such as dual-core PCF, tapered-PCF, D-shaped PCF, 
birefringent PCF were introduced [10,11]. PCFs are 
thin silica glass fibers with a regular number of 
microscopic holes extending along the length of the 
fiber [12] that are highly suitable for SPR sensors 
because of their unique features such as modifiable 
light guiding mechanism. Usual array of air holes 
are used along propagation direction and versatile 
structural architecture, which gives the 
surrounding effective refractive index a highly 
sensitive nature [9,13]. Accordingly, sensors action 
can be controlled by changing the parameters of the 
structure such as plasmonic metal thickness, ring 
numbers, pitch, air hole numbers and its 
dimensions, etc. The overall impact of plasmonic 
PCFs has resulted in increasing effort to develop 
new device functionality for applications of all 
kinds [13]. 
 

Sensor Design 

The cross-section of the proposed sensor is shown 
in Fig.(1), where a simple structure of two rings is 
introduced for the SPR sensor, the first ring 

contains four circular holes with radii 4br d  that 

are filled by analyte with an , the distance between 

the two centers of any neighborhood holes is 1 , 

while the other ring has twelve air holes with radii 

ar d  that are placed center to center by the 

distance 2 . The above arrangement will covered 

by a noble metal layer with radius 3h  and thickness 

mh . The other parameters of the proposed sensor 

are presented in table (1), where the scattered light 
is absorbed by the perfectly matched layer (PML). 
Gold and silver are extensively used as active 
plasmonic metals, although silver has not create 
comprehensive attention because it tend to suffer 
from oxidation problems but is commonly used 
more than gold due to its high conductivity and 
pointed resonant peak [2,3].  
Gold was chosen as a plasmonic material in this 

paper to achieve an excellent RI sensing effect and 
to prevent silver oxidation owing to the infiltration 
of air holes with any oxidized specimens. Besides 
that, the gold-coated PCF-SPR sensor 
characteristics will be compared with the copper 
and silver-coated PCF-SPR sensor without any 
changing of the parameters of the structure. 

 

Fig. 1. The proposed structure of sensor 

Table 1. The definitions of sensor parameters 

Para
mete
r 

Specifi
cation 

Para
mete
r 

Specifi
cation 

Para
mete
r 

Value
s 

1h  / 2h  3h  20 md h

 

h  (5.5,6,
6.5,7) 

m  

2h  7.5 m  
ar  d  d  0.5

m  

1  h  
br  4d  

mh  100n
m 

2  8.04 m  Core 
radiu
s 

( 2 4)d h

 

Outer 
radiu
s 

12.5 m

 

 

Refractive Indices of Materials 

Fused silica glass was used as the sensor's 
background material for which the dispersion 
characteristics can be result from the following 
Sellmeir formula [14,15] 

 (1) 

Where siln  is the refractive index of silica,   the 

wavelength in µm. Moreover, 
iA  and 

iB  are 

Sellmeier coefficient with vales: 
1 0.6961663A  , 

2 0.407942A  , 
3 0.8974794A  ,               



NeuroQuantology | September 2020 | Volume 18 | Issue 9 | Page 45-53 | doi: 10.14704/nq.2020.18.9.NQ20215 

Haider K. Muhammad et al / New Plasmonic Photonic Crystal Fiber Sensor based on Core Size 

eISSN 1303-5150 
 

www.neuroquantology.com 

 

47 

                                     
                
Both tied and free electrons contribute to the 
optical properties of a general metallic medium. 
Therefore, the complex dielectric permittivity      
includes both the intraband effect of the Drude 
component and the interband transition of the 
Lorentz term in the form of the Drude - Lorentz 
model. [3,12] 

 
(2) 

Where i represents to the resonant modes, iw  

corresponds to the resonance frequencies, if  

refers to the weighting coefficients, and i  is the 

effect of damping. It is noteworthy that, there are 
usually multiple interband transitions within noble 
metals, because of the different band structures of 
the tied electrons. Optimum values for the Drude-
Lorentz model of typical noble metals parameters 
are listed in table (2). These metals have been 
widely used with many optoelectronic devices. The 
measurement of these optical data depends heavily 
on the experimental conditions (in terms of 
geometry morphology and the manufacturing 
process), so the pertinent optical data must be 
carefully selected. 
Table 2. Parameter values for the Drude-Lorentz model [17, 18] 

Cu Au Ag Param
eters 

Cu Au Ag Param
eters 

3.2
13 

0.8
70 

0.0
65 

γ3 0.5
75 

0.7
60 

0.8
45 

fo 

5.3
00 

2.9
69 

8.1
85 

3ω   0.0
30 

0.0
53 

0.0
48 

γd 

0.6
38 

0.6
01 

0.8
40 

f4 0.0
61 

0.0
24 

0.0
65 

f1 

4.3
05 

2.4
94 

0.9
16 

γ4 0.3
78 

0.2
41 

3.8
86 

1γ  (eV) 

11.
18 

4.3
04 

9.0
83 

4ω   0.2
91 

0.4
15 

0.8
16 

ω1 (eV) 

4.3 ـــــ
84 

5.6
46 

f5 0.1
04 

0.0
10 

0.1
24 

f2 

2.2 ـــــ
14 

2.4
19 

𝛤5 1.0
56 

0.3
45 

0.4
52 

2γ  

.13 ـــــ
32 

20.
29 

5ω  2.9
57 

0.8
30 

4.4
81 

2ω  

    0.7
23 

0.0
71 

0.0
11 

f3 

 
All the parameters measure of the performance of a 
plasmonic sensor calculated on the basis of 
confinement loss for various analyte RI. Therefore, 
loss of confinement is a major parameter for 
sensitivity measurement, the confinement loss L  
can be defined with the following expression [16] 

 (3) 

Where L  and Im{ }effn  represent modal loss and 

the imaginary part of effective RI for the 
fundamental mode, respectively. 
 

Sensitivity 

Sensor performance is greatly impacted by the 
selected structural parameters. On that perspective, 
sensing of any analyte occurs with small variations 
of the wavelength of the bio-targets in the 
surrounding environment of the PCF sensors. 
Therefore, the wavelength sensitivity ( )S   is one 

of the most significant parameters, which is given 
by [5,11] 

   (4) 

Where peak  indicates resonance peak difference 

and an  represents variations in two adjacent RI. 

In this paper 0.01an  . Besides, sensor resolution 

is very important as it gives how much the sensor 
can able to sense the change in analyte RI. The 
sensor resolution can be define by the following 
expression [19] 

   (5) 

Where peak  indicates the difference of the 

resonance peak, min  is the resolution of the 

minimum spectral, and an  is the difference of the 

analyte RI. Another analyte detection the amplitude 

sensitivity AS  is a simple, fast and efficient way to 

evaluate the performance of the sensor, the analyte 
RI (  ) can be detected by observing the change in 

transmitted optical power at fixed  , and AS  can be 

expressed as [20] 
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 (6) 

Where ( , )aL n  is the confinement loss at RI as a 

function of (  and   ), and ( , )aL n  defined as the 

loss difference between two adjacent analyte RI. 
 

Results and Discussion 

The COMSOL environment was used to determine 
the relationship between wavelength and effective 
RI. COMSOL works on a finite element method 
(FEM) basis which is built on the basis of dividing 
the cross section into small parts and forming the 
mesh. The type and accuracy of the mesh are 
chosen in order to achieve better accuracy with a 
suitable operating time for the computer. Fig. (2) 
represents the confinement losses as a function of 
the wavelength for different values of the RI of 

analyte using different distances for the analyte 
holes from the sensor center. It is clear from this 
figure that the first peak that appears with an 

increase of   is obtained at 1.4an  , the other 

peaks will appear corresponding to 

1.39,1.38,1.37an  , respectively. However, 

decreasing of h leads to increase the losses with all 

values of   . The peak occur at the 1.37an   for all 

cases except for 5.5h m . Note that, due to the 

nature of absorption of the substances that 
constituted sensor, the value of the peak and its 
location refer to the absorption value and the 
resonance wavelength of the absorption, i.e. gold, 
silica, air and analyte. Table(3) summarizes the 
wavelength sensitivity for different values of h .  
 

 

Fig. 2. The confinement losses as a function of wavelength for 1.4,1.39,1.38,1.37an   using different distances h 

Fig. (3) illustrates the confinement losses as a 
function of wavelength for different distances for 
the analyte holes from the sensor center and the 
different values RI of the analyte. It is clear that, an 
increment in loss and right/lift shifts of the 
wavelength of resonance happen due to an 
decrement of the value of h, but a different 
behavior appears only when 5.5h m  for some 

values of an . When the analyte holes close to the 

sensor center, the fundamental mode will penetrate 
those holes, so the mode will be in the silica and 
analyte regions. An analyte with a RI greater than 
silica will have a greater effect on the mode 
behavior and the associated losses. 
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Table 3. Wavelength sensitivity for different values of h  and many elements 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The confinement losses as a function of wavelength for (7,6.5,6,5.5)h m  using different analytic refractive indices 

Fig. (4) shows the wavelength of resonance as a 
function of refractive index of analyte. The relations 
are approximately linear for all values of h. This 
linearity makes it possible to use the proposed 
sensor with other analyte with different RI without 
any change. While maintaining the linear property, 

the lower distance h  achieves the highest 
wavelengths for resonance and vice versa. 

Au with ( )h m   Wavelength 

sensitivity (nm/RIU) 

6( )h m  

With 

element  

Wavelength 

Sensitivity (nm/RIU) 

5.5 6500,7000, 6500 Au 5500, 4000, 4500 

6 5500,4000, 4500 Ag 4500, 5000, 4500 

6.5 3000,3000, 2500 Cu 5000, 4500, 4500 

7 2000, 2000, 1500   
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Fig. 4. Wavelength of resonances as a function of analyte RI using 
different distances h 

Fig.(5) explains the amplitude sensitivity as a 
function of wavelength at the distances 

(7,6.5,6,5.5)h m  for the RI of analyte 

1.39,1.38,1.37an  . It can be noticed that the 

greater amplitude sensitivity is achieved at smaller 
values of h. Also, one easily see the greater 
amplitude sensitivity is achieved at highest values 

of an . This behavior due to closing the holes of 

analyte to the sensor center. Therefore, the 

maximum amplitude sensitivities ( 1310RIU  ,
1204RIU  ) of the proposed sensor are achieved at 

5.5h m  and 6h m , respectively. Table (4) 

summarizes the achieved amplitude sensitivity. In 
this work, the achieved results exceed that were 
achieved in other researches [4,7]. 
 
 
 
 
 
 
 
 
 

Table 4. Amplitude sensitivity for different values of h  and many elements 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6) illustrates the confinement losses as a 
function of wavelength for (Au, Ag, and Cu) using 
various analyte RI at 6h m . It is shown that 

nature of the absorption of Au led to the fact that 
wavelength resonance is achieved at large values of 
wavelength with all values of    that were used. 
Clearly, the achieved resonance peaks are higher 

for Au metal with 1.38,1.37an  . In contrast, the 

achieved resonance peaks become the higher with 

1.4,1.39an   for Ag metal. Additionally, Cu metal 

achieves less absorption with all RI values. The 
resonant wavelength of Cu metal is somewhat close 
to the resonant wavelength of Ag for all regions. 
 

 

 

 

Au with ( )h m   amplitude 

sensitivity 

1( )RIU 
 

6( )h m  

With element  

amplitude 

sensitivity 

1( )RIU 
 

5.5 310,242, 180 Au 150, 204, 230 

6 150, 204, 230 Ag 260, 275, 210 

6.5 75, 74, 74 Cu 280, 225, 180 

7 37, 36, 34   
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Fig. 5. Sensitivity of the amplitude as a function of wavelength for using various distances h 

Fig.(7) shows the confinement losses as a function 
of wavelength for Ag and Cu using different analyte 

an  at 6h m . Owing to the nature of absorption 

of Ag as a distinct noble metal, it can clearly found 
that the highest achieved values of all peaks refer to 
that metal, on other the hand, with the increase of 

an  the highest achieved peaks are found with the 

lowest wavelengths. So is that Cu metal achieving 
loss peaks close to each other at all values of   , 
also, we expect it achieves a sensitivity to the 
amplitude greater than Ag and Au at the same 
conditions, respectively. The wavelength 
sensitivities are presented in table (3). 

 

Fig. 6. The confinement losses as a function of wavelength for Au, Ag, and Cu using different analyte refractive indices at 6h m . 



NeuroQuantology | September 2020 | Volume 18 | Issue 9 | Page 45-53 | doi: 10.14704/nq.2020.18.9.NQ20215 

Haider K. Muhammad et al / New Plasmonic Photonic Crystal Fiber Sensor based on Core Size 

eISSN 1303-5150 
 

www.neuroquantology.com 

 

52 

Fig.(8) illustrates the sensitivity of the amplitude as 
a function of wavelength for Ag and Cu elements for 

the RI of the analyte 1.39,1.38,1.37an  . Notice 

that, the amplitude sensitivity of Cu is greater than 

the others metals. For 1.39an  , the maximum 

amplitude sensitivity of Au, Ag, and Cu are 
1150RIU  , 1260RIU   and 1280RIU  , respectively. 

Note that, the idea of sensitivity is different for 
wavelength or amplitude, where the last is 
depending on the value of peaks according to the 

corresponding refractive index of analyte.  
The linearity of Au is better than the Cu and Ag 
elements. So, the resonant wavelength of Au takes a 
greater values compared to others metals which 
have been used, as shown in Fig.(9). It is worth 
noting that, keeping of a linearity behavior that 
means the proposed sensor can work well with 
another analyte that have different from the RIs 
currently used. Hence, the perfect linearity is 
always required since it is indicating the simplicity 
of calibration. 

 

Fig. 7. The confinement losses as a function of wavelength for Ag and Cu using different analyte refractive indices at 6h m  

 

Fig. 8. Amplitude sensitivity as a function of wavelength for Ag and Cu using different analyte refractive indices at 6h m  
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Fig. 9. Wavelength of resonance as a function of analyte refractive 

index for , ,Au Ag Cu at 6h m . 

 

Conclusions 

A new simple and highly sensitive SPR sensor 
based on PCF was described, analyzed and 
optimized. The simulation results show that the 
first appearing peaks for all values of h and each 
noble metals (gold, silver, and copper) that were 

used are shown at 1.4an  , which is closer to 

refractive index of silica. The wavelength sensitivity 
increases significantly with a decrease values of h. 
The amplitude sensitivity and values of the loss 

peaks are affected by the value of an , especially 

when it is slightly away from refractive index of 
silica. The sensor always has performance in term 
of linearity for all situations. The amplitude 
sensitivity of silver and copper are better than gold 
at 6h m although they have less losses 

comparing with gold. In addition, silver and copper 
are also achieving less than linearity in comparison 
with gold.  
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