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Abstract—Highly sensitive, simple and multiplex 
detection capabilities are key criteria of point-of-care 
(POC) diagnosis in clinical samples. Here, a simple and 
highly sensitive multi-analyte detection technique is 
proposed by using photonic crystal fiber (PCF) based 
surface plasmon resonance (SPR) sensor that employs 
both internal and external sensing approaches. The 
proposed sensor can detect two different analytes 
simultaneously by the internal and external plasmonic 
micro-channels. The light propagation through the sensor 
is controlled by the scaled-down air-holes to excite the 
free electrons of the plasmonic metal layers. The light- 
guiding and sensing properties of the sensor is 
numerically analyzed by using the Finite Element Method 
(FEM). The proposed sensor shows the maximum 
wavelength sensitivities (WS) of 12,000 nm/refractive 
index unit (RIU), and 10,000 nm/RIU, for the internal and 
external sensing approaches, respectively, and 
corresponding resolution of 8.33×10-6 RIU and 1.0×10-5 
RIU. Moreover, the hybrid sensor is applicable to detect 
unknown analyte refractive index (RI) in the range of 1.33 
to 1.40 which covers extensively investigating analytes 
such as viruses, different cancer cells, glucose, proteins 
and DNA/RNA. Due to high sensing performance with 
multi-analyte detection capability, the proposed sensor 
can play a significant role to detect bio targets at the POC 
platform.  

 
Index Terms—photonic crystal fiber, surface plasmon 

resonance, optical fiber sensors and finite element method.  
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I. Introduction 

O date, a lot of research works have been reported based 

on PCF-based SPR sensing technique. PCF-based SPR 

sensors are commonly used in different sort of sensing 

applications such as chemical, biological, food, and 

biochemical sensing [1-5]. The key advantages of using PCF-

SPR sensors are considered for wide range of detection, 

controllable dispersion, a high degree of integration, better 

line confinement, small in size, and highly sensitive 

characteristics [6-8]. The sensitivity of a PCF SPR sensor 

strongly relies on plasmonic materials such as gold, silver, 

copper, aluminium, palladium, and bismuth. The gold (Au) 

shows strong chemical stability and a broad shift of resonant 

peak compared to other plasmonic materials [9-11]. Until 

now, most of the reported PCF SPR sensors are limited to 

single analyte detection [6, 9, 12]. Recently, Ayyanar et al. has 

been reported a D-shaped PCF sensor for single analyte 

detection with a sensing layer of Au/Ge2Sb2Te5 and shows 

maximum WS of 17,600 nm/RIU (crystalline phase) and 

8,000 nm/RIU (amorphous phase) [1]. By internal sensing 

approach, Dash et al. has been introduced a biosensor for 

single analyte detection with maximum WS of 2,000 nm/RIU 

in the sensing RI range of 1.33 to 1.35 [13]. An external 

sensing approached based PCF sensor is proposed by Jahan et 

al. with the maximum sensitivities of 20,000 nm/RIU in 

wavelength and 1380 RIU–1 in amplitude [14]. Though, the 

sensor has shown good performance but limit to single analyte 

detection. Recently, a few numbers of PCF-based SPR sensors 

have been reported for multi-analyte detection based on either 

internal or external sensing approaches [2, 15, 16]. In our 

previous work, we have shown that internally coated 

grapefruit PCF can be used to detect three different analytes 

simultaneously and achieved the maximum WS of 2,000 

nm/RIU (1st channel), 3,000 nm/RIU (2nd channel), and 18,000 

nm/RIU (3rd channel) [2]. Also, Kaur et al. has proposed a  

biosensor with two sensing layers that shows maximum WS of 

1,000 and 3,750 nm/RIU [17]. Besides, a multi-analyte 

detection-based PCF SPR is proposed based on an external 

sensing approach which exhibits the maximum WS of 2,500 

nm/RIU (Ch-1) and 3,083 nm/RIU (Ch-2), respectively in the 

x- and y-polarized modes [15]. Also, Otupiri et. al introduced 

a micro-slotted-based PCF sensor for multi-analyte detection 

that exhibited maximum WS of 4,600 nm/RIU (x-polarized 

mode) and 2,300 nm/RIU (y-polarized mode), respectively 

[18]. All the reported multi-analyte detection-based sensors 

are designed by either the internal or external sensing 

approaches. In the internal sensing approach, the internal 

surface of selective holes (usually the diameter is few nm to 1-

2 μm) needs to coat with the plasmonic materials. 
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Additionally, the liquid needs to infiltrate to the selective air 

holes, which makes this approach very complex in terms of 

fabrication. On the other hand, external sensing approach 

overcomes the complexity of the internal sensing approach as 

all the metallic coating and analyte infiltration can be applied 

externally. However, external sensing approach sometimes 

show very low sensitivity due to the long distance between the 

core and the metallic layer. Therefore, an intense investigation 

is highly recommended to develop a multianalyte detection 

technique with a hybrid (internal and external) biosensing 

approach. In addition, the multi-analyte sensing approach 

offers fast detection, accurate, and cost-effective facilities [16, 

19].  

    In this work, a simple hybrid biosensing approach is 

introduced by combining internal and external sensing to 

detect multi-analytes. The hybrid PCF SPR sensing approach 

can be a solution of internal and external sensing approach 

separately. The sensor will reduce the liquid infiltration, metal 

coating complexity and low sensitivity problem by offering 

the large internal channel (diameter 4.4 μm) and placing the 

core near to the external sensing channel. The internal and 

external channels in the PCF are excited by propagating light 

which passes through the linear scaled-down air-holes and 

shows improvement in RI sensing. The hybrid sensor can be 

applied to detect unknown analyte RI in the range of 1.33 to 

1.41 with high accuracy in both channels. Moreover, structural 

parameters of the sensor such as pitch size, diameter of 

different air-holes, and thickness of gold layer are optimized 

to acquire the maximum sensing performance and accurate 

multiplex analyte detection, which may be suitable for POC 

diagnosis at resource-limits-settings. 
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Fig. 1. Cross-section view of the a(i) internal sensing, b(i) external 
sensing, a(ii-iii) and b(ii-iii) corresponding electric field distribution of 
core mode and SPP mode, respectively and a(iv) and b(iv) shows the 
loss spectrum at analyte RI of 1.38. 
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Fig. 2. Cross-section view of the a(i) hybrid sensing approach, a(ii-iii), 
corresponding electric field distribution of core mode at 700 nm and 
750 nm respectively for internals and externals, a(iv) loss spectrum at 
analyte RI of 1.38 for hybrid sensing approach and (b) schematic 
experimental-set up of the hybrid sensor.  

 

II. STRUCTURAL DESIGN AND METHODS 
 

Figs. 1 a(i) and b(i) show the conventional internal and 

external sensing approaches. Corresponding field distribution 

of core and SPP modes are shown in Figs. a(ii-iii) and b(ii-iii), 

respectively. Figs. 1 a(iv) and b(iv) show the different 

resonant peaks at 700 nm and 750 nm for internal and external 

sensing approaches, respectively at analyte RI of 1.38. In Fig. 

2 a(i), a hybrid structure is proposed by combining internal 

and external sensing approaches. From the Figs. a(ii-iv), it 

seems that the proposed hybrid structure shows similar 

characteristics (core light interaction) at analyte RI of 1.38 as 

like internal and external sensing approaches. Moreover, 

confinement loss decrease (52 dB/cm) and resonant peaks 

appear at the same wavelengths (700 nm and 750 nm) for the 

proposed hybrid sensor. Furthermore, we have considered the 

same parameters for all the structures and cladding consists of 

four hexagonal air-hole rings. Five scaled-down air holes are 

used to form a core that leads the propagating light to excite 

surface plasmon waves in both channels with a high coupling 

intensity. Also, scaled-down air holes are used to regulate the 

direction of light propagation for better light confinement [12]. 

The regular air-holes diameter of d1=1.4 µm is considered to 

form the fiber cladding and the diameter of scaled-down air-

holes is d2=0.35 µm. A large internal sensing channel is 

introduced with an air hole diameter of d3=4.4 µm by 

removing seven air holes from the right side of the scaled-

down air holes. Pitch size is kept at Λ=2.3 µm to stimulate the 

evanescent field. The considered gold layer thickness is tg=40 

nm in both channels. Fused silica usually consider as a 

primary  material of PCF fiber and the RI is obtained by the 

Sellmeier equation  [20, 21].  
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where n defines the RI of silica, λ is the wavelength of 

incident light in micrometer unit and other Sellmeier constants 

are taken from [22]. Plasmonic material gold has a significant 

impact on the sensitivity of a sensor. The permittivity of gold 

can be obtained by using the Drude-Lorentz model [23];    
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Where ƐAU is the permittivity of gold and the value of constant 

co efficient can be obtained from [3]. The sensor 

performances are explored through the FEM-based software 

COMSOL Multiphysics. A perfectly matched layer (PML) 

and the scattering boundary conditions are applied to absorb 

the reflection of light from the boundary [24]. The proposed 

PCF design can be fabricated by the standard stack-and-draw 

method [25]. A set of capillaries with the diameter of 1.25 mm 

can be used and stacked inside the hexagonal jigs to achieve 

the hexagonal PCF preform. By utilizing the thin and thicker 

wall capillaries, the regular air holes, scaled-down air-holes 

and larger air-holes can be achieved [2, 26]. Another way to 

control the air-holes sizes are employing self-pressurization 

during the fibre fabrication. In this process, one end of an 

intended air holes will be sealed with the glue under the 

microscope. By applying pressure or suck from the other side 

it is possible to achieve large or small air-holes, respectively. 

The drawing temperature is another key parameter that has 

significant influence in controlling the air-holes sizes. After 

the PCF fabrication, the plasmonic material gold needs to 

deposit on the surface of the internal and external sensing 

channel. The chemical vapor deposition (CVD) or atomic 

layer deposition (ALD) method can be applied for the gold 

layer deposition [7, 27]. To realize the real-time experiment 

process, a schematic of the physical experimental set-up is 

presented in Fig. 2(b). A broadband light source can be used 

along with lens, polarizer, optical shutter and objective to 

propagate polarized light at certain acceptance angle to couple 

light through the PCF core that will excite the respective 

analyte channels. The liquid can be infiltrated to the channels 

via inlet through a syringe pump (withdraw/injection mode) 

and outlet for changing analyte liquid. The optical spectrum 

analyzer (OSA) will be used to detect the resonance spectrum 

shift. The spectrum resonance will show either blue shift or 

read shift with the change of analyte RI.    

 

III. RESULTS AND ANALYSIS 
 

The operating mechanism of the PCF-SPR sensor is highly 

dependent on the interaction of the evanescent field with 

surface electrons of the plasmonic material. The evanescent 

field originates from the light wave propagation in the PCF 

core. A surface plasmon wave (SPW) is produced while the 

evanescent field stimulates the free electrons of the metal 

surface. The phase-matching condition occurs when the 

propagation constant of SPP mode and core mode are 

completely matched. Due to the sensitive nature of SPP mode 

on the RI of the analyte, a significant change in phase 

matching condition occurs depending on the change in analyte 

RI. At the phase-matching condition, a sharp propagation loss 

peak occurs. When a small change occurs in the analyte RI, it 

produces a significant change in the loss characteristics [28, 

29]. By observing the resonant peak shift or confinement loss 

variation, an unknown analytes RI can be detected. The 

propagation loss is calculated using the following equation 

[24]; 

          410)
ff

Im(
0

686.8)dB/cm( =
e

nk                   (3) 

where λ indicates the operating wavelength, Im(neff) is the 

imaginary part of the refractive index of the core mode. The 

effective index of core-guided mode and SPP mode are varied 

with the small variation of analyte RI. To demonstrate the 

multi-analyte sensing phenomena, the sensing range is divided 

into two groups such as lower analyte RI (from 1.33 to 1.36) 

and higher analyte RI (from 1.37 to 1.41). Here are some real-

life examples of biomolecules with their corresponding RI 

values which can be detected with our proposed sensor such as 

5% saline solution (RI=1.342), milk (RI=1.35), Ethanol 

(RI=1.36), 6.8% nucleoid mainly with DNA solution in water 

(RI=1.371), 21% protein solution (RI=1.39) and 0.5% 

cytoplasm with RNA solution (RI=1.39) [30-33]. Furthermore, 

the sensor performance is analyzed by two sensing schemes. 

In sensing Scheme-I, higher RI analyte flows through the 

external channel and lower RI analyte infiltrates into the 

internal channel. Besides, in sensing scheme-II, the external 

channel is associated with a lower RI analyte whereas a higher 

RI analyte penetrates the internal channel.  
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Fig. 3. Electric field distribution of core-guided mode and SPP mode for 
sensing scheme-I (a, b) at na=1.35, (c, d) na=1.39, respectively, (e) loss 
spectrum and phase-matching condition at na=1.35 and 1.39.  
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Fig. 4. Electric field distribution for sensing scheme-II (a, b) at na=1.35, 
(c, d) at na=1.39, respectively, (e) loss spectrum and phase-matching 
condition at na=1.35 and 1.39. 

 

Figs. 3(a, c) and 3(b, d) demonstrate the core-guided modes 

and SPP modes for analyte RI of 1.35 in the internal channel 

and RI 1.39 in the external channel for sensing scheme-I. The 

core and SPP modes exhibit strong coupling intensity in the x-

polarized mode then y-polarized mode which is more evident 

in Fig. 3(e). Figs. 4(a, c) and 4(b, d) exhibit the core-guided 

and SPP modes for sensing scheme-II with analyte RI of 1.35 

and RI 1.39 in the external and internal channels, respectively. 

In Scheme-II also, the x-polarized mode exhibits strong 

coupling intensity than the y-polarized mode (see Fig. 4(e)). 

Fig. 5 represents the sensing performances for the sensing 

scheme-I. Fig. 5(a) depicts the propagation loss spectrums 

when the analyte RI of the external channel is kept constant at 

1.40 and analyte RI is varied from 1.33 to 1.36 in the internal 

channel (Case I). Observing that the hybrid sensor exhibits the 

maximum WS of 2,000 nm/RIU. The WS of the hybrid sensor 

is calculated using the equation [15], 

                       
peakanRIUR  = /

min
)(                         (4) 

where Sλ indicates the wavelength sensitivity in nm/RIU, Δna 

defines the variation of analyte RI in RIU, Δλpeak defines the 

resonance wavelength shift in nm. Fig. 5(b) shows the loss 

spectrums for the changing of external channel analyte RI 

from 1.37 to 1.40 and internal channel analyte RI is fixed at 

1.33 (Case II). In case II, maximum WS of 12,000 nm/RIU is 

exhibited by the hybrid sensor.  
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Fig. 5. Loss spectrum for the sensing scheme-I. (a) RI is varied from 
1.33 to 1.36 in the internal channel and RI is 1.40 for the external 
channel (case I), (b) RI is varied from 1.37 to 1.40 in the external 
channel and keep fixed na=1.33 in the internal channel (case II), (c) 
simultaneously analyte RI variation in both channels i.e. from 1.33 to 
1.36 in the internal and 1.37 to 1.40 in the external channel (case III), 
(d) amplitude sensitivity  a function of wavelength in case III. 
 

Fig. 5(c) illustrates the loss spectrums for the simultaneous 

variation of analyte RI from 1.33 to 1.36 in the internal 

channel and from 1.37 to 1.40 in the external channel (Case 

III). From Figs. 5(a-c), it seems that each analyte RI have a 

fixed resonant wavelength and peak loss which is the same in 

the case I to III (see table 1). The amplitude sensitivities (AS) 

of case III presented in Fig. 5(d) where maximum AS of 807 

RIU-1 in the analyte RI range of 1.33 to 1.40. In general, the 

AS of a sensor will be high with increasing analyte RI and 

calculated by the following equation [34]; 

            
an

an

an
RIU
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),(

1
]1)[(
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
                          (5) 

where α(λ na) is the confinement loss at any analyte RI, and 

δα(λ na) is the difference between two-loss spectra.  

                                                 TABLE I 
SENSOR PERFORMANCE FOR THE SCHEME- I   

 

 Ref. 

 Ch. 

Analyte 

    RI 

Maximum 

wav. sens.   

(nm/RIU) 

Maximum 

wav. res.  
    (RIU) 

 Amp. 

 sens. 
(RIU-1) 

 FOM 
(RIU-1)  

In
te

rn
al

 

C
h

an
n

el
   1.33    2,000    5×10-4    80    43 

  1.34    1,000    1×10-4   124    23 

  1.35    2,000    5×10-5   185    47 

  1.36      N/A      N/A   N/A   N/A 

E
x

te
rn

al
 

C
h

an
n

el
   1.37     4,000   2.5×10-5   474    87 

  1.38     7,000   1.4×10-5   633   146 

  1.39    12,000   8.33×10-6   807   200 

  1.40      N/A      N/A   N/A   N/A 
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                                                    TABLE II 
              SENSOR PERFORMANCE FOR THE SCHEME- II   

 

Ref. 

Ch. 

Analyte 

    RI 

Maximum 

wav. sens.   

(nm/RIU) 

Maximum 

wav. res.  
    (RIU) 

 Amp. 

 sens. 
(RIU-1) 

 FOM 
(RIU-1) 

E
x

te
rn

al
 

C
h

an
n

el
   1.33    1,000    1×10-4    88    20 

  1.34    2,000    5×10-4   137    43 

  1.35    3,000  3.3×10-5   193    67 

  1.36      N/A      N/A   N/A   N/A 

In
te

rn
al

 

C
h

an
n

el
   1.38     5,000   2.0×10-5   440   106 

  1.39     7,000   1.4×10-5   569   118 

  1.40    10,000   1.0×10-5   567   145 

  1.41      N/A      N/A   N/A   N/A 
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Fig. 6. (a) Polynomial curve fitting, and (b) FOM and FWHM for 
different analyte RI. 

 

From Table 1, it is found that there is no significant change in 

the WSs while varied the analyte RI either in one channel or 

both channels. Polynomial curve fitting of resonant 

wavelengths and confinement loss of the sensor are shown in 

Fig. 6(a) where the R2 is 0.99 that indicates excellent sensing 

response. Fig. 6(b) represents the figure of merits (FOM) (WS/ 

Full-width at Half Maximum (FWHM)) and a maximum FOM 

value of 200 RIU-1 is obtained at the analyte RI 1.39. The 

FOM also indicates the output efficiency of a sensor. 

Therefore, FOM should be high which leads to being 

considered the sensor highly effective. A similar performance 

analysis like Scheme-I has been carried out for Scheme-II as 

well and shown in Fig. 7. In Scheme-II, higher RI values are 

considered for internal channel and lower RI values for 

external channel to investigate the performance dependency 

on the channels. Fig. 7(a) displays the loss spectrum while 

analyte RI is shifting forward from 1.33 to 1.37 for the 

external channel and RI is fixed at 1.40 for the internal 

channel. The hybrid sensor exhibits the highest WS of 3,000 

nm/RIU (see Table 2) for the external channel RI variation.  
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Fig. 7. Loss spectrum for the Scheme-II while RI is changing (a) from 
1.33 to 1.36 in the internal channel and (b) from the 1.37 to 1.40 in the 
external channel, (c) analyte RI variation in both internal (from 1.33 to 
1.36) and external (from 1.37 to 1.40) channels simultaneously, (d) AS 
spectrums for simultaneous analyte RI variation in both channels.  
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Fig. 8. For Scheme-II, (a) Polynomial curve fitting, and (b) the 
correlation of FOM and FWHM as a function of analyte RI variations.  
 

The effect on the loss spectrum for analytes RI variation from 

1.38 to 1.40 in the internal channel is shown in Fig. 7(b) and 

depicts the maximum WS of 10,000 nm/RIU. Fig. 7(c) 

displays the spectrums for concurrently analyte RI forward 

shifting for Scheme-II. In Scheme-II, the hybrid sensor 

exhibits the highest WS of 10,000 nm/RIU and AS of 569 

RIU-1 in the sensing range of 1.33 to 1.41 (see Fig. 7(d)). It is 

noticeable that sensor performances are almost the same when 

analytes RI are varied in one channel or both channels 

together. Fig. 8(a) displays the polynomial cure fitting where 

the R2 value is 0.98 and maximum FOM of 145 RIU-1 (see 

Fig. 4(b)) for the Scheme-II. Comparing the sensing scheme-I 

and II, the performance of the sensor is better for sensing 

scheme-I in terms of maximum WS (i.e., 12,000 nm/RIU), AS 

(8047 RIU-1), resolution (i.e., 8.33×10-6 RIU), and FOM (i.e., 

200 RIU-1).  

   

IV. FIBER CORE AND FABRICATION TOLERANCE ANALYSIS 

 

The proposed fiber core has significant effect on light 

transmission and excitation on the sensing channels. As fiber 

core is made by scaled-down air holes, the effect of the scaled-

down air-holes on light propagation are investigated as shown 

in Fig. 9, while both of the channels are infiltrated with 

analyte RI of 1.38. In Fig. 9a(i), the scaled-down air holes are 

omitted to make a solid core. Therefore, external sensing 

channel absorbs more light and shows high confinement loss, 

53 dB/cm with strong coupling intensity (see Figs. 9a(ii, iii))  

  

Authorized licensed use limited to: Australian National University. Downloaded on August 31,2021 at 23:37:28 UTC from IEEE Xplore.  Restrictions apply. 



1536-1241 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNB.2021.3108834, IEEE
Transactions on NanoBioscience

First Author et al.: Title 9 

 

0

20

40

60

640 700 760 820

L
o

s
s
 (

d
B

/c
m

)

Wavelength (nm)

RI = 1.38

(i)

750 nm

680 nm

Internal

External

(iii)

(iv)

(ii)

(a)

0

110

220

330

600 670 740 810

L
o

s
s
 (

d
B

/c
m

)

Wavelength (nm)

RI =1.38

RI =1.38

(i)

680 nm

700 nm

External

Internal

(iii)

(iv)

(ii)

(c)

0

30

60

90

640 700 760 820

L
o

s
s
 (

d
B

/c
m

)

Wavelength (nm)

RI = 1.38

(i)

680 nm

750 nm

External

Internal

(iii)

(iv)

(ii)

(b)

 
 
Fig. 9: Effect of scaled-down air holes in light distribution. Confinement 
loss and core-mode field distribution while both channels are filled with 
analyte RI 1.38. a(i-iv) Omitted all scaled-down air holes. b(i-iv) kept 
one scaled-down air-hole and omitted two from both sides, and c(i-iv) 
kept three scaled-down air-holes and omitted one from both sides.  

 

compared to the internal sensing channel (loss depth 28 

dB/cm, see Fig. 9a(ii, iv)). In addition, the resonant 

wavelengths appear at 680 nm and 750 nm for internal and 

external sensing channels, respectively. Later, one scaled-

down air hole is kept and omitted two scaled-down air holes 

from both sides (see Fig. 9 b(i)). The sensor shows high loss 

depth (93 dB/cm) with strong coupling intensity (see Figs. 

9b(ii, iii)) in internal sensing channel compared to the external 

sensing channel (loss depth 28 dB/cm, see Figs. 9b(ii, iv)). 

However, the resonant wavelengths are appeared at the same 

wavelengths as like Fig. 9a(ii). Finally, three scaled-down air 

holes are kept in the centre and one scaled-down air hole is 

omitted from both sides (see Fig. 9c(i)). In this case, the 

sensor shows completely different response compared to 

Figs.9a(ii) and b(ii) and exhibits separate loss spectrums for 

both channels. Also, the sensor shows high confinement losses 

of 308 dB/cm and 224 dB/cm at the resonant wavelengths of 

680 nm and 700 nm, respectively for the internal and external 

channels (see Figs. 9c(ii-iv)). The high confinement loss limits 

the fiber length and difficult to measure in practice because of 

generating immeasurable sensing signal in the output system 

as it disappears immediately after lunching the incident light. 

However, five scaled-down air holes are considered to make 

light transmitting core in the hybrid sensor (See Fig. 2a(i)). 

The sensor’s resonant wavelength appears at 700 nm for 

internal and 750 nm for external sensing channel respectively 

for analyte RI 1.38 (See Fig. 2 a(ii)). Also, it is noticeable that 

the confinement losses are almost same 50 dB/cm and 52 

dB/cm for internal and external channels, respectively. Also, 

the coupling intensity of both channels are almost same (Figs. 

2a(iii, iv). Form the above discussions, we can say that by 

using different core arrangements, we can strongly excite only 

one channel at a time which will limit the multi-analyte 

detection capabilities. To excite both sensing channels at the 

same time with almost similar coupling strength, our proposed 

optimized five scaled-down air-hole core is more suitable. 

     Fabrication tolerance of the introduced hybrid sensor has 

been examined by considering an analyte RI of 1.33 for both 

channels. The tg (gold layer thickness) is varied from 30 to 50 

nm shown in Fig. 10(a). The resonant peak shifts from 580 nm 

to 600 nm with the rise of tg from 30 to 40 nm. The resonant 

peak shift is highest at tg=40 nm. Also, the maximum AS of 

120 RIU-1 exhibits at tg = 40 nm (see Fig. 10(b)), as a result, 

tg=40 nm is considered as optimum. The loss spectrums for the 

change of pitch size (Λ) are shown in Fig. 11(a). According to 

Fig. 11(a), changing of Λ values has not shown any significant 

effect in the shift of resonant peak (only 10 nm) and 

confinement loss (only 2 dB/cm). Similar scenarios are 

observed for the variation of d1 (see Fig. 11(b)) and d2 (see 

Fig. 11(c)). It seems that peak confinement losses vary slightly 

for ± 10% change in diameters from the optimum values of 

d1=1.4 and d2=0.35 µm, however, the resonant peaks remain 

the same (600 nm). Therefore, d1=1.4 and d2=0.35 µm are 

considered the optimum diameter of regular air-holes and 

scaled-down air holes, respectively. The effect of large air 

hole diameter (d3) modification is shown in Fig. 11(d). The 

confinement loss significantly increases with the rise of d3 and 

resonant wavelength remains unchanged (600nm). 

Considering the signal-to-noise ratio and practical feasibility, 

the d3 value is optimized to 4.4 µm for the internal channel 

diameter. However, the performance of the hybrid sensor is 

compared in Table 2. It is visible that few reported sensors 

also can detect two analytes, but performances are too low. In 

addition, only wavelength sensitivity and sensor resolution are 

mentioned for most of the sensors as an important 

performance measurement parameter. In Table 2, two sensors 

[18, 24] have been reported with 4 channels that can sense in a 

very short analyte RI range and shown maximum wavelength 

sensitivity of 4,600 nm/RIU and resolution of 2.17×10-5 RIU 

[18]. Furthermore, the rest of the reported works have been 

reported with 2 channels and shown the maximum WS and the 

resolution of 4,400 nm/RIU and 2.27×10-5 RIU, respectively 

[35]. Moreover, the maximum AS of 341 RIU-1 [36].  

 

 

0

20

40

60

80

500 550 600 650 700

L
o

s
s

 (
d

B
/c

m
)

Wavelength (nm)

30 nm, na=1.33

30 nm, na=1.34

40 nm, na=1.33

40 nm, na=1.34

50 nm, na=1.33

50 nm, na=1.34

(a)

-130

-90

-50

-10

30

500 550 600 650 700

A
m

p
. 

S
e

n
s

it
iv

it
y
 (

R
IU

-1
)

Wavelength (nm)

30 nm

40 nm

50 nm

(b)

 
 
Fig. 10. Fabrication tolerance investigation of the sensor where (a) tg 

thickness variation, (b) Amplitude sensitivity of tg variation. 
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Besides, the proposed hybrid sensor has two analyte channels 

and can detect two different analytes simultaneously with high 

wavelength and amplitude sensitivities of 12,000 nm/RIU and 

807 RIU-1, respectively. From the above discussion, it can be 

said that the introduced hybrid sensor is able to detect multi-

analyte simultaneously. Also, the proposed sensor is not 

limited to detect multi-analyte only, possible to detect single 

analyte with high sensing accuracy. 
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Fig. 11. Fabrication tolerance investigation of the sensor parameters 
where (c) Λ, (d) d1, (e) d2, and (f) d3 display the loss spectrum effects. 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

I. CONCLUSION 

 

 In summary, multi-analyte detection through a hybrid sensor 

is proposed by combining the internal and external sensing 

approaches. The sensing performance is numerically 

investigated to demonstrate the multi-analyte detection 

capability of the sensor. The proposed hybrid sensor shows the 

maximum WS of 12,000 nm/RIU, with the resolution of 

8.33×10-6 RIU in the external channel whereas maximum WS 

is 10,000 nm/RIU with the resolution of 1×10-5 RIU in the 

internal channel. A high AS of 807 RIU-1 and 569 RIU-1 are 

obtained in the external and internal channels, respectively. 

Furthermore, the sensor shows good FOM values of 200 RIU-1 

and 145 RIU-1 for the external and internal channels, 

respectively. Therefore, due to the high biosensing 

performance with multi-analyte detection capability, the 

proposed hybrid approach will be a potential candidate for 

POC application in detecting viruses, glucose, proteins and 

DNA/RNA, etc.  
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