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Abstract: In this article, a single solid core flat fiber (SSCFF) refractive index sensor based on 

surface plasmon resonance (SPR) is proposed and analysed numerically using the finite element 

method (FEM). The proposed flat fiber consists of a single array of five circular holes. Among 

them the central hole is made of GeO2 doped silica which is forming the core. Other holes are 

filled with air and situated symmetrically on both sides of the central solid core. The upper flat 

surface of the fiber is coated with a thin plasmonic gold layer which is protected by an active 

titanium dioxide layers. Analyte is situated on top of these layers. The wavelength interrogation 

technique is applied to study the coupling characteristics between the core guided mode and the 

surface plasmon mode as well as for the refractive index measurement. Numerical analysis results 

show that this sensor is able to detect high refractive index analytes from 1.49 to 1.54 with a good 

linear response. Additionally, the dependence of surface plasmonic resonance wavelength on 

analyte refractive index is studied. The maximum wavelength sensitivity of this sensor is found to 

be 4782 nm/RIU with a high resolution of 2.09 x 10-5 RIU. The effects of different structural 

parameters on loss spectrum are studied in detail to optimize this SSCFF structure. In comparison 

to traditional PCF, this SSCFF structure is fabrication complexity free as well as a suitable 

candidate for developing portable devices, high refractive index analyte sensors, particularly 

chemical and protein sensors. 
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1. Introduction: 

The exponentially increasing demand for portable high sensitive sensors has given a new boost to 

the development of Surface plasmon resonance (SPR) based sensor technology. The SPR is a 

unique phenomenon in which electromagnetic wave is trapped between a single metal-dielectric 

interface. Also, energy is transferred from p-polarized light to free electrons at metal-dielectric 

interface via evanescent waves. SPR takes place at a particular frequency when the frequency of 

propagating light matches with the oscillating frequency of free electrons at the metal-dielectric 

interface. Then surface plasmon wave (SPW) propagates along the metal-dielectric interface [1, 

2]. The nearby environment influences this trapped electromagnetic wave as well as the coupling 

condition; i.e., the SPR wavelength experiences a noticeable shift with the change of surrounding 

refractive index (RI) [3, 4]. These characteristic properties are encouraging many research groups 

in developing SPR based high sensitive RI sensors. Apart from RI monitoring, SPR based sensors 

have potential applications in chemistry, bioscience, food safety, medicine, environmental 

monitoring, to name a few, due to its highly sensitive nature and label-free sensing ability [2, 5–

7]. 

For the first time, in 1968, a prism based SPR technique [Kretschmann-Raether configuration] was 

reported. In this configuration, a prism surface is coated with plasmonic material and applied for 

sensing due to its structural simplicity and ease of fabrication [8]. However, due to its bulk size, 

robustness, and incompatibility in remote sensing this structure did not gain much attention. To 

overcome these limitations, in 1993 Jorgenson successfully demonstrated an optical fiber SPR 

sensor [9]. Then several innovative steps are taken toward developing optical waveguide using 

SPR sensors. Such as, single-mode fiber [10], multi-mode fiber [11], microring resonator [12], 

fiber Bragg grating [13], long-period grating [14], plasmonic metal nanostructure [15, 16], 

microstructured fiber [2] etc are used for the fabrication of SPR sensors. In many cases, these 

sensors suffer from sensitivity and detection accuracy limitations. For instance, the SPR peak 

experience a low wavelength shift with changing environment. On the other hand, photonic crystal 

fibers (PCFs) have many desirable optical properties like small size, less material selection 
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complexity, endlessly single mode propagation, high birefringence, ultra-flattened dispersion, 

tunable confinement loss, immunity in harsh environment and most importantly excellent design 

flexibility with the power of manipulating propagating light as per requirement [17–19]. Moreover, 

selectively infiltrated and internally plasmonic thin film coated PCF based SPR sensors are 

reported [20–22], but this kind of fabrication is not easy in practice. Also, it is time consuming and 

challenging to produce on a large scale with the existing technology. 

D-shape PCFs overcome many of these limitations. In D-shaped fiber, a portion of the fiber is side 

polished and plasmonic metals are deposited on top of it to generate SPW. In 2012, a silver layer 

coated all solid D-PCF is proposed for analyte sensing by Tian et al.[23]. Also, Luan et al. reported 

a thin gold layer incorporated D-shape hollow core microstructured optical fiber (MOF) PCF-

based SPR sensor having sensitivity 2900 nm/RIU [24]. They also reported a unique gold coated 

D-shaped PCF SPR sensor with a laterally accessible hollow core for low RI analyte sensing [25]. 

Dash et al. reported a silver-graphene coated birefringent D-PCF for analyte sensing [26]. The 

same group proposed graphene using PCF biolayer sensor having sensitivity 3700 nm/RIU [27]. 

So far, many D-PCF SPR sensors have been reported with different internal air hole distribution 

and plasmonic layer coating. Many of these D-PCF have complicated internal structures to 

manipulate evanescent waves towards the polished surface. Also, the predetermined polishing of 

the PCF is required in order to obtain proper light coupling between the core mode and the SPP 

mode. 

Optical fiber has its advantages in making portable remote sensors. These advantages are promoted 

in a more effective way when the fiber takes the form of a planar waveguide. Planar waveguide 

sensors are advantageous in many aspects like, larger sensing area, faster response, more accuracy, 

compatibility with fiber optic network, imperviousness to EM interference, etc. In this aspect, 

asymmetric planar waveguides are crucial in current research [28]. In 2005, a flat fiber was 

demonstrated for developing a fiber laser, named as multicore ribbon fiber [29]. In the last decade, 

Mahdiraji et al. [30] and Egorova et al. [31] reported a few flat fibers for accommodating multiple 

waveguide channels. In 2016, Rifat et al. proposed a multi-core flat fiber based SPR sensor [22], 

in which two alternative air holes are filled with high RI analyte to form twin core and again the 

same analyte is placed on the top. Although the reported fiber has a large sensing area, as well as 

high sensitivity, it is not free from void infiltration problems and poor linearity. Also, during 
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analysis inter coupling between these two core are not taken into account. To overcome these 

limitations and to fully utilize the advantages of flat fiber, a unique single solid core flat fiber 

(SSCFF) based SPR sensor is proposed in this article. The structure is optimized based on 

structural parameters like, pitch, hole diameter and deposited layers thickness. This SSCFF is used 

to detect analytes from 1.49 to 1.54 RIU. The optimized structure shows maximum wavelength 

sensitivity of 4782 nm/RIU with high resolution 2.09 x 10-5 RIU. This SSCFF operates in the near-

infrared wavelength region. It is believed that the proposed SSCFF is feasible in fabricating 

portable devices capable of measuring high RI analyte. 

2. Working principle: 

In a PCF light is guided not only by the refractive index difference but also by the internal structure. 

For a PCF using SPR sensor, the optimized internal air hole distribution also promotes the effective 

interaction between evanescent wave and analyte. In this SSCFF, light is propagating along z-

direction via total internal reflection and modal investigation is performed in the xy plane. The 

linear core-cladding arrangement yields substantial evanescent field leakage from the core [32]. 

Exciting free electrons are generated between the analyte and gold layer via leaked evanescent 

field from the core towards the analyte layer. At a particular propagating wavelength, the real 

effective refractive index (Re(neff)) of the fundamental core mode and the surface plasmon (SP) 

mode are equal. It is known as surface plasmon resonance (SPR) wavelength. At the SPR 

wavelength, evanescent field significantly excite free electrons at metal-dielectric interface and 

prominent interaction takes place between sprface plasmon wave and analyte. At the SPR 

wavelength, a peak appears in loss spectra of the core guided mode due to the maximum energy 

transfer from the core to the SP mode. In this analysis, the 1st order SP mode is considered because 

fundamental SP mode couples with the core mode far away from the near-infrared region. 

3. SSCFF sensor structure design and numerical modelling: 

The cross-sectional view and three dimensional probe structure of the proposed SSCFF are shown 

in Fig. 1(a) and Fig. 1(b) respectively. The proposed SSCFF structure consists of a single array of 

five holes. The central hole is made of 13.5% GeO2 doped silica and forms the core to guide light. 

Light is propagating through this fiber based on the total internal reflection principle. On either 

side of the core there are two air holes in a linear position to guide light as well as to minimize 
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leakage losses. Diameter of all air holes and the core are same. The background material of this 

structure is silica. 

 
Fig. 1(a) Schematic cross-sectional view (xy plane) of the SSCFF and (b) 3D structure of SSCFF. 

On the upper surface of the flat fiber there is a thin gold (Au) layer, which is deposited as plasmonic 

metal to generate the SPW. Noble metal, Au is a chemically stable material and has a sharp loss 

peak at the SPR frequency [2, 25, 32]. A relatively thicker titanium dioxide (TiO2) layer is 

deposited on top of the gold layer. This high refractive and transparent TiO2 layer helps in coupling 

the evanescent field of propagating light from core to the analyte. Also, the TiO2 layer brings down 

the SPR wavelength in the near-infrared region, which reduces the problem of selecting a suitable 

light source and a detector. Also higher penetration takes place in near infrared region in 

comparison to the visible region which enhances the sensitivity [2, 33, 34].  For the practical 

realization of this sensor, a thin (≤5nm) TiO2 layer can be incorporated in between silica and gold 

layers for better adhesion. Although adhesion by TiO2 layer is relatively weaker in comparison to 

the commonly used Cr and Ti coating [35]; but it helps in spectral tuning of the SPR wavelength, 

unlike Cr and Ti coating [36]. To reduce the computational time this adhesive TiO2 layer is taken 

into account as a part of the upper TiO2 tuning layer. The sensing layer is situated on the top of 

TiO2 layer. Refractive index of the sensing layer (na) is varied from 1.49 to 1.54. For the proposed 
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SSCFF structural parameters are as follows, pitch (⋀), air hole/core diameter (d), gold layer 

thickness (Tg), TiO2 layer thickness (Tt), where the refractive index of air is 1. The optimization 

process is discussed in section 4.1. Material dispersion of silica is considered by following the 

Sellmeier equation, 

𝑛𝑛2(𝜆𝜆) = 1 + 𝐴𝐴1𝜆𝜆2

𝜆𝜆2−𝐵𝐵1
+ 𝐴𝐴2𝜆𝜆2

𝜆𝜆2−𝐵𝐵2
+ 𝐴𝐴3𝜆𝜆2

𝜆𝜆2−𝐵𝐵3
                                         (1) 

Here, λ is the propagating wavelength. Sellmeier coefficients of background material (silica) and 

GeO2 doped silica are taken into account based on Brückner’s report [37]. 

The complex dielectric constant of Au is incorporated in this simulation using the Johnson and 

Christy data [29,32]. 

When λ is measured in µm. The dispersion relation of TiO2 is as follows [33], 

εTiO2 = 5.913 + 0.2441
λ2−0.0843

                                                (2) 

Loss of the core guided mode can be calculated using following equation [25], 

α = 8.686 × 2π
λ

Im(neff)  × 104 (dB/cm )                    (3) 

here, Im(neff) is the imaginary part of the effective refractive index (neff).  

FEM based commercial COMSOL Multiphysics software (4.4 version, RF module) [39] is used 

to study the designed SSCFF sensor. A PML layer of thickness 1µm is applied around the fiber as 

a boundary condition. It reduces the radiation loss from the fiber. The cross section of this fiber is 

meshed into ‘extra fine’ triangulate elements. Then Maxwell’s electromagnetic equations are 

applied to each element. 5535 domain elements, 856 boundary elements and 35581 degrees of 

freedom are solved during the simulation. 

 
Fig. 2 Schematic diagram of the experimental setup 



7 
 

This simple flat fiber structure is used for developing a SPR sensor because of its large surface 

area; as a result, active interaction with the surroundings. In addition, this fiber has a single solid 

core with a conventional RI profile. For this structure, considered GeO2 doped silica core is 

compatible with the silica background [37]. The plasmonic layer and TiO2 layer are deposited on 

top of the fiber without selective coating complexity. Due to the structural simplicity this SSCFF 

sensor is easy to fabricate. For this SSCFF structure, all five internal holes including the core have 

the same diameter. Thus, the flat fiber can be fabricated using the suspended array drawing method 

at the presence of pressure [30], stack and draw based fiber fabrication technology [31], as well as 

the modified powder- in-tube technique [40]. A thin Au layer and TiO2 layer can be deposited by 

the sputtering technique [41] and the chemical method [42, 43] respectively. Light can be launched 

at the input end of the sensing probe as well as can be channelized to the spectrum analyzer by 

using free-space coupling [44]. A suggested experimental set up is shown in Fig. 2. A minimal 

amount of sample has to be poured on top of the SSCFF sensing probe to detect a suspected 

analyte. 

4. Results and discussion: 

Modal analysis are performed on the cross section of the fiber i.e. in xy plane. Here, it is considered 

that unpolarised light is propagating through the fiber along z direction. There are two fundamental 

core guided modes, namely x-polarized core mode (Hx) and y-polarized core mode (Hy). Through 

out the study, y polarized mode is considered for loss and sensitivity investigation because the 

plasmonic layer is situated in y-direction. So, y polarized light gives better interaction between 

evanescent wave and Au layer in comparison to x polarized mode [25, 27]. Loss of core guided 

fundamental mode (α) can be calculated using Eq. (3). 

4.1 Performance optimization: 

Fig. 3-6 depict the loss spectrum variation with changing ⋀, d, Tg and Tt. To optimize the SSCFF 

structure one parameter is varied at a time. Fig. 3 shows loss variations with changing ⋀ for d=1.80 

µm, Tg=40 nm, Tt=80 nm and na=1.50. For increasing ⋀ from 1.85 µm to 2.10 µm with an iteration 

of 0.5 µm loss peak shifts towards the longer wavelength with decreasing loss peak. For ⋀=1.85 

µm maximum loss is found at 1.258 µm wavelength. The core mode gets compressed side-wise 

with decreasing ⋀. As a result, more propagating light gets coupled towards the plasmonic layer 

and more core loss takes place. It is also observed that with decreasing pitch (⋀) sensitivity (Eq. 

(5)) increases continuously. The highest sensitivity 3556 nm/RIU is obtained for ⋀=1.85 µm. 
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Considering both the spectral scalability and ease of light leakage through the passages ⋀ is chosen 

at a higher value in comparison to the operating wavelength. So, 1.85 µm is the optimized pitch. 

Then, the hole diameter (d) is varied from 1.72 to 1.80 µm with a step of 0.02 µm, where ⋀, Tg, Tt 

and na are 1.85 µm, 40 nm, 80 nm and1.50 respectively. In this case, loss peak experiences blue 

shift as shown in Fig. 4. For d=1.76 µm, the highest loss is found at 1.269 µm wavelength. Also, 

at this hole diameter for Δna=0.01 the sensitivity is found to be 3122 nm/RIU. The variation of 

hole diameter affects the electric field distribution, leakage of propagating light as well as the 

surface plasmon (SP) wave. It is observed that with increasing d sensitivity also increases. The 

reason behind this is for bigger air holes the evanescent field is driven more toward the plasmonic 

layer as a result more interaction with the analyte. However, this in turn affects the robustness of 

the fiber. So, considering these facts 1.76 µm is chosen as the optimized hole diameter. 

 
 Fig. 3                      Fig. 4 

Fig. 3 Loss curves with changing wavelength as a function of pitch [⋀] with d=1.80 µm, Tg=40 nm and 

Tt=80 nm. Fig. 4 Loss curves with changing wavelength as a function of hole diameter [d] with ⋀=1.85 

µm, Tg=40 nm and Tt=80 nm. 

Response of a SPR sensor is strongly dependent on the plasmonic layer thickness as SP waves are 

sensitive to this layer. So, during the optimization of the proposed SSCFF structure effect of gold 

layer thickness (Tg) is studied. Tg is varied from 35 nm to 50 nm with an iteration of 5 nm where 

⋀=1.85 µm, d=1.76 µm, Tt=80 nm and na=1.50. Fig. 5 shows loss variations with changing gold 

layer thickness. For the 45 nm thick gold layer maximum loss is observed with a sharp peak at a 

wavelength of 1.244 µm. Also, for this Tg the sensitivity is found to be 3297 nm/RIU. From Fig. 

5 it can be observed that on both side of Tg=45nm loss is less. The reason of this can be explained 
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as, two type of damping work on the SP wave one is mechanical damping and another is plasmonic 

damping. When gold layer is too thin then mechanical damping is dominant. On the other hand, 

when gold layer is too thick then plasmonic damping is dominant. Also from the background study 

it is found that with decreasing Tg sensitivity suffers decrement [25]. Considering all this aspects 

45 nm is chosen as the optimized gold layer thickness for this SSCFF sensor.  

Then the effect of TiO2 layer thickness (Tt) on core mode loss is investigated. It is observed that 

both coupling strength and sensitivity got strongly effected with changing Tt.  Fig. 6 shows a blue 

shift of SPR wavelength with increasing Tt from 70 nm to 90 nm with a step of 5 nm here other 

parameters ⋀, d, Tg and na are kept constant at 1.85 µm, 1.76 µm, 45 nm and 1.50 respectively. It 

is observed that loss peaks suffer decrement with increasing Tt. The reason behind this is the 

evanescent field is screened from the analyte for a thicker TiO2 layer. Also from the background 

study it is found that sensitivity experiences a continuous increment with increasing high refractive 

Tt. 

 

   Fig. 5                Fig. 6 

Fig. 5 Loss curves with changing wavelength as a function of gold layer thickness [Tg] with ⋀=1.85 µm, 

d=1.76 µm and Tt=80 nm. Fig. 6 Loss curves with changing wavelength as a function of TiO2 layer 

thickness [Tt] with ⋀=1.85 µm, d=1.76 µm and Tg=45 nm. 

So, considering both these facts 85 nm is chosen as an optimized TiO2 layer thickness. For this Tt 

sensitivity is found to be 4171 nm/RIU with a moderate loss. In addition, this layer can also act as 

a protective layer. Based on the rigorous study, optimized structural parameters for this SSCFF are 

chosen as ⋀=1.85 µm, d=1.76 µm, Tg=45 nm and Tt=85nm respectively. 
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4.2 Response of the proposed SSCFF probe: 

The optimized SSCFF structure is applied for the modal analysis with changing analyte. In Fig.7, 

blue triangles consisting line depicts the Re(neff) variation of core guided mode with changing 

wavelength. This mode is less lossy (inset Fig. b). In the same figure, blue squares consisting line 

shows the Re(neff) variation of SP mode with changing wavelength. This mode is more dispersive 

and relatively more lossy (inset Fig. a) in comparison to the core mode. Both of these curves 

intersect at 1.253 µm wavelength. This particular wavelength is the SPR wavelength. At SPR 

wavelength when both core mode and SP mode have same Re(neff) and resonance takes place, then 

core mode becomes very lossy (inset Fig. c), which is indicated by the red arrow. In Fig. 7, core 

loss curve is depicted by red circle consisting line. 

 
Fig. 7 Dispersion relations of the core guided mode (blue line with triangle) and plasmonic mode (blue 

line with square), loss curve of core mode (red line with circle) for proposed SSCFF sensing probe with 

structural parameters ⋀= 1.85 µm, d=1.76 µm, Tg=45 nm, Tt= 85 nm and na=1.50. 

Fig. 8 depicts the loss curve variation with changing RI of analyte from 1.49 to 1.54 with an 

iteration of 0.01. A small amount of change in analyte RI causes a noticeable shift in the loss 

spectrum, as the SP mode is strongly dependent on the surroundings environment. From Fig. 8, it 

can be observed that with increasing na the SPR wavelength suffers a redshift (indicated by a red 

arrow). The reason behind this is when na increases, neff of SP mode also increases. As a result 

intersection between the core mode and SP mode takes place at a higher wavelength. For analyte 
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RI 1.49, 1.50, 1.51, 1.52, 1.53 and 1.54 associate losses at their respectively SPR wavelengths are 

617, 505, 328, 231, 181 and 153 dB/cm. 

4.3 Wavelength interrogation and sensitivity: 

For the optimized SSCFF structure, SPR peak shift with changing analyte is depicted in Fig. 9. Its 

R2 value is 0.991 i.e. the SPR peak suffers almost linear shift with changing na from 1.49 to 1.54. 

 
     Fig. 8                   Fig. 9 

Fig. 8 Loss spectrum of proposed SSCFF with changing analyte RI from 1.49 to 1.54, Fig. 9 SPR peak 

shift with changing analyte (na) for optimized SSCFF structure. 

The relation between the SPR peak position and na can be presented by the linear equation as 

follows, 

λpeak (na) = 4.15575 na – 4.97351                                       (4) 

The sensitivity of this SSCFF sensor can be calculated by using the wavelength interrogation 

method as follows [1, 25], 

𝑆𝑆 = ∆𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝛥𝛥𝑛𝑛𝑝𝑝

 𝑛𝑛𝑛𝑛/𝑅𝑅𝑅𝑅𝑅𝑅                        (5) 

Also, the resolution can be calculated using the following equation, 

𝑅𝑅 = ∆𝑛𝑛𝑎𝑎 × ∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
∆𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 𝑅𝑅𝑅𝑅𝑅𝑅                      (6) 

Here, Δλpeak is the SPR peak shift, Δna is associated analyte RI change and minimum spectral 

resolution (Δλmin)=0.1 nm [22, 25]. 

The performance of this SSCFF sensor is summarized in Table 1. The average wavelength 

sensitivity of this sensor is found to be 4156 nm/RIU. Also, the maximum wavelength sensitivity 
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of this sensor is 4782 nm/RIU when na=1.51 and its corresponding resolution is 2.09×10-5 RIU. It 

shows that this sensor is capable of detecting analyte change of the order of 10-5. 

 

Table 1 Performance of the SSCFF sensor for analyte variation 

na 
(RIU) 

Resonance 
wavelength 
(λpeak) (µm) 

Resonance peak shift 
(nm) (approx.) 

Sensitivity 
(nm/RIU) 

1.49 1.228 25 2474 

1.50 1.253 42 4171 

1.51 1.295 48 4782 

1.52 1.343 45 4566 

1.53 1.388 43 4290 

1.54 1.431 - - 

The performance of the proposed SSCFF sensor is compared with previously reported sensors in 

Table 2. 
Table 2 Performance comparison of proposed SSCFF 

Sensor structure Report year RI range 
(RIU) 

Sensitivity 
(nm/RIU) 

Resolution 
(RIU) Ref. 

Hollow core D shaped 
microstructure fiber 2015 1.33-1.34 2900 - [24] 

Graphene based D shaped 
PCF 

 
2015 

 
1.33-1.37 

 
3700 

 
2.70X10-5 

 
[27] 

Copper-graphene based 
PCF 

 
2016 

 
1.33-1.37 

 
2000 

 
5.00x10-5 

 
[45] 

Four big channel 
consisting PCF 

 
2016 

 
1.63-1.79 

 
3233 

 
3.09x10-5 

 
[46] 

Externally gold layer 
coated PCF 

 
2017 

 
1.33-1.37 

 
4000 

 
2.50x10-5 

 
[20] 

D shaped PCF based on 
gold grating 

 
2018 

 
1.36-1.38 

 
3340 

 
- 

 
[3] 

Hollow core silver coated 
PCF 

 
2018 

 
1.36-1.37 

 
4200 

 
2.38x10-5 

 
[21] 

Single solid core flat fiber 2019 1.49-1.54 4782 2.09x10-5 This 
Work 
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5. Conclusion  

In this article, a single solid core flat fiber (SSCFF) sensor is designed and analysed in detail using 

the FEM. The structure is optimized based on structural parameters using wavelength interrogation 

technique. This simple structured sensor responds well in the analyte refractive index range from 

1.49 to 1.54 with excellent linearity. It exhibits maximum wavelength sensitivity of 4782 nm/RIU 

with resolution 2.09×10-5 RIU. Promising features of this sensor make it suitable for fabricating 

portable devices, remote sensors as well as to be integrated with the lab-on-a-fiber technology. 
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