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Abstract
In this paper, a plasmonic refractive index sensor using a D-shaped optical fiber coated by tantalum has been proposed. The 
interaction between fiber fundamental mode and plasmonic mode which lead to the formation of resonance peaks depending 
on the analyte refractive index (RI) is investigated in detail. Using spectral sensitivity methods, the sensing performance of 
the proposed sensor for detecting analytes is numerically studied. The effect of various design parameters of proposed sensor 
is optimized numerically to achieve the maximum wavelength sensitivity. The proposed D-shaped optical fiber sensor has a 
RI detection range of 1.30 to 1.43 and exhibits a non-linear increasing spectral sensitivity from 1300 to 3900 nm/RIU. The 
proposed RI sensor is attractive for detecting different RI chemical and biochemical samples due to simple design, relatively 
large detection range, cost-effective, non-toxic nature, and highly corrosion resistivity plasmonic material.
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Introduction

The surface plasmon resonance (SPR) has been emerged 
as an advance effective technique in numerous sensing 
applications that need highly accurate detection of optical 
refractive index (RI) [1, 2]. In an SPR technique, sensitive 
detection of RI benefits from the inherent property that nec-
essary parameters for excitation of plasmon polaritons at 
the metal-dielectric interface like angle of incidence and 
the resonance wavelength depend strongly on the RI of sur-
rounding medium [3]. SPR-based sensors find its application 
in various fields such as biological [4] and chemical analyte 
detection [5], medical diagnostics [6, 7], biochemistry [8], 
environmental monitoring, food testing, salinity measure-
ment, and antibody-antigen interaction [9–13].

Conventional configuration for SPR sensors is based on 
Otto and Kretschmann-Raether prism geometries that direct 

p-polarized light into a glass prism coated with a metal layer 
and excites plasmonic wave at the metal/analyte interface 
when the phase matching condition is met at specific param-
eters of electromagnetic wave incident angle and wavelength 
[14]. The optical mechanism behind the operation of con-
ventional SPR sensors is attenuated total reflection (ATR) 
and evanescent waves [15]. Although prism-based SPR sen-
sors perform effectively in RI detection of unknown analyte 
bordering the metal layer, they are bulky and mechanically 
unstable for remote sensing applications [16–18].

Over the past decade, motivated by the need of scaling 
down the sensor size, researchers have designed a large variety 
of optical fiber–based SPR sensors [9–11]. Fiber-based SPR 
sensors utilize the improved form of prism-based Kretchmann 
configuration enabling coupling between optical modes and 
surface plasmon polaritons (SPPs). Compared with prism-
based sensors, fiber-based sensors have small size, high 
sensitivity, compactness, and light weight. Moreover, they 
offer high degree of integration and support remote sensing 
capabilities. In recent years, considerable attention has been 
devoted to developing D-shaped fiber sensors driven by the 
need to overcome drawbacks related to fragility after unclad-
ding the usual structure of optical fibers. In fact, uncladding 
of fiber enhances the sensitivity of the fiber sensor. However, 
it will become more fragile for continuous monitoring [19, 
20]. In these new structures, the surface of fiber is polished in 
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a D-shape and deposited by metal to excite plasmonic wave 
and monitor the interaction between the evanescent wave and 
the surrounding medium and detecting small changes in RI in 
this medium [21–24].

Until now, different plasmonic metals have been proposed 
to enhance the sensitivity of fiber-based SPR sensors, includ-
ing silver (Ag), gold (Au), and aluminum (Al). Silver exhibits 
high sensitivity and sharp resonance peaks in UV-vis range 
of electromagnetic spectrum [25]. Unfortunately, it suffers 
from an oxidation issue which hinders its stable applicability. 
Attempts have been devoted to increase the sensitivity and 
stabilization of Ag by deposition additional layers such as gra-
phene or TiO2 [26–28]. But this increases fabrication costs and 
complexity. Al is another strong candidate metal for plasmonic 
sensors owing to its high electron density and relative low 
damping loss but its application is also hindered by oxidation 
problem. Although Au has been used widely in various sens-
ing applications due to its sensitivity and stability, deposition 
of it throughout the polished surface in fiber-based SPR leads 
to the wastage of precious metal [29].

Tantalum (Ta), a transition metal on the periodic table, 
has been emerged as a promising refractory metal to extend 
the plasmonic technique into the IR wavelengths. Because 
of large dumping factors in dielectric functions of most 
metals at the IR range, development of tunable plasmonic 
in this region is challenging. The plasmonic tuning at the 
IR regions has been reported by using tantalum nanopar-
ticle [30]. Due to its non-toxic nature and highly corrosion 
resistivity, Ta has been utilized in surgical implants and 
capacitors. Moreover, it is compatible with physical vapor 
deposition techniques and can be utilized in optical coatings, 
magnetic storage media, wear, and corrosion-resistant coat-
ings. With these properties, Ta is considered to bring new 
possibilities of optoelectronic applications over IR range 
including plasmonic SPR sensors.

In this paper, we investigate the deposition of tantalum 
nanofilm on a simple D-shaped optical fiber and study the 
RI sensing performance of the sensor in detail. To the best 
of our knowledge, this is the first time that Ta nanofilms are 
being investigated in optical fiber–based SPR sensors with 
simple D-shaped structure for detecting analytes. We dem-
onstrate the superior characteristics of our proposed sensor 
to detect analytes with RI between 1.30 and 1.43. We will 
also study the effect of design parameters on the perfor-
mance of the proposed sensor. For this purpose, we acquire 
a waveguide-coupled SPR method using an FEM technique.

Methods and Device Structure

The cross-sectional view of the designed plasmonic-base 
D-shaped fiber sensor is shown in Fig. 1a. The diameters 
of fiber core and cladding are taken as 8.2 and 125 �m , 

respectively, to satisfy single mode fiber (SMF) conditions. 
The fabrication process of D-shaped fibers involves a well-
known and mature side-polishing technique combined with 
an improved motor-driven technique to suspend the fiber 
and control the polishing depth [31, 32]. An accurate polish-
ing process is controlled by a photometer connected with a 
monitoring computer system. The polishing depth can be 
controlled by controlling polishing time.

The designed D-shaped fiber can be used in experimen-
tal setup of Fig. 1b for sensing purposes which includes a 
white light source with an optical spectrum analyzer (OSA) 
to monitor the output response propagated through the 
proposed sensor. Both ends of proposed sensor are spliced 
with SMF of diameter 125 �m using a fusion splicer and the 
sensing head is immersed in liquid. This configuration of 
sensing system using all-in-fiber shows the strong mechani-
cal reliability and is easy to operate in remote sensing. It 
is expected that when the SPR phenomenon takes place, a 
sharp transmission peak will be observed on OSA.

The Ta strip is considered as the plasmonic material 
deposited over the fiber core to enhance its sensitivity. The 
Ta layer can be coated on the polished surface by using mag-
netron sputtering or electron beam evaporation techniques. 
Complex refractive index used for Ta material in our simula-
tion is represented in Fig. 2 [33].

We used GeO2-doped silica and fused silica as traditional 
materials for fiber core and cladding, respectively, and Sell-
meier’s equation is used for description of material disper-
sion as follows [34]:

where n denotes the wavelength � dependence of RI for both 
core and cladding and B1,2,3 and C1,2,3 are Sellmeier’s coef-
ficients whose values are given in Table 1.

For characterization and optimization of the proposed sen-
sor performance, a finite element technique [35] based on 
COMSOL Multiphysics Software (Version 5.6) is used. To 
this end, energy coupling between core mode and SPP mode 
is investigated by using coupled mode theory [36]. A two-
dimensional (2D) modal analysis is carried out on x and y 
directions. Electromagnetic wave with frequency domain is 
selected for the physics of simulation and specified param-
eters were defined as defaults in mode analysis. Important 
parameters of the designed system include the width (w_Ta), 
and the thickness (t_Ta) of Ta strip, and the analyte RI ( na ). 
The wavelength � and na are varied in range 1.3–1.8 �m and 
1.30–1.43, respectively. After drawing geometry and adding 
materials to the model, a fine mesh with maximum mesh size 
of 20 nm is considered in order to achieve the maximum simu-
lation accuracy. Finally, the simulation is run and obtained data 
and results are analyzed. The energy of fiber mode couples to 
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the SPP wave on the Ta surface when the neff  of core-guided 
mode and SPP mode attain the same propagation constant 
for resonance wavelength ( �R ). At this wavelength, energy of 

core-guided mode is highly lost. The confinement loss calcula-
tion formula is given in the following equation [37]:

Figure 3 shows simulation results for the variations in the 
real part of the effective refractive index ( Re(neff ) ) for core 
fundamental mode, and plasmon polariton mode, as well 
as confinement loss curve as a function of wavelength. This 
helps to understand the physics behind the coupling mecha-
nism between fiber fundamental mode and plasmonic mode 
inside a SPR-based D-shaped structure. Because of dispersion 
properties of optical materials, effective index mode of funda-
mental mode and SPP mode decrease with different rates as 
the incident wavelength changes. Therefore, there is a specific 
wavelength at which the neff  values for fiber mode and plas-
monic mode intersect each other.

In our simulation, these values are matched at the oper-
ating wavelength 1.57 �m , for the analyte refractive index 
na = 1.38. At this point, known as phase matching condition, 
the resonance phenomenon takes place and core mode (the 
red dashed curve) and plasmonic mode (the blue dashed 
curve) in Fig. 3 get coupled with each other. This results 

(2)

� = 40�
Im(neff )

(ln(10)�)
= 8.686 × k0 × Im(neff ) × 104dB∕cm.

Fig. 1  a Schematic of the 
cross-sectional view of the 
proposed D-shaped single mode 
optical fiber sensor. b Schematic 
diagram of experimental setup 
of proposed D-shaped optical 
fiber–based SPR sensor

Light source

Sample in

Sample out

Spectrometer

(b)

(a)

Fig. 2  The real (red curve) and imaginary (dashed blue curve) part of 
Ta complex refractive index as a function of wavelength [31]
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in a sharp peak in confinement loss spectra of the guiding 
mode in designed sensor (the black solid curve) in Fig. 3. It 
is needed to note that more intense plasmonic modes result 
in sharper peaks in confinement loss spectra and higher sen-
sor sensitivity.

It is noticeable in Fig. 3 that the real parts of effective 
index curves demonstrate a reverse leap near the loss reso-
nance wavelength. This is a known phenomenon and has 
been reported, previously [38]. In fact, for D-shaped fibers, 
the electromagnetic field penetrates more into the cladding 
with increasing the wavelength, which leads to reduction in 
real part of effective mode index. At wavelengths around 
the resonance condition, free electrons and electromagnetic 
field are influenced by the evanescent field and oscillation of 
resonant electrons, respectively. As a result, the slow elec-
tromagnetic field on the left of the resonant wavelength is 
accelerated by the resonance. On the other hand, the fast 
electromagnetic field on the right of the resonant wavelength 
is decelerated by the resonance. This is the physics behind 
the dramatic change of the real part of effective index for 
fiber core mode, and SPP mode appeared around the reso-
nance wavelength.

The three electric field distributions in Fig. 3 illustrate 
the optical field distribution for core-guided mode (I), SPR 
mode (II), and the phase-matched mode (III). As shown, 
the field distribution is uniform across the fiber core and 
plasmonic mode is excited at resonance condition near the 
Ta strip. A noticeable decrement in intensity of field distri-
bution is observed at the phase-matching condition since 

the fiber mode energy is transferred to the plasmonic sur-
face waves for establishment of strong energy coupling at 
the interface between the Ta plasmonic strip and analyte 
medium.

The most important structural parameters influencing SPP 
mode near the metal and dielectric interface are the strip 
thickness, t_Ta, the strip width, w_Ta, and the polishing 
depth, D. Optimization of these parameters is needed since 
they affect the EM energy of SPP wave reaching the strip-
analyte interface.

To this end, we firstly optimized D parameter as it is the 
most important factor in systematic design of D-shaped fib-
ers. Figure 4a shows simulation results for confinement loss 
versus incident light wavelength for different D values. As 
shown, the confinement loss is maximized at 634 dB/cm, 
� = 1.57�m for D = 0. Practical structure of a fiber sensor 
with this polishing depth to the core could be achieved by 
a simple combination of mechanical and chemical etching 
methods [39].

Moreover, it is important to carry out a detailed study on 
tantalum strip and their influence on the proposed sensor 
performance since plasmonic mode behavior is influenced 
strongly by metal layer thickness. For optimization of strip 
thickness, other structural parameters including D, w_Ta, 
and na are kept at constant values, 0 � m, 3.5 � m, and 1.38 
respectively.

Figure 4b shows simulation results for confinement loss 
variations for different values of t_Ta. It is shown that the 
resonance peak corresponding to the maximum confinement 

Table 1  B1,2,3 and C1,2,3 
coefficients used in Sellmeier’s 
equation to determine the RI of 
core and cladding

Material B1 B2 B3 C1 C2 C3

Fused silica 0.6961663 0.4079426 0.8974794 0.0684043 0.1162414 9.896161
GeO2-doped silica 0.7345739 0.4271083 0.8270340 0.0869769 0.1119519 10.48654

Fig. 3  Dispersion relation of 
core-guided mode (red dashed 
line) and SPP mode (blue 
dashed line) along with confine-
ment loss spectra (black solid 
line), the right side figures show 
the mode profiles for (I) core-
guided mode (II) SPP mode 
core-guided mode (III) phase-
matched mode. Note that the 
design parameters are n

a
 = 1.38, 

D = 0 �m , w−Ta = 3.5 �m , and 
t−Ta = 50 nm 

IIIIIIIIIIIIIIII

IIII

I

II
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loss experienced a blue shift when the thickness of the Ta 
strip increased from 30 to 100 nm. This blue shift in reso-
nance wavelength, �R , is ascribed to variation in neff  of SPP 
mode when strip thickness changes. From the simulation 
results, the resonance conditions occurred for t_Ta = 50 
nm and in the following simulations, we consider it as the 
optimized value of strip thickness.

Figure 4c shows the variation of confinement loss as a 
function of wavelength for three different values of w_Ta, 
to see the effect of strip width on performance of the sensor. 
It is found that a maximum spectral loss of 634 dB/cm is 
obtained for w_Ta = 3.5 � m. As shown, we used structural 
optimization of sensor design to find the phase-matching 
point at which the spectral loss reaches its maximum inten-
sity. This results in easier and more efficient detection using 
a fiber sensor.

We have then investigated the sensor response for a wide 
range of RI varying between 1.30 and 1.43. Figure 5a, b 
exhibits the detailed comparison of confinement loss as a 
function of wavelength for two ranges of RI of analytes, i.e., 
1.30–1.36 and 1.37–1.43 respectively. Here, from graphs, 

we may clearly observe that Fig. 5a has less wavelength 
shift than Fig. 5b. The larger wavelength shift means higher 
wavelength sensitivity [40, 41].

It was founded that the resonance wavelength at which 
the confinement loss reaches its maximum experiences a 
red shift with increment of analyte RI. In addition, the con-
finement loss peak intensity decreases when RI value of the 
analyte increases. In fact, when na increases to values near 
the fiber RI, mode coupling between the core mode and plas-
monic wave reduces. Moreover, it leads to broadening of 
confinement loss spectra.

Figure 6 plots variation of resonance wavelength and 
sensitivity of the designed sensor versus na of the analyte. 
It represents a good polynomial fitting between resonance 
wavelength and na . Using this polynomial fitting, we calcu-
lated the sensitivity factor of the designed sensor according 
to the following equation [42]:

(3)S� = d�peak∕dna
nm

RIU
.

(a) (b)

(c)

Fig. 4  Confinement loss variation versus wavelength for different values of a polishing depth, D, b strip thickness, t−Ta , and c strip width ( w−Ta)
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In the abovementioned equation, d�peak denotes the dif-
ference in peak wavelength, and dna is the difference in 
na . As shown, the sensitivity factor increases non-linearly 
from 1300 to 3900 nm/RIU for na = 1.30 to na = 1.43 . 
Moreover, the designed D-shaped fiber sensor represents 

a maximum sensitivity of 3900 nm/RIU. This sensor could 
be applicable for detection of important chemicals includ-
ing propyl alcohol, urine glucose, butyl alcohol, isobutyl 
alcohol, and hexanol as their RI lies between 1.30 and 
1.43.

Fig. 5  Confinement loss spectra 
of the designed sensor for na of 
analytes in range of a 1.30 to 
1.36 and b 1.37 to 1.43

(a)

(b)
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Table 2 delivers detailed information about peak loss, 
resonant wavelength, and wavelength sensitivity for the 
proposed sensor.

Another factor that describes the ability of optical 
sensors in detecting small variations in RI of the analyte 
material is resolution which is calculated according to the 
following equation [32]:

where Δ�min is the minimum spectral resolution and S is the 
obtained sensitivity for the D-shaped fiber sensor. Maximum 
resolution near to 2.564 × 10−5 RIU is obtained for Δ�min = 
0.1 nm and na = 1.43. Therefore, the proposed sensor can be 
utilized to detect small variations of analyte refractive index 
in order of 10−5.

Finally, figure of merit (FOM) factor of the designed sensor 
is obtained from the following equation [43]:

where S is the sensitivity and FWHM is the full width at 
half maximum of the desired resonance. FWHM values are 
obtained of 105 nm, 106 nm, 90 nm, and 123 nm, whereas 
FOM values are obtained of 12.38 RIU−1 , 15.09 RIU−1 , 
28.88 RIU−1 , and 31.7 RIU−1 for na= 1.30, 1.35, 1.40, and 
1.43 respectively.

Table 3 compares the obtained sensitivity for the designed 
D-shaped fiber sensor in this work with those of other reported 
sensors. The proposed tantalum-based plasmonic D-shaped 
fiber sensor has the benefits of a relatively broad detection 
range, simple design, and high sensitivities compared with 
other. This introduces the designed sensor in our research as 
an attractive alternative fiber optic sensor for detection of dif-
ferent chemicals and biochemical materials.

(4)R =
Δ�min

S
.

(5)FOM =
S

FWHM
RIU−1.

Fig. 6  Variation of the reso-
nance wavelength and sensitiv-
ity with the RI of the analyte

Table 2  Circumstantial results of the proposed sensor

Refractive index Loss �peak Resonant peak shift S�

(RIU) (dB/cm) (nm) Δ�(nm) (nm/RIU)

1.3 133.86 1449 13 1300
1.31 154.83 1462 14 1400
1.32 180.34 1476 15 1500
1.33 211.89 1491 15 1500
1.34 251.9 1506 15 1500
1.35 304.77 1522 16 1600
1.36 380.37 1538 16 1600
1.37 514.53 1554 16 1600
1.38 683.23 1573 19 1900
1.39 609.91 1596 23 2300
1.4 543.34 1622 26 2600
1.41 474.81 1650 28 2800
1.42 406.5 1683 33 3300
1.43 331.19 1722 39 3900
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Conclusion

A simple D-shaped fiber coated with tantalum is proposed 
as a plasmonic refractive index sensor. The sensor can detect 
refractive index (RI) liquid analytes with a detection range 
of 0.13 RIU, ranging from 1.30 to 1.43. Using a spectral 
sensitivity method, the resonance wavelength location and 
amount of confinement loss are numerically calculated. 
Our studies revealed that the proposed biosensor shows a 
RI detection range of 1.30 to 1.43 and exhibits a non-linear 
increasing spectral sensitivity from 1300 to 3900 nm/RIU. 
We also introduced a figure of merit and compare the perfor-
mance of our sensor to similar RI sensors based on D-shaped 
fiber sensor. As our proposed RI sensor has a rather sim-
ple structure, cost effective, and its plasmonic metal non-
toxic nature and highly corrosion resistivity, it can be an 
interesting platform for detecting various RI chemical and 
biochemical samples in chemical, biological, and medical 
applications.
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