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In this article, a D-shaped optical fiber refractive index (RI) sensor based on surface
plasmon resonance effect is demonstrated. The gold film is placed at the flat portion of the
optical fiber along with the sensing analytes of the different RIs to excite the plasmonic
interactions. Sensing properties are investigated by using the finite element method. The
maximum sensitivity of the proposed sensor is achieved as high as 20863.20 nm/RIU with
the maximum resolution of 4.79 × 10−6 RIU and figure of merit of 308.38 RIU−1 for an
analyte with RI 1.43 by optimizing the different parameters of the sensor with maximum
phase matching between the core mode and surface plasmon mode. The high sensitivity
of the sensor offers a promising approach for the detection of unknown RI analyte in
chemical and biological fields in the near-infrared region.
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INTRODUCTION

While considerable progress has been made over the last decade in the field of surface plasmon
resonance (SPR)–based optical fiber refractive index (RI) sensors, the steady increase in the
application of these sensors in several fields such as biological, chemical, and health monitoring
etc., always sets a new limit for the research communities [1–3]. SPR is a label-free sensing
technology in which surface plasmon can be excited when an incident polarized light couples
with the surface plasmon wave (SPW) at the interface of the metal-dielectric surface. The wave vector
of the SPW depends on the RI of the surrounding medium which leads to make SPR a very sensitive
technique to detect the variations in refractive indices (RIs) that are primarily caused by the
interactions or binding of the surrounding molecules to the metal surface [4–8]. In traditional SPR
configuration, a total internal reflection–based theory is proposed by Kretschmann and Otto in 1968,
in which the base of a coupling prism is coated with the thin metal (Au or Ag) and the incident
p-polarized light wave excites the surface plasmons at the metal-dielectric interface [9, 10]. However,
this configuration has many limitations and disadvantages like bulk in size, poor reliability, not
suitable for remote sensing, and requires mechanical instruments which limit its uses.

To overcome these issues, SPR-based micro and nanostructured optical fiber sensors (OFSs) have
drawn great attention because of their unique characteristics such as robustness, compact size, fast
response, high sensitivity, online real-time monitoring, electromagnetic immunity etc. Because of
these advantages, the effect to propose new kinds of SPR sensors in different areas of biosensing,
chemical analysis, and environmental control has been expanded exceptionally quickly [11–15]. The
first SPR-based OFS, in which a thin gold film is coated on the fiber core for the excitation of the
surface plasmon, was proposed by Jorgenson in 1993, and till now, different kinds of fiber such as
tapered fiber [16], multicore fiber [17], fiber grating [18], and photonic crystal fiber (PCF) have been
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proposed and utilized for the SPR-based sensing components.
The waveguide property of an optical fiber is altered by some
suitable technique to make it sensitive to the external
environment (generally by removing the cladding). An
alternative to removing the entire cladding of an optical fiber
for a certain length, which reduces power, sustainability, and
reliability, is to use a D-shaped optical fiber sensor, which is
comparatively strong and durable without sacrificing the sensing
properties of the device.

In all of these reported sensors, D-shaped OFS has more
attractive features such as less fragile structure, easy fabrication
process, high sensitivity, and easy access to the large evanescent
field for efficient sensing applications [19]. In 2006, Wang et al.
presented D-shaped optical fiber sensor based on the SPR effect.
In this configuration, a gold film is coated on the fiber and RI
sensitivity increases significantly [20]. A magnetic field sensor
based on the D-shaped optical fiber Bragg grating with the
sensitivity of 1.4403 pm/G was proposed by Lanza et al. in
2011 [21]. In 2015, a D-shaped PCF temperature sensor with
a thin gold film coated on the cladding surface realizing a
sensitivity of 11.6 nm//°C was reported by Shi et al. [22].
Nayak et al. proposed a D-shaped fiber SPR sensor, in which
fiber is coated with silver followed by the graphene layer, with the
maximum sensitivity of 6,800 nm/RIU in the RI from 1.33 to 1.37
[23]. Recently, Pathak et al. presented a concave-shaped OFS
covered with multiple Au nanowires for RI sensing. The gold
nanowires are coated on the concave-shaped channel, located at
the D-shaped portion of the fiber perpendicular to the core. The
maximum sensitivity of the sensor is 4,471 nm/RIU for analyte RI
varying between 1.33 and 1.38 [24]. It is observed that D-shaped
OFSs based on the SPR effect have the advantage of good
flexibility and high sensitivity.

To improve the detection limit and sensitivity of the OFSs, an
SPR-based D-shaped optical fiber RI sensor with a thin gold film
coating on the flat surface of the fiber is presented. The finite
element method (FEM) is used to characterize the sensing
properties of the sensor. The influence of the doping
concentration of the germanium (GeO2) in silica for the fiber
core, thickness of the gold film, and coating distance of gold film
from the fiber core have been studied. By using the wavelength
interrogation method, the maximum sensitivity of 20863.20 nm/
RIU with the resolution of the order of 10−6 has been achieved for
the analyte 1.43 which is the highest compared to the reported
works [23–28].

MATERIALS AND METHODS

For a D-shaped optical fiber plasmonic sensor, observing the
interaction between the evanescent waves (EWs) with
surrounding medium is essential and hence it is required to
investigate the structure very well. The cross-sectional view of the
proposed D-shaped fiber sensor is illustrated in Figure 1. The
metallic film of thickness “tg” is placed on the flat surface of the
optical fiber at a distance “d” from the core of the fiber. Laser
micromachine and side polishing technique can be used to
fabricate this kind of structure. The polishing depth can be
controlled very well [28–30].

The fiber is a conventional single-mode fiber with a core and
cladding diameter of 8.2 and 125 µm. The fiber core (with RI, nco)
and cladding is made up with GeO2 doped silica and fused silica,
respectively. Generally, the core of a fiber is doped with X
percentage GeO2 in silica. The RI as a function of the
wavelength of silica doped with X percentage of GeO2 and
fused silica is calculated from the Sellmeier relation as follows [31]

n2(λ) � 1 + [BS
1 +X(BG

1 − BS
1)]λ2

λ2 − [CS
1 +X(CG

1 − CS
1)]2

+ [BS
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In Eq. 1, λ is the wavelength and BS
1� 0.696166300,

BS
2� 0.407942600, BS

3� 0.897479400, CS
1� 0.068404, CS

2� 0.116241,
and CS

3 � 9.896161 are the Sellmeier coefficients for the silica
and BG

1 � 0.8068664, BG
2 � 0.7181585, BG

3 � 0.8541683, CG
1 �

0.06897261, CG
2 � 0.1539661, CG

3 � 1.841193 are the
Sellmeier coefficients for the GeO2, respectively.

Gold (thickness of tg) is used as a metallic film and is placed at
a distance (d) from the core boundary. Drude model has been
used to obtain the dielectric constant of gold as follows [23]

Em(λ) � Emr + iEmi � 1 − λ2λc
λ2p(λc + iλ) (2)

Here, λp � 1.6826 × 10−7 m and λc � 8.9342 × 10−6 m are the
plasma wavelength and the collision wavelength of gold,
respectively.

FIGURE 1 | Cross-sectional view of the proposed D-shaped optical fiber RI sensor.
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The COMSOLMultiphysics based on the FEM is an advanced
simulation software and widely used for scientific calculation and
research in various fields. Here, wave optics module, in the
COMSOL Multiphysics, is used for analyzing the sensing
properties of the proposed sensor. The whole structure is
divided into a small subdomain and surrounded by the
perfectly matched layer (PML) boundary which is applied for
absorbing the light radiated toward the surface during the whole
simulation process.

RESULTS AND DISCUSSION

The proposed D-shaped plasmonic OFS for the RI sensing is
based on the simple SPR effect. In SPR phenomena, the
evanescent field of TM mode (p-polarized) wave excites the
free electrons on the metal surface which produces the surface
plasmon (SP) wave propagating through the metal-dielectric
interface. There is a phase matched condition, at which the
TM mode loses most of its energy to the SP wave, at given
wavelength. This is known as resonance condition and this
wavelength is called resonance wavelength. This resonance
wavelength directly depends on the surrounding medium’s RI.
This resonance wavelength is changed as the RI of the
surrounding medium changing. Hence, by measuring this
resonance wavelength, we can easily obtain the RI of
the medium. Throughout the simulation process of the
proposed sensor, TM mode is considered. During the
simulation process, it is considered that light propagates in
the z-axis and all the model investigation is executed in the XY
plane. As the overlap between the electric field and the metallic
film is increased, an increase in confinement loss appears. The
model loss or confinement loss of the proposed sensor is
obtained from the imaginary part of the effective RI
[Im(neff)] of the guided mode, with the help of the
following relation

α � 8.686 × 2π
λ
× Im(neff ) × 104 (dB/cm) (3)

where λ is the operating wavelength in microns.
Figure 2 shows the dispersion spectrum, the real part of the

effective RI of the fundamental TM polarized core-guided mode
(black line with square), surface plasmon mode (blue line with
square), and the confinement loss (red line with square) of the
core-guided mode for d � 5 nm, tg � 40 nm, and na � 1.41 of the
proposed sensing device. As can be seen, at the resonance
wavelength of 800 nm, the core mode and SPP mode match
which excites the SPP mode. The dielectric core mode is not lossy
but the SPP mode is highly lossy when they are phase matched at
the resonance wavelength. The interaction of the core mode and
SPP mode results a maximum power transfer from the core mode
to the plasmonic mode. It leads a sharp increase in the
confinement loss of the core-guided mode, which is shown in
Figure 2 by the red line with square. The inset of Figure 2 shows
the electric field distributions of TM polarized core mode at
wavelength of 700 nm, surface plasmon polariton (SPP) mode
and resonance mode at 800 nm, and core-guided mode at
860 nm, respectively. From the distribution of electric field of
the resonance mode, it can be seen very clearly that most of the
electric field is present at the metal/dielectric layer.

Apart from the influence of the RI of the surrounding
medium, other parameters such as the thickness of gold film
(tg), the distance (d) between the gold film and the core, and the
doping concentration of the GeO2 in core also affect the
performance of the proposed sensor. The distance of the gold
film has an impact as it decides the strength of the EWs on the
surface plasmon and the phase matching of the SPP with the
guided mode. Figure 3 shows the variation of the resonance
wavelength and corresponding confinement loss with the
distance of the metallic layer from the core at a fixed gold film
thickness of 40 nm and the surrounding analyte with a RI of 1.35

FIGURE 2 | Dispersion relations of the fundamental core-guided mode
(black), SPP mode (red), and confinement loss spectra (black) for d � 5 nm,
tg� 40 nm, and na � 1.41 with 5% GeO2 doped silica core.

FIGURE 3 | Evolution of the resonance wavelength and confinement
loss with gold/core boundary distance (d), for tg � 40 nm, 5% GeO2 doping
concentration and na � 1.35.
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and 5% GeO2 doped silica core. As intended, the resonance
wavelength kept constant while the maximum loss at resonance
wavelength decreases continuously. The confinement loss decreases
as the distance increases. At d � 0 and 5 nm, the confinement loss is
31.53 and 31.23 dB/cm while at d � 1,000 nm, it becomes 3.17 dB/
cm at the wavelength of 600 nm, respectively. For the rest of the
calculation, d � 5 nm has been considered as the optimized value.
These depths can be experimentally achieved by the physical
polishing, chemical etching, or the combination of these two
techniques as previously reported [33].

After optimizing the coating distance, the thickness of the gold
film and the doping concentration of the GeO2 are also optimized.
Figure 4A shows the variation of the resonance wavelength and
corresponding confinement loss with gold thickness varying from 30
to 70 nm at d �5 nm, and 5% GeO2 doped silica core and na � 1.35,
respectively. It is observed from the spectrum that resonance
wavelength shifts toward the higher wavelength and after 50 nm
it becomes constant. The corresponding value of confinement loss
also first increases from 28.45 to 31.23 dB/cm for the thickness tg �
30–40 nm, and after tg � 40 nm, it starts decreasing rapidly to
4.43 dB/cm for the tg � 70 nm. The increase in metallic layer
thickness is responsible for the higher damping loss which
decreases the penetration of the evanescent fields toward the
surrounding analyte. Here, when the thickness of the gold film is
higher than the 40 nm, the higher damping loss causes the overall
decrease in the confinement loss of the guided mode. Therefore, the
optimized thickness of the gold layer is determined to be 40 nm for
the sensor. Variation of the resonance wavelength and confinement
loss with doping concentration of GeO2 for the d� 5 nm, tg� 40 nm,
and na � 1.35 is shown in Figure 4B. As seen from Figure 4B, there
is no variation in resonance wavelength till 12.5% of doping
concentration, and at 15% doping concentration, the resonance
wavelength shifts toward the shorter wavelength. While the
confinement loss at corresponding resonance wavelength
decreases continuously from 31.23 dB/cm to 19.55 dB/cm, the
doping concentration of the GeO2 in silica increased from 5 to

15%. On considering highermodel loss, the optimized value of GeO2

doping concentration is chosen to be 5%.
After getting all the optimized structural parameters, the

proposed sensor is tested for the sensing capabilities and the
transmission spectra (logarithmic) are obtained for the
broad range of the analytes with RI varying from 1.35 to
1.43 as shown in Figure 5. Transmission spectrum of the
proposed sensor has been obtained by the following
relation [34]

T(L, λ) � exp( − 4π
λ
Im(neff)L) (4)

where Im (neff) is the imaginary part of the effective refractive index
and L is length of the sensing fiber. For calculating the transmission

FIGURE 4 | Variation of resonance wavelength and confinement loss with (A) gold thickness (B) GeO2 concentration in silica core for distance at d � 5 nm and na
� 1.35.

FIGURE 5 | Evolution of the confinement loss as a function of
wavelength for analytes with different RIs for 5% GeO2 doped silica core, d �
5 nm, and tg � 40 nm.
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spectrum, we have put L � 1 cm. Here, we can clearly observe a red-
shift in the resonance wavelength with respect to the analyte’s RI,
that is, as the RI of the analytes increases, the confinement loss peak
is shifted toward the higher wavelength.

Figure 6 delineates the variation of the resonance wavelength and
sensitivity as a function of the analyte’s RI (na). The sensitivity is
obtained by the polynomial fit of the derivative of resonance
wavelength with the analyte’s RI. The sensitivity of the proposed
sensor is denoted by “S” and can be obtained by the following relation

S � dλ

dna
(5)

As it can be seen that the sensitivity increases non-linearly
from 2458.98 nm/RIU to 20863.20 nm/RIU for the analyte’s RI
which ranges from na � 1.35 to na � 1.43.

Resolution is another important parameter that describes the
ability of the proposed device to detect a small variation in
analyte’s RI. It is obtained by the following relation

R � Δλmin

S
(6)

where Δλmin is the minimum spectral resolution and S is the
sensitivity of the device. By choosing Δλmin � 0.1 nm, the
maximum resolution of the proposed sensor is found to be
around 4.79 × 10−6 RIU for an analyte with a RI of 1.43. It
means that the proposed sensor can detect a very small change up
to 10−6 in RI of the analyte.

For the comprehensive analysis of a SPR-based sensor, the
figure of merit (FOM) is also a very important and necessary
parameter. It is obtained from the following equation

FOM � S
FWHM

RIU−1 (7)

where S is the sensitivity and FWHM is the resonance’s full width
at half maximum. The FWHM is of interest as a larger FWHMwill
introduce larger uncertainty in detecting the resonance wavelength
which causes a lower resolution. Figure 7 depicts the FOM and

FWHM as a function of the analyte’s RI (na). The FOM is varying
from the 67.53 RIU−1 to 356.83 RIU−1 while the FWHM first
decreases from 36.41 to 21.99 and then increases up to
67.65 nm. This kind of behavior of the FOM is mainly the
result of the non-linear behavior of the sensitivity. The FWHM
of the different loss spectrum of the analyte’s RI is not constant,
that is, it is low for some sets of na and high for other sets of na
which also has an effect on the non-linear variation of the FOM.
The increase in the analyte’s RI (na) provides the comparative
lower index contrast which causes the broadening in FWHM of
each loss spectrum associated with the analyte’s RI. Table 1
provides a detailed comparison of the proposed sensor with
other previously reported sensors in terms of sensitivity,
resolution, and FOM. From the comparison, we can conclude
that the proposed D-shaped optical fiber plasmonic–based RI
sensor performs with a higher sensitivity, higher FOM, better
resolution, and a larger sensing range. Therefore, the presented
sensor based on SPR effect shows great potential for the
measurement of different liquids in different fields such as
chemical, biochemical, and biosensing film.

CONCLUSION

A D-shaped optical fiber RI sensor based on the SPR effect is
proposed and numerically investigated by using the FEM. The
structure of the proposed sensing device consists of a gold layer
deposited on the flat surface of the fiber. All structural parameters
of the device are optimized and their influence on the sensing
characteristics of the device have been systematically analyzed.
The sensing device with a gold film of 40 nm thickness deposited
at a 5 nm distance from the core boundary has a very good
sensitivity which varies from 2458.98 nm/RIU to 20863.20 nm/
RIU for the RI ranges from 1.35 to 1.43 with a maximum
resolution of 10−6 RIU. The FOM of the proposed sensor has
a maximum value of 356.83 RIU−1 from 67.53 RIU−1 for the same

FIGURE 6 | Variation of the resonance wavelength and sensitivity with
the RI of the analyte (na) for d � 5 nm with tg � 40 nm and 5% GeO2 doped
silica core. The lines represent a polynomial fit made to the simulated values.

FIGURE 7 | Variation of the FOM and FWHM as a function of the RI of the
analyte for d � 5 nm with tg � 40 nm and 5% GeO2 doped silica core.
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sensing range. Due to these benefits and considering the latest
microfabrication technology, the proposed sensor can be very
useful for a broad range of applications such as medical diagnosis,
food safety, and chemical and biochemical sensing.
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