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Comparative assessment of fiber SPR sensor for
sensitivity enhancement using BaTiO; layer
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In this work, we have numerically simulated a fiber surface plasmon resonance sensor. This work explored a comparative
assessment of three different metal layers (silver (Ag)/gold (Au)/copper (Cu)) over the unclad optical fiber. These layers are
further protected with the barium titanate (BaTiOs) layer. The results of the proposed structure are shown with the
transmission spectra for the various refractive indexes and the performance of this structure with three different
configurations (Ag+BaTiOs, Au+BaTiOs, and Cu+BaTiOs) is investigated. After a comparative analysis, we found the
highest sensitivity with the Au+BaTiOs configuration. Hence, the proposed structure can be suitable for biosensing

applications.
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1. Introduction

Surface plasmon resonance (SPR) is one of the
prominent approaches which have its potential sensing
applications in various fields including environmental
science, biomedical etc. [1-3]. In this approach, a p-
polarized or transverse magnetic (TM) polarized light
excites the surface plasmons (SPs) at the metal-dielectric
interface. This SPR mechanism was first best described by
Kretschmann in 1968 in which a high refractive index (RI)
prism is employed to couple light at the metal-dielectric
interface surrounded by a sensing medium and angular
interrogation technique is used to observe the sharp dip in
the reflectivity spectrum at the resonance [4, 5]. The
prism-based SPR sensors are widely used in many
applications including biosensing and molecule detection
[6, 7]. However, advantages including low cost, remote
sensing, and miniaturization attract the attention of
researchers in sensing applications for the SPR sensors
based on fiber over the prism. For fiber SPR sensing, a
glass prism is replaced with a fiber core, and a metal layer
is deposited over unclad fiber. The sample to be detected
is positioned around the layer of metal and the resonance
wavelength shift with the RI change is observed for the
investigation of the sensor performance [8-10]. Generally,
gold, silver, and copper are used as plasmonic active
metals. These are deposited over the surface of the unclad
fiber core. The optical properties including complex
refractive index, interband contributions, free electron
contributions, frequency dependent dielectric constant,
plasma effects, damping, and so on make these materials

ideal for SPR sensing applications [11, 12]. Gold is highly
stable as compared to these materials. Silver and copper
suffer from poor chemical stability and oxidize easily.
This makes the SPR sensor less stable. Hence, a protective
layer over the surface of these layers is a choice to make
an SPR sensor more stable to improve the performance of
these sensors [13-16]. The SPR technology in the fiber-
based sensor was first introduced by Lidberg et al. in 1983
and this initiated the SPR sensor in the field of biosensing
applications [17]. For more than a decade, these SPR
sensors widely used in food safety, biomedical,
environmental protection and biomolecule detection, etc.
[18-22]. The biomolecule concentration is generally small
for biomolecule detection, and the sample to be tested also
contains other molecules. Hence, a sensor with high
resolution, specificity and sensitivity is needed. Therefore,
the sensitivity enhancement of the SPR sensor will play a
major role in disease diagnosis and the biomedical field.
Currently, research for the SPR sensor is focused on
sensitivity enhancement by optimizing the sensor structure
or by coating a different material over the surface of one
metal film [23, 24].

Lately, various materials such as graphene, black
phosphorus, and transparent oxides, etc. are seen in the
research due to their enhanced plasmonics characteristics
[25-28]. To improve sensing performance, it is necessary
to use functional materials in the SPR systems. Recently,
BaTiO; with low dielectric loss and high dielectric
constant is seen in research [29-32]. In this study, we have
designed a fiber SPR sensor with a protective layer of
BaTiO; layer over a metal layer to enhance its sensitivity.
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Here, three different configurations of a metal layer over
BaTiO; are studied and compared with their transmission

Sample

spectra and sensitivities.
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Fig. 1. Theoretical set-up of the proposed fiber-based SPR sensor (color online)

2. Structure modeling and theoretical
formulation

Our proposed structure based on the attenuated total
reflection technique of the Kretschmann arrangement is
illustrated in Fig. 1. Here, a fiber core of fused silica is
used to guide light waves from one side to the other side of
the fiber, where a 20 mm length of fiber cladding is
removed from the fiber. The diameter of the fiber silica
core is 600 pm and the RI of fused silica core (n¢qp.) Can
be given with the following dispersion relation [33],

a;A? ayA?
A2—b,?2 + A2—b,? +

33)\2 1/2
Neore(A) = (1 + )\Z—bgz)
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Here, wavelength ‘A’ is in nm and the value of
Sellmeier coefficients are: a; = 0.6961663, b; =
0.0684043, a, = 0.4079426, b, = 0.1162414,
a; = 0.8974794, and b; = 9.896161.

Next, a metal layer is deposited over the unclad fiber.
Here, we have taken a different metal layer of Ag, Au, and
Cu for three different configurations. The thickness of all
three layers is 40 nm and the dielectric constant of the
metal layer (€,,0tq:) 1S calculated using following Drude
model relation [34],

Emerat (M) = 1= o @
metal A2 (Ac+id)

Here A, represents collision wavelength and 2,
represents plasma wavelength. The values of 4. and 4,, are
as follow: for Ag metal layer, 1, = 1.7614 x 1075,
and 1, = 1.4541 x 10~7; for Au metal layer, A, =
89.342 x 1077 and A, = 1.6826 x 10~7; for Cu metal

layer, 1, = 4.0852 x 10~> and A, =1.3617 x 1077,

Further, the BaTiOs layer of a thickness of 10 nm is
coated on the metal surface [20]. The dielectric constant of
this BaTiOj; layer is given as follows [35],

4.1871?
A2-0.2232

€pario,(M) = 1+ 3)

Finally, we have selected water as the sensing
medium with the RI of 1.33 and observed the change in RI
from 1.33 to 1.37 with a step change of 0.01 due to the
biological reaction.

When the p-polarized light is launched into one side
of the fiber, it travels to the other end and is completely
reflected in the sensing area. Here the evanescent wave is
generated that can excite the SPs at the metal-dielectric
interface. For resonance, the wave vector of surface
plasmon(Bs,) and incident light (k) should be equal.
Mathematically [36],

ky = Bsp 4)

2m . 2T €mn Edie
+ Neore sin@ = {A Re ’8m+ gdie} (5)

where €, and g4 denote the dielectric constant of metal

and sensing medium respectively, n.,.. denotes the RI of
the fiber core and A denotes the incident light wavelength.
For p-polarized light incident at angle 6 into the one
end, the normalized transmitted power (Py.qns) at the
other end of the fiber can be written as follows [37],
(;rc/rz RpNTfff(e)(nl2 sin @ cos 6 /(1-n,%cos? 9)2)d6
Pirans = /2
Ocr

(nl2 sin 6 cos 6/(1-n,%cos? B)Z)de
(6)
where N,.r, = L/D tan 6 represents the total number of

reflections in the sensing area performed by a light ray, D
and L represent the diameter of the fiber core and the
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length  of the sensing region  respectively,
Oer = sin"tng /neore represents the critical angle for the
core-cladding interface while n,; and n,,.. denote the RI
of the cladding and core of the fiber respectively.
Reflectance (R,) of this multilayer structure
(core/metal/BaTiOz/sensing medium) is calculated by
Fresnel multilayer reflection theory and is given by [38],

Ry = ror,’ = |r,7] (7)

Whereas the reflection coefficient (r,) for p-polarized
light is as follows,

_ q1(M11+My5qn)—(Mz1+M35qp)

= 8
p q1(M11+M12qn)+(Mz1+M220N) ®
-,
cosp; —sinf;| .
Here, for the j™ layer, M; = By aj P is
—ig;sinB;  cosp;

the characteristic matrix, in which transverse RI

q; = (E) cosf; = \[(sl —n?sin?6,)/g; and phase

]

factorB; = (7) njcosej(zj - z]-_l); where (z]- - z]-_l) is
the thickness of j™ layer.

The current sensor's output is focused on the
sensitivity that is stated in respect of resonance wavelength
change (6A) and RI change (én) in the sensing medium.

Mathematically [39].
Sensor sensitivity,

(Sn) = 5 (nm/RIV) ©)

The performance of the proposed sensor structure has
been analysed using MATLAB simulation tool.

3. Results and discussions

We have numerically simulated the proposed setup of
four layers structure given in Fig. 1. Here, the transfer
matrix method (TMM) and Fresnel multilayer reflection
theory are used to calculate the amplitude reflection
coefficient at the multiple interfaces of this designed
structure.

In this work, we have considered three different metal
layers with the barium titanate layer for different RI
ranging from 1.33 to 1.37. First, the Ag layer is considered
and the transmission spectra for this configuration are
illustrated in Fig. 2 (a-b) for Rl 1.33, 1.34, 1.35, 1.36, and
1.37 of the sensing medium. In this, the normalized
transmitted power with varying wavelengths can be
calculated from the amplitude reflection coefficient by Eq.
6. Fig. 2 (a) depicts the normalized transmitted power
spectra for the Ag layer without the BaTiOj3 layer. In this

figure, resonance wavelength (A,.) is obtained at 471.1
nm for the RI of 1.33.

This changes to 653.4 nm with the Ag+BaTiO;
configuration as illustrated in Fig. 2(b). The resonance
wavelengths without the BaTiO; layer are obtained at
491.5 nm, 516.2 nm, 545.1 nm, and 579.7 nm for RI of
1.34, 1.35, 1.36, and 1.37 respectively. Similarly, the
resonance wavelength for the Ag+BaTiOj; configuration is
obtained at 679.7 nm, 710.5 nm, 746.9 nm, and 791.1 nm
for the RI of 1.34, 1.35, 1.36, and 1.37 respectively. Fig. 3
depicts the resonance wavelength variation with various
RI for the Ag-based fiber SPR sensor with and without the
BaTiO; layer.
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Fig. 2. Transmission spectra plot of Ag-based fiber SPR sensor
(a) without BaTiO3 layer (b) with BaTiO; layer (color online)



Comparative assessment of fiber SPR sensor for sensitivity enhancement using BaTiO3 layer 117
T T T T T
800 [
—A— Ag + BaTiO;
A750 -
g
g
=700
o
=
)
o650
»-
=
z
g 600 |-
=
=
=
<
Z 550 -
&
500 |
450 1 1 1 1 1
1.33 1.34 1.35 1.36 1.37
Refractive index of sensing medium
Fig. 3. Plot of resonance wavelength (nm) variation with various refractive indexes for Ag-based fiber SPR sensor
with and without BaTiOj3 layer (color online)
10 , , 4
0.9 0-9 -~
§ 08 | / E0.8 - /___
2 207
= i Fiber core-Au-Sensing medmm e Fiber core-Au-BaTiO -Sensing medlum
o °
E06}| o6
£ E
17
£ 0.5 | g0-5 L
£ £
T 04 —1.33 30-4 -
£ —1.34 1. —133
: 03 —135 E I [=—134
S o2l —1.36 So2f |13
—137 z —1.36
01+ 01 - —137
0.0 1 1 1 1 0.0 1 1 1 1
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Fig. 4. Transmission spectra plot of Au based fiber SPR sensor (a) without BaTiO3 layer (b) with BaTiO; layer (color online)
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In the second configuration, we have considered the
Au metal layer with the BaTiOj; layer for RI ranging from
1.33 to 1.37. Fig. 4 (a) depicts the normalized transmitted
power spectra for the Au based fiber SPR sensor without
the BaTiOs; layer. In this plot, the resonance wavelength is
obtained at 537.1 nm for the RI of 1.33. The shift in
resonance wavelength from 537.1 nm to 716.4 nm is
obtained with the addition of the BaTiO; layer as
illustrated in Fig. 4(b). The resonance wavelengths for the
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Ag-based fiber SPR sensor are obtained at 561.4 nm,
589.5 nm, 622.5 nm, and 662.1 nm for the RI of 1.34,
1.35, 1.36, and 1.37 respectively. Similarly, the resonance
wavelengths for the Au+BaTiO; based fiber SPR sensor
are obtained at 746 nm, 780.5 nm, 821.6 nm, and 871.6
nm for the RI of 1.34, 1.35, 1.36, and 1.37 respectively.
Fig. 5 depicts the resonance wavelength variation with the
various RI with and without the BaTiO; layer for the Au
based fiber SPR sensor.
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Table 1. Sensitivity of the proposed structure with different configurations
Sensitivity (hm/RI1U)
Core/Cu | Core/Cu | Core/Ag | Core/Ag | Core/Au | Core/Au
/sensing | /BaTiOs/ | /sensing | /BaTiOz/ | /sensing | /BaTiOsf
Refractive index of sensing medium/ | medium | sensing | medium | sensing | medium | sensing
Structure configuration medium medium medium
1.34 2010 2500 2140 2630 2430 2960
1.35 2165 2705 2305 2855 2620 3205
1.36 2350 2954 2500 3117 2847 3507
1.37 2575 3257 2740 3442 3125 3880
Table 2. Comparison of proposed structure with other existing fiber based SPR structure
S. No. Structure Refractive index Highest Reference
of the sensing Sensitivity
medium (nm/RIU)
Core/Au/BaTiOas/sensing 1.33-1.37 3880 nm/RIU
medium
1. Core/Ag/BaTiOa/sensing 1.33-1.37 3442 nm/RIU This work
medium
Core/Cu/BaTiOs/sensing 1.33-1.37 3257 nm/RIU
medium
2. Core/Ag/Au/MoS,/sensing 1.33-1.37 3061 nm/RIU [40]
meidum
3. Core/ITO/ZnO/sensing 1.33-1.37 1620 nm/RIU [41]
meidum
4000 — T T T 6 (b). The resonance wavelengths for the Cu based fiber
woof | g SPR sensor are obtained at 461.2 nm, 484.4 nm, 511.6 nm,
2600 - —a—cs and 544.1 nm for the RI of 1.34, 1.35, 1.36, and 1.37
5 respectively, and with the inclusion of BaTiOj; layer, these
A0 I:Z:z’ shift to 651.4 nm, 680.5 nm, 715 nm and 756.7 nm in the
2 s200 - Cu+BaTiO3 based fiber SPR sensor. The resonance
E3000 | wavelength variation with the various RI with and without
= the BaTiO3 layer in the Cu based fiber SPR sensor is
2o represented in Fig. 7. These three configurations with their
g 2600 |- respective sensitivity are given in Table 1 and are plotted
? 2400 |- in Fig. 8. Finally, we have shown the comparison of this
s work with the existing similar works in Table 2. It is
concluded that the highest sensitivity of 3880 nm/RIU is
2000~ 4 l , A attained with the Au + BaTiO; based fiber SPR sensor for
1.34 1.35 1.36 1.37 the RI ranging from 1.33 to 1.37. Hence the proposed

Refractive index of sensing medium (RIU)

Fig. 8. Plot of sensitivity (nm/RIU) with various refractive
indexes for different configuration of fiber SPR sensor
(color online)

In the third configuration, the Cu metal layer with the
BaTiOj; layer is considered for the RI ranging from 1.33 to
1.37. Here, resonance wavelength is obtained at 441.1 nm
for the RI of 1.33 without the BaTiOg layer as depicted in
Fig. 6 (a). The resonance wavelength shifts to 626.4 nm
with the addition of the BaTiO; layer as illustrated in Fig.

structure can be suitable in biosensing applications.

4. Conclusion

In this work, we have studied the fiber SPR sensor
with three different metal layers and the spectral responses
of this multilayer structure have been analyzed using
numerical simulation. We have shown the comparative
outcomes among the three metals (Ag/Au/Cu) and
obtained better sensitivity of 3125 nm/RIU with the gold
layer. To improve the sensor performance, we include a
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protective layer of BaTiO; that enhances the sensitivity.
Here maximum sensitivity of 3880 nm/RIU is attained
with the Au-BaTiO; based fiber SPR sensor. In
conclusion, the addition of the Barium Titanate layer
improves sensor performance in terms of sensitivity.
Therefore, this study is expected to offer a highly sensitive
SPR biosensor with its promising potential applications in
biological and chemical fields.
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