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Abstract: In this paper, an extremely sensitive Photonic Crystal Fiber (PCF) based Surface
Plasmon Resonance (SPR) sensor having D-shaped structure has been proposed. Gold
has been used as the plasmonic material, and it has been coated outside of the fiber on its
glassy surface to detect the change in the refractive index of the surrounding medium. Gold
has been chosen as it is chemically stable and has no impact on the surrounding aqueous
medium. Maximum Wavelength Sensitivity (WS) of 216,000 nm/RIU and Amplitude Sensi-
tivity (AS) of 1680 RIU~" have been achieved for the analyte refractive index range 1.23 to
1.42 by the proposed sensor. After conducting a detailed literature review in the relevant
field, it has been revealed that the proposed sensor possesses the highest wavelength
sensitivity among recently reported PCF-SPR sensors to this date. The proposed sensor
also exhibits a resolution of 4.63 x 107 RIU and FOM of 1200. Consequently, the proposed
sensor can become an ideal candidate in the field of biomedical sensing, chemical sensing,
and other lower Rl analytes sensing.

Index Terms: Surface plasmon resonance, photonic crystal fiber, refractive index.

1. Introduction

Surface Plasmon Resonance (SPR) is the phenomenon explained in optics, which is the vibration
of the electrons that are not associated with a single atom in a molecule, ion, or solid metal. In
the Photonic Crystal Fiber (PCF) based SPR sensor, this vibration generally takes part in the
metal-dielectric interface. It generates surface plasmonic waves that travel into the interface known
as Surface Plasmon Polariton (SPP) [1]. The densely charged particles of the various plasmonic
materials produce SPPs. Surface Plasmons in the PCF-SPR sensor are immensely sensitive to the
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RI of the surrounding medium. When the plasmonic mode and the fundamental mode intersect with
each other, SPR occurs, which is also defined as a phase-matching point. This leads the PCF-SPR
sensor to detect the wavelength shifting as well as to sense the Rl changes of the analyte of the
surrounding medium. PCF-SPR sensor has gained popularity over the conventional SPR sensor
as the conventional sensors’ structural design is based on V-groove waveguide, slot wavelength,
prism, which is very bulky and costly [2]. On the other hand, PCF-SPR sensors are very compact,
cheap, and its features of the microscale application, label-free detection, ease of fabrication, etc.
have gained more attention from the researchers in this field [2], [3].

The primary motive for designing the PCF-SPR sensor is to achieve maximum coupling efficiency
between the fundamental mode and plasmonic mode by optimizing the structural parameters
such as air hole ring lattice setting, diameters of the air holes, pitch, selection of plasmonic
material, etc. of the PCF-SPR sensor [4]. Various types of structures, including long-period Bragg
grating, microfluidic slot-based constructions, interior metal-coated, outer metal-coated, D-shaped
formation, and so on, have been studied and analyzed for numerous PCF-SPR based detection
applications [5]. Generally, two types of sensing technic are implied in PCF-SPR sensors. One
is the internal sensing mechanism, and the other is the mechanism associated with sensing
externally. The composition having an internal sensing mechanism where metal coated on the
air holes’ outer surface in the cladding region has been studied and analyzed, demonstrating a
significant result of great sensitivity for practical application [3], [5]. Internally coated SPR sensors
have selectively filled analyte channels that decrease the fabrication feasibility. The scheme of filling
and vacating these channels with the analyte is challenging and time-consuming [5]. To address
the challenging issues and drawbacks of internal metal-coated PCF-SPR, the external sensing
mechanism-based D-shaped PCF-SPR structure has been demonstrated, which possess WS of
2900 nm/RIU [6]. A modified D-shaped PCF structure has been proposed to increase the spectral
sensitivity. The plasmonic material is coated on an open ring analyte channel, and the achieved
WS is 20000 nm/RIU [7].

The sensing performance of the PCF-SPR sensor is very much influenced by the selection of
plasmonic materials [5], [7]. In this regard, gold and silver are mostly considered for designing
the PCF-SPR sensor. Gold is also preferred over silver as it is chemically stable for a longer
period, oxidation of the metal film is highly unlikely, and it displays greater resonance peak shifts
[8]. However, silver shows a sharper resonance peak with respect to other plasmonic metals, and
its chemical instability can be minimized by adding an adhesive agent such as TiO-, [9]. For analyte
sensing range 1.33 to 1.43, the maximum WS of 46000 nm/RIU has been reported where gold is
used as plasmonic material [10]. Various PCF based SPR sensors which have been competent
to detect the refractive index of analyte starting with 1.33 have been demonstrated in [5]-[15].
Nowadays, essential applications are arising where the lower refractive indexes (less than 1.3) are
needed to be detected [16], and a small number of studies have been with the PCF-SPR sensor
that could sense the Rl less than 1.3 [3]. Some of the PCF-SPR sensors capable of detecting
RI lower than 1.3 are proposed in [16]-[21], and their maximum achieved WS are 11055, 13000,
13500, 51000, and 116000 nm/RIU, respectively.

In this work, a D-shaped PCF based SPR sensor has been proposed and numerically investi-
gated for wide range of Rl (1.23-1.42) detection. Gold has been chosen as the plasmonic material
for this design as it has no impact by the surrounding aqueous medium and has been coated
on the polished surface. The coupling efficiency has been maximized between the fundamental
core guided mode and the plasmon-polariton mode by creating the two sensing passageways near
the polished surface, enabling the particular PCF-SPR sensor to achieve great sensitivity. The
maximum achieved sensitivity for this PCF-SPR sensor in both spectral and amplitude interrogation
methods are 216000 nm/RIU, 1680 RIU~", respectively. Maximum FOM was calculated 1200, and
the resolution is 4.63 x 10~7.A simple D-shaped PCF with five air holes having same diameter
which exhibits such high sensitivity makes the proposed sensor standout in the field of PCF based
SPR sensors. A detailed literature review in the relevant field indicates that the proposed sensor
has achieved maximum sensitivity in the spectral interrogation method to date.
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Fig. 1. (a) Proposed PCF-SPR sensor’s 2D schematic diagram. (b) Fiber’s fabrication arrangement.

2. Numerical Design and Modeling

The two-dimensional cross-section of the proposed sensor has been illustrated in Fig. 1(a). The
structural design contains two layers of air hole ring having a square lattice setting. The center air
hole and the three air holes from the first ring have been removed to create the proposed sensor’s
stable core. Three upper air holes from the 1st ring have been used to create isolation between the
core and plasmonic material layer. Two upper corner side air holes from the 2nd ring have not been
considered in the design to establish maximum efficiency of the coupling between fundamental
core guided mode and plasmonic mode. The stack and draw method [5], [9], [19], also known as
a state-of-the-art technique of fabricating PCF-SPR sensors, can be easily applied to fabricate the
proposed sensor depicted in Fig. 1(b). All the solid rods and capillaries will be placed together,
and then they will be lifted after a certain unit of a time period. During fabrication, solid rods with
the same diameter and cylindrical capillaries having the same thickness will be used to create the
no air hole and air holes of the proposed sensor. The fiber's D-shaped structure will be formed
using the polishing technique mentioned in [5], [13]. Finally, the chemical deposition method will be
followed to roof the plasmonic material gold on the polished surface of the proposed sensor [18],
[19], [21].
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Finite Element-based electromagnetic simulation software COMSOL Multiphysics (Version 5.4)
has been used to investigate and analyze the proposed sensor’s performances numerically.
Extremely fine mesh was considered for simulation in order to achieve the maximum simulation
accuracy. The primary structural parameters of the sensors such as air hole diameter (d), pitch
(A), and thickness of plasmonic material (Au) have been optimized atd = 1.65 um, A = 3.30 um,
and Au = 80 nm, respectively. Drude-Lorentz model described in [Ref. [23] has been followed
to calculate the refractive index of gold. The Sellmeier equation given following (1) has been
considered to estimate the dielectric constant of SiO (fused silica) used as the proposed sensor’s
background material.

B2 BoA2 BsA2
o) =1+ et r gt g (M

Where ng;o represents the refractive index of silica, A indicates the wavelength of operation in
um, and B,, and C,, specify Sellmeier coefficients [n = 1, 2, 3].

3. Result and Discussion

The optical field distribution of the fundamental and plasmon-polariton modes has been illustrated
in Figs. 2(a) and (b). In a photonic crystal fiber, air holes basically work as the cladding region.
When light is transmitted, the whole optical field is confined within the core mode. On the contrary,
plasmon polariton mode appears at the sensing medium where the plasmonic material has been
coated. At the resonance condition, the wave vector of incident light of the core mode and surface
plasmonic waves of the SPP mode gets equal with each other, which can also be defined as
a phase-matching condition. The field distribution at surface plasmon resonance condition has
also been depicted in Fig. 2(c). A noticeable amount of energy transfer has been observed at
the phase-matching condition as the light energy gets absorbed by the plasmonic surface waves
due to the establishment of strong energy coupling at the interface between the plasmonic material
coating and dielectric medium. The dispersion relation of the 1st order core guided mode, 2nd order
plasmon polariton mode, and the loss curve have been illustrated in Fig. 2(d). Since refractive index
is a function of wavelength, effective index mode of SPP mode and fundamental mode change with
wavelength. For the analyte value Rl = 1.33, the indexes of refraction of the fundamental mode
and the plasmon-polariton mode matched at the operating wavelength 1.49 um as well as the
establishment of strong coupling between these two modes occurred, which results in a sharp
peak loss at the intersection point. For this specific PCF-SPR structure, it has been observed
that the significant evanescent field has been produced due to the excitation of free electron of
y-polarized transverse electric mode rather than the x-polarized transverse electric mode. And a
significant amount of energy has been delivered from the core mode to plasmon polariton mode at
the phase-matching condition.
The confinement loss calculation formula is given in the following equation [5], [21].

. 4071/M(n6ff)
~ In(10)A

Where denotes free space wave numbers, 2 indicates the wavelength of operation in xm, and
Im(n.g) denotes the effective index’s imaginary part.

The loss spectra for analyte Rl range 1.23 to 1.42 at resonant wavelengths are illustrated in
Fig. 3(a). Redshifting with propagation loss increased for the proposed PCF-SPR sensor as the
incomplete coupling occurred while varying the value of Rl to higher [18]. An excellent fitting
agreement depicted in Fig. 3(b) has been observed from the polynomial fit curve of R- square
value 0.98.

From (4) and (5) mentioned below, the spectral sensitivity and the resolution of the proposed
PCF-SPR have been calculated [5], [10]. Maximum spectral sensitivity or WS of 216000 nm/RIU
has been achieved, as well as resolution achieved 4.63 x 10~7 RIU while the analyte RI range
varied from 1.23 to 1.42 having 0.01 step size. And the maximum wavelength sensitivity has been

~ 8.686 x kolm(ne) x 10*dB/cm 2)
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Fig. 2. Light field distribution for Rl = 1.33. (a) Plasmon polariton mode. (b) Fundamental core guided
mode. (c) SPR condition. (d) Dispersion relations of the fundamental mode and plasmonic mode.

observed when the analyte value was changed from 1.23- to 1.40. The wavelength sensitivities
of the proposed PCF-SPR for the analyte range 1.23 to 1.41 are 1000,1000,2000, 2000, 2000,
2000, 2000, 2000, 2000, 2000, 2000, 2000, 2000, 2000, 2000, 2000, 2000, 7000 and 216000
nm/RIU, respectively. At resonant wavelength 1320 nm, the minimum loss of 0.03 dB/cm has been
observed, where the maximum loss of 720 dB/cm occurred at 3850m wavelength. Furthermore, the
establishment of extremely strong coupling between the core and plasmon-polariton modes leads
to high propagation loss at analyte Rl 1.42. Additionally, the proposed sensor shows a maximum
FOM (Figure of Merit = Sensitivity/FWHM) [25] of 1200, where the minimum achieved FOM is 10
for analyte value 1.41 and 1.23, respectively.

A)\peak

WS[nm/RIU] = An
a

@)
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Fig. 3. (a) Propagation loss curves of the proposed PCF-SPR sensor for analytes Rl range 1.23 to
1.42. (b) Resonant wavelengths’ polynomial curve fitting.

Where Al ,qa1 €Xpresses resonance peak shifting of loss curves, and An, indicates a step size of
varying analyte RI.

Where AAj,,;, denotes the resolution of minimum wavelength, and Al ..k €xpresses resonance
peak shifting of loss curves in the wavelength domain.

The structural parameters of the proposed PCF-SPR, such as air hole diameter, pitch, and
plasmonic material thickness, have been varied. Their impacts toward sensitivity on the resonant
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Fig. 4. Confinement loss curves for different value of (a) d, (b) Pitch A.
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Fig. 5. Confinement loss curves for different value of Au.

wavelength have been investigated. The performances showed at different structural parametric
values have been illustrated in Fig. 4 and Fig. 5.

Fig. 4(a) shows that blueshifting occurs while tuning the value of d from 1.55 um to 1.75 um
with propagation loss being decreased. This has happened as the coupling strength between the
core and plasmon-polariton modes are getting weaker with the increasing value of d. This results
in comparatively less amount of energy transfer from the core mode to SPP mode and vice-versa.
Similarly, in Fig. 4(b), while varying the pitch value from 3.2 to 3.4 um, a noticeable blue shift is
observed with confinement loss being decreased due to weak coupling.

The significance of the thickness of plasmonic material gold (Au) on loss curves has been shown
in Fig 5. It is seen that significant blueshifting is observed while tuning the thickness value of
Au from 70 nm to 90 nm. This behavior from the proposed PCF-SPR is shown as the refractive
index of the surrounding medium of fundamental core guided mode. The plasmon polariton mode
changes with the changing value of Au thickness [8]. For that reason, the phase matching point is
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Fig. 6. Amplitude sensitivity (AS) of the proposed PCF-SPR sensor for analytes Rl range 1.34 to 1.39.
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TABLE 1

Comparison of Performances of the Proposed PCF-SPR Sensor With Recent Reported
PCF-SPR Sensors

Parameter Tolerance (%) Wavelength sensitivity

Airhole diameter -2 215,950
0 216,000

2 215,980

Pitch -2 215,985

0 216,000

2 215,965

Gold Thickness -2 215,990
0 216,000

2 215,995

TABLE 2

Comparison of Performances of the Proposed PCF-SPR Sensor With Recent Reported
PCF-SPR Sensors

Ref. Max. WS Max. AS Lowest. Max. RI Range
R FOM
[5] 46,000 1086 2.2x10° - 1.33-1.43
[13] 31,000 -- 3.31x10°% - 1.32-1.40
[14] 62,000 1415 1.6 x106 1140 1.33-1.43
[21] 51,000 1872 1.96 x10¢ 566 1.22-1.37
[26] 17000 74 5.8x10% - -
[27] 5200 - 1.92 x10°% - 1.33-1.37
[28] 11000 631 9.09x10® 157 1.33-1.40
[29] 50000 1449 2x10¢ - -
[30] 111000 2050 9x107 - 1.33-1.43
Proposed 216000 1680 4.63 x107 1200 1.23-1.42

also getting changed to lower wavelengths. Propagation loss decreases as the coupling strength
between the core and plasmon polaritons are weaker. Finally, the optimized value for Au thickness
was determined by 80 nm after investigation.

The proposed PCF-SPR sensor’'s amplitude sensitivity has been calculated from the [Ref. [5]
and given following in (5). It has been found that the sensor shows maximum and minimum AS of
1680 and 20 RIU-1 for analyte value n, = 1.42 and n, = 1.23, respectively. Fig. 6 illustrates the AS
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of the proposed sensor for analyte Rl range 1.35 to 1.42.

1 da(r, ng)

17 _
AS[RIU~"] = PRSI

(5)

Where a(A, n,), expresses the confinement loss for the selected analyte R, the variance between
two confinement loss curves is expressed by dwx (A, n;), and step size of varying analyte Rl is
indicated by on.,.

The impact of varying the thickness of plasmonic material gold, air hole diameter, and pitch
value toward wavelength sensitivity have been depicted in Fig. 7(a), (b), and (c), respectively. It
has been observed that the highest WS of 216000 nm/RIU has been achieved for the proposed
sensor having an Au thickness value of 80 nm, an air diameter d value of 1.65 um, and a pitch
value of 3.3 um. Therefore, these values have been selected as optimized values for the proposed
sensor. Moreover, with the current state of the art fabrication technology [14] maximum + 2%
fabrication tolerances has been considered which is shown in Table 1. It is clearly visible that the+
2% fabrication errors has negligible effects on the wavelength sensitivity of the proposed sensor.

The proposed sensor’s performance parameters are tabulated in Table 2 and compared with
other recent reported PCF-SPR sensors. After a detailed comparison, it has been found that the
proposed sensor has shown the highest WS sensitivity, highest FOM, lowest resolution among all
recently reported sensors mention in Table 2.

4. Conclusion

An extremely sensitive PCF-SPR sensor was proposed in this work for the analyte refractive index
detection range 1.23 to 1.42. The coupling efficiency was maximized between the fundamental core
guided mode and the plasmon-polariton mode by creating the two external sensing passageways
near the polished surface, enabling the particular PCF-SPR sensor to achieve great sensitivity.
Numerical investigation exhibited that the proposed sensor has a maximum WS of 216,000
nm/RIU, highest among other recently reported PCF-SPR sensors. The proposed sensor also
showed maximum AS, resolution, and FOM of 1680 RIU~', 4.62 x 10~/ and 1200, respectively.
Furthermore, the external sensing mechanism makes the proposed sensor robust and feasible for
practical implementation. Hence the proposed sensor can be a suitable candidate in the field of
biomedical sensing, chemical sensing, and so on.
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