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Abstract

This numerical study presents an investigation of an optical fiber
D-shaped PCF SPR sensor for temperature sensing, via the finite
element method-based COMSOL Multiphysics simulation
software. In the proposed PCF configuration, the sensor consists
of two different-sized air holes and a gold layer. Between 10°C
and 60°C, pure ethanol and an ethanol-chloroform mixture are
selected to be used as analytes and their temperature
sensitivities are compared. The effect of sensor parameters on
sensor sensitivity is studied, and the optimum value is set for
each parameter. The maximum sensitivity is calculated as 2008
pm/°C for the pure ethanol, while it has reached 7750 pm/°C for
the ethanol-chloroform mixture, showing that chloroform
improves the performance. The sensor proposed in this study
has a higher temperature sensitivity compared to other studies
and therefore has significant potential for applications requiring
precise measurement.

Keywords: Surface plasmon resonance (SPR); Finite element method
(FEM); Fiber optic sensors; Photonic crystal fiber (PCF); Temperature
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Oz

Bu sayisal ¢alisma, sonlu elemanlar yontemi tabanli COMSOL
Multiphysics simulasyon yazilimiyla sicaklik algilama igin optik
fiber D-sekilli PCF SPR sensoriniin bir incelemesini sunmaktadir.
Onerilen PCF konfigiirasyonunda sensér, iki farkl boyutta hava
bosluklari ve bir altin katmandan olugsmaktadir. 10°C ile 60°C
arasinda, analit olarak kullaniimak Uzere saf etanol ve etanol-
kloroform  karisimi  secgilmis  ve  sicaklik  duyarliliklari
karsilastirilmistir. Sensor parametrelerinin sensor hassasiyeti
lizerindeki etkisi incelenmis ve her parametre igin optimum
deger belirlenmistir. Maksimum hassasiyet saf etanol i¢in 2008
pm/°C olarak hesaplanirken, etanol-kloroform karisimi igin 7750
pm/°C degerine ulagsmistir, bu da kloroformun performansi
artirdigini géstermektedir. Bu galismada onerilen sensor, diger
calismalara kiyasen daha yiiksek sicaklik hassasiyetine sahip
oldugundan hassas 6lgiim gerektiren uygulamalar icin dnemli bir
potansiyele sahiptir.

Anahtar Kelimeler: Yiizey plazmon rezonans (SPR); Sonlu elemanlar
yéntemi (FEM); Fiber optik sensorler; Fotonik kristal fiber (PCF); Sicaklik
sensori.

1. Introduction
(SPR) is an
phenomenon that is associated with the massive release

Surface plasmon resonance optical
of electrons called plasmons that take place at the
boundary between a dielectric material and a metal
(Erdogan & Dogan, 2023). SPR is commonly preferred
sensing applications such as chemical (Moznuzzaman et
al., 2020), physical (Chaudhary et al., 2022), and
biochemical (Chaudhary et al., 2022; Liu & Peng, 2020)
due to its advantages of the ability to be extremely
sensitive to the little alterations in the refractive index (RI)
of the surrounding environment. SPR-based sensors have
been widely employed for many different purposes such
as Rl sensing (Dogan & Erdogan, 2023; Dogan et al., 2023),
food quality detection (Yadav et al., 2020; Zhou et al.,
2019), pressure (Zhao et al., 2019), temperature
measurement (Chao et al., 2023; Zhao et al., 2019),

biochemical (Kumar et al.,, 2022), and gas detection

(Kumar et al., 2022; Liu et al., 2021). Optical fiber SPR

sensors provide some advantages, such as easy
integration and fabrication, remote sensing capabilities,
compact size, and cost-effective production compared
with prism-based ones (Wang et al., 2022). SPR sensors
are vital for sensing applications and there are studies on
different structures such as V-shaped (Abdelghaffar et al.,
2023), D-shaped (Dogan et al., 2023; Erdogan & Dogan,
2023; Gangwar & Singh, 2017), tapered fiber (D. Wang et
al., 2021), and U-bend (Xie et al., 2021). In the SPR
sensors, metals such as silver, gold, nickel, and copper
have been used as highly sensitive plasmonic layers
thanks to their have many charge carriers. Moreover, in
general, because of resistance to oxidation and chemical
stability, silver and gold have been preferred as plasmonic
layers (Pandey et al., 2023). Plastic optical fiber, photonic
crystal fiber (PCF), multi-mode fiber, and single-mode

fiber are different fiber optics types and these are used in
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different SPR
conventional optical fibers and other types of sensors,

sensor applications. Compared to
PCF sensors offer some important advantages, such as
enhanced light-guiding properties, design flexibility, high
sensitivity, large evanescent field, and compact size
(Abdelghaffar et al., 2023; Ramola et al., 2021). PCF air
holes can be produced through the stack-and-draw
method (Amouzad Mahdiraji et al., 2014). D-shaped fibers
have significant advantages, like being easy to
manufacture via side polishing technique (Chen et al.,
2016) and achieving significant evanescent field effects
(An et al., 2017). By chemical vapor deposition (CVD) or
sputtering technology, the gold layer can be deposited on
the surface of a D-shaped PCF (Abbas & Mahdi, 2023;
Zhou et al., 2014). In PCF, the air holes confine the light to
a specific area and provide an effective coupling between
surface plasmon polaritons (SPP) and core modes. In this
study, the main motivation is to integrate the advantages

of the PCF structure and D-shaped fiber.

In this work, a D-shaped SPR PCF temperature sensor with
a gold layer is investigated by finite element method
(FEM) based COMSOL Multiphysics. To examine the
performance of the proposed sensor, the electric field
intensity distribution, and the confinement loss have
been studied with the effect of the diameter of the air
holes, gold thickness, and polishing depth on sensitivity.
The proposed D-shaped SPR-PCF sensor shows finely
temperature sensitivity and linearity.

2. Design and Theoretical Background

In this study, a D-shaped PCF SPR sensor has been
designed for temperature sensing. The sensitivity of the
sensor depends on four parameters: d1-factor (d1/A), d2-
factor (d2/d1), h-factor(h/d1), and Au_th. Hole-to-hole
spacing (A) is fixed at 4 um. The diameters of large and
small air holes are mentioned as d1 and d2, respectively.
PCF sensor consists of air holes. It used air holes in this D-
shaped PCF SPR sensor structure to achieve greater light
confinement in the core region. Figure 1 illustrates a 2D
cross-sectional of the designed SPR sensor using D-
shaped PCF. Sensitivity performance can be further
improved by optimizing sensor parameters as described
in Section 3.

FEM-based COMSOL Multiphysics software is employed

for the numerical examination to investigate the
characteristics of the propagation of light. In FEM
numerical analysis, physics-controlled mesh elements are
employed to discretize the entire geometry and

boundaries of the PCF structure.
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Figure 1. Proposed D-shaped SPR-PCF 2D view

The software's mode analysis is utilized to investigate and
figure out the effective mode index for the pertinent
modes. SPP waves emerge when the phase-matching
condition is satisfied upon the interaction of polarized
light with a metal-dielectric layer. Eq. 1 illustrates this
matching condition (Nayak & Jha, 2017):

o ~ ()"

Em + € (1)

Where k, ¢, w, Em, and Es are phase, the light’s speed,
angular frequency, metal's dielectric constant, and the
dielectric medium's constant, respectively. The Sellmeier
equation is employed, as expressed in Eq. 2, to calculate
the Rl of silica. (Haque et al., 2018):
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In the equation, ai, az, as, bi, bz, and bz are Sellmeier
parameters which 0.6961663, 0.4079426, 0.8974794,
0.0684043 um, 0.1162414um, 9.896161um, respectively.
Au the layer’s dispersion relation is established using the
Drude model, and the associated equation is presented in
Eqg. 3 (Sharma & Gupta, 2007).

em (}\) zemr+ i Erni )
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Here, the values of Ap and Ac for gold (Sharma & Gupta,
2007) are 0.16826 pm and 8.9342 um, respectively. For
the mixture of ethanol/ chloroform, Eq. 4 illustrates the
correlation between temperature and Rl (Xu et al., 2008;
Zhang et al., 2021).

783



Numerical Analysis of Highly Sensitive D-Shaped PCF SPR Temperature Sensor, ERDOGAN ve DOGAN.

nr =x% [nethanolvr=zooc

dnethanol
——— (T —-20
T—ar ¢ )]

+(100 — x)% [nchloroform'['=zo°c

dnchloroform ]
——— (T -20

x stands for the

(4)

rate of the
ethanol/chloroform. In the SPR sensors, confinement loss

In this equation,

is mostly used to interpret the characteristics of sensors.
A lot of the energy in the core domain of the fiber to the
metal surface is connected, and the core region's energy
decreases. This optical phenomenon can be calculated
using the Eq. 5 (Yang et al., 2011).

40mtIm(negr)

In (10) A

21
~ 8.686 TIm(neff)lo4 [db/cm]

Loss = 104

(5)

In this equation, A shows the wavelength (um), and
Im(neff) denotes the mode index’s imaginary part
dependent on core-guided modes. Additionally, a crucial
parameter under consideration is the change in
(Ares) with
temperature variations (AT). The primary emphasis of

this investigation is on sensitivity (S) defined by Eq. 6:

resonance  wavelength associated

A)\res

S= AT

(6)

3. Results and Discussions

In this numerical study, a fiber optic D-shaped PCF SPR

sensor structure is created for temperature sensing and

numerically examined in the FEM. In the proposed sensor,

there are four parameters as dl-factor, d2-factor, h-

factor, and Au_th that are swept in the range of 0.5-0.8,

0.35-0.50, 0.6-0.9, and 45-65 nm, respectively. These
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values are determined considering the physical
limitations of the PCF sensor structure and the range
where surface plasmon appear. Figure 2 shows the
relation between the change in wavelength and
confinement loss with the real effective Rl of core and SPP
modes and the e-field distribution of these modes for the
mixture of ethanol and chloroform at 60 °C. For this
sensor to provide maximum sensitivity, it is essential to
the The indices
corresponding to 30°C and 60°C analytes are calculated

from Eq. 4.
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Figure 2. Confinement loss and the real effective refractive
indices of the SPP and Core modes in a mixture of ethanol and
chloroform at 60 °C vs. wavelength, and electric field
distribution for both modes

In the optimization process, one input is swept while
others are kept constant, which is reiterated for each
parameter. As shown in Figure 3a, the d1-factor is swept
between 0.5 and 0.8 with 0.1 increments, and the sensor
sensitivity is observed to get higher as the d1-factor
increases. The maximum sensitivity has reached 2546.33
pm/°C at 0.8 d1-factor. Figure 3b depicts the d2-factor,
which is swept between 0.35 and 0.50 with 0.05
increments, and the sensitivity gets slightly lower with the
increasing d2-factor. The maximum sensitivity is 2546.33
pm/°C when the d2-factor is 0.35.
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Figure 3. Sensitivity for d1 factor and d2 factor in the different ranges.
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The h-factor is varied between 0.6 and 0.9 with 0.1
increments, and the sensitivity tends to go up as the h-
factor increases and reaches the highest point at h-factor
0.9 with a value of 2962.66 pm/°C, as seen in Figure 4. As
can be comprehended from the figure, the distance
between the metal layer and the fiber core has a dramatic
effect on the sensitivity.

3000 T T

2900

2800 -

2700 4

Sensitivity (pm/°C)

2600

2500 - -
0,6 0,7 0,8 0,9

h-factor

Figure 4. Sensitivity for h-factor in the different ranges.

After optimizing the d1-factor, d2-factor, and h-factor,
the Au_th parameter is swept from 45 nm to 65 nm. Table
1 shows that the peak sensitivity of 3000.34 pm/°C is
reached at 55 nm Au_th. It is observed that the metallic
layer thickness influences the coupling between the core
and surface plasmonic modes. As a result, the optimum
values of dil-factor, d2-factor, h-factor, and Au_th
parameters in the sensor structure are 0.8, 0.35, 0.9, and
55 nm, respectively.

Table 1. Sensitivity corresponding to Au_th of 45, 55, and 65 nm

Au_th  h-factor  d2-factor di-factor Sensitivity
(nm) (pm/°C)
45 0.9 0.35 0.8 2962.66
55 0.9 0.35 0.8 3000.34

65 0.9 0.35 0.8 2922.5

The confinement loss has been calculated for the mixture
of ethanol and chloroform at various degrees, as seen in
Figure 5. It is understood that both the confinement loss
and the
temperature increases. Likewise, the confinement loss for

resonant wavelength decrease as the
pure ethanol at various degrees has been calculated, as
seen in Figure 6. It is seen that the confinement loss and
the resonant wavelength again decrease with increasing
temperature. However, the change in the resonance
wavelength is much smaller for given temperature
changes when compared to the ethanol chloroform
mixture analyte, leading to lower sensitivity.
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Figure 5. Confinement loss vs resonance wavelength for a
mixture of ethanol and chloroform at various degrees
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Figure 6. Confinement loss vs resonance wavelength for pure
ethanol at various degrees

Figure 7 depicts the correlation between temperature
and resonance wavelength for pure ethanol and a mixture
of ethanol/chloroform between 10°C and 60°C. For both
analytes, the resonance wavelength decreases with
increasing temperature between points 1-6. For the
mixture of ethanol and chloroform, temperature sensor
sensitivity at S1-2, S2-3, S3-4, Sas, and Ss.6 are 7750 pm/°C,
5000 pm/°C, 3850m/°C, 3350 pm/°C, 2580 pm/°C,
respectively. For S2.3, AT is 10 °C and AAres is 50 nm, which
yields a sensitivity of 5000 pm/°C. The maximum
temperature sensitivity has been attained as 7750 pm/°C
between 10 and 20 °C. In addition, for pure ethanol,
temperature sensitivity at Si-2, S»2:3, S3.4, Sas, and Ss.6 are
2008 pm/°C, 1747 pm/°C, 1500 pm/°C, 1445 pm/°C, 1290
pm/°C, respectively. The maximum temperature
sensitivity is obtained as 2008 pm/°C between 10 and 20
°C. Adding chloroform to the ethanol solution significantly
increases the sensitivity by shifting the resonance
wavelength from the region to the near-infrared region.
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Table 2: Maximum sensitivity comparison

Sensor Type

Analyte

Temperature [°C]

Max. Sensitivity [pm/°C]

Refs.

Trapezoidal- Shaped SPR
PCF SPR

PCF SPR

CTF-SPR

Hexagonal PCF

D-shaped PCF-SPR

D-shaped PCF-SPR

-PCF Ethanol & Chloroform
Magnetic fluids
PDMS
Ethanol
Sea water

PDMS

Ethanol & Chloroform

Pure ethanol

10-60 5200 (Chao et al., 2023)
20-80 1410 (Gu et al., 2022)
5-45 3757 (Gao et al., 2023)
20-50 3200 (Q. Wang et al., 2021)
30-60 5000 (Abdullah et al., 2020)
25-55 229 (Mo et al., 2021)
10-60 ;ggg Proposed

T T T T
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Figure 7. The correlation between sensitivity and resonance

wavelength for the two analytes in the temperature range of 10
°C to 60 °C.

Table 2 demonstrates the maximum

comparison with other works in the literature. The

sensitivity

proposed D-shaped PCF-SPR sensor using optical fiber has

attained superior  sensitivity in  temperature

measurement.

4. Conclusions

In this work, an optical fiber D-shaped PCF SPR sensor is
proposed as a temperature sensor and numerically
examined via the FEM-based COMSOL Multiphysics
software. The sensor performance has been analyzed for

ethanol and an ethanol-chloroform mixture in the
temperature range of 10 °C to 60 °C. Four sensor
parameters are optimized to reach the highest

temperature sensitivity, and the best combination has
been found as 0.8, 0.35, 0.9, and 55 nm representing d1-
factor, d2-factor, h-factor, and Au_th, respectively. The
trend in confinement loss and resonance wavelength
have been investigated in reference to temperature. The
maximum sensor sensitivity has been acquired as 7750

pm/°C in the range of 10 °C-20 °C for the mixture of
ethanol and chloroform, while it is 2008 pm/°C for the
pure ethanol at the same temperatures. The proposed
sensor offers significantly higher sensitivity compared to
previous works, which makes it promising for future
works.
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