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In this research, unconventional coupling of Tamm/Fano states was studied as a magnetic field
sensor through a one-dimensional photonic crystal (1D PC) comprising a magnetic fluid. Thus, the
magnetic field PC sensor is configured as [prism/Ag/cavity/(TiO,/CaF,)"]. In this regard, the cav-
ity layer in this structure is filled with a magnetic fluid of sodium iodide (Nal). This magnetic cavity
layer is sandwiched between a thin metallic film of Ag and multilayers of (TiO,/CaF,), thereby
allowing this sensor to be very sensitive to any change in the applied magnetic field. The reflectance
spectrum is analyzed based on the fundamentals of the transfer matrix method (TMM). In addition,
all sensor parameters have been optimized to get the optimal conditions for the sensor performance.
Moreover, numerical results showed that changing the intensity of the external applied magnetic
field has a significant effect on the refractive index of the magnetic fluid and observed significant
shifts in the position of the localized Tamm/Fano modes. Finally, different performance param-
eters are calculated, among them, a superb sensitivity is obtained with the value of 1500 nm/RIU
at a magnetic field of just 50 Oe, which recommends this magnetic sensor as a good candidate in
numerous magnetic applications.

Keywords: photonic crystal magnetic field sensor, cavity layer, magnetic fluid, Tamm plasmon resonance,
Fano resonance.
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1. Introduction

In 1987, YaBLONOVITCH [1] and JoHN [2] have proposed a new kind of artificial periodic
materials known as photonic crystals (PCs). Meanwhile, PCs have played pioneering role
in many applications in the last three decades due to their unique properties. PCs are
man-made structures with different refractive indices arranged periodically in 1D, 2D
or 3D [3-5]. PCs are characterized by the so-called photonic band gaps (PBGs) and
photon localization modes. The emergence of these PBGs provides a promising role
in controlling the propagation of electromagnetic waves (EMWs) in 1D, 2D or 3D.
Meanwhile, the appearance of these bands through 3D structures could provide the
ability to completely inhibit spontaneous emission and localize the light [3-6]. Con-
sequently, photon localization provides discontinuous electromagnetic waves in the
PBG due to breaking the periodicity of the periodic structure by defects or cavities [7].
Interestingly, PCs have received a considerable effect in many applications such as
reflectors [8-14], resonators [15], optical resonators [16], optical filters [17], gas sen-
sors [18,19], temperature sensors [20,21], magnetic field sensors [22] and water de-
salination applications [23].

Nowadays, the phenomenon of Tamm plasmon resonances (TPR) is demonstrated
in PC designs for many sensing applications. This phenomenon appears at the interface
between a metallic layer and dielectric designs of PCs due to localized surface plasmon
polariton [24,25]. While the surface plasmon polariton [26] is a surface wave which
propagates along the interface between metal and dielectric, this wave is formed by
the collective motion of electrons in the metal. Meanwhile, the collective motion pro-
vides a localized oscillation via the propagating of EMWSs which are confined to the
interface. Moreover, TPR is characterized by a sharp resonant peak in the transmittance
or reflectance of the spectrum of the PC structure. In addition, the excitation of TPR
with EMWs, the shift in reflectivity spectra is observed. Notably, TPR demonstrates
high sensitivity and high-quality factor in the optical sensing [24,27].

Otherwise, another phenomenon that is illustrated in PC structures is known as
Fano resonance [28,29]. Up to now, Fano resonance is a state of resonance, which is
established from theoretical aspects and explanations by Ugo Fano in 1961. As long
as, Fano resonance appears as an asymmetric line shape in the transmission and re-
flection spectrum of the PCs framework. As well, the appearance of Fano resonance
is due to the interference between the resonance mode with the continuum of radiation
modes which behaves as a broad background spectrum. Consequently, if this interfer-
ence is constructive it leads to a peak in the transmission or reflection spectrum, while
the destructive interference leads to a dip or anti-resonance. Over and above, Fano res-
onance has a wide range of applications such as electro-optical applications and chem-
ical or biological sensing [30,31].

Posteriorly, when a magnetic field interacts with PCs, it causes significant changes
in the permittivity of metals, semiconductors, and used materials. These changes in
the permittivity of these materials are due to the magneto-optic effects [32,33]. Thus,
the magneto-optical influences are classified to two effects, the Faraday effect, and the
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Voigt effect [32,33]. The direction of the applied magnetic field is normal to the direction
of the propagation of EMWs in Faraday effect, while, in Voigt effect it is parallel to
the direction of the propagation of EMWs. Moreover, both effects are certainly related
to the interaction of EMWSs with the component materials of the structure.

Herein, we intend to study the characteristics of a magnetic field sensor based on our
unique PC design, which displays Tamm/Fano plasmon resonance inside the PBG by
using a magnetic fluid inside a defect layer [34]. Magnetic fluid is a liquid magnetic
material, which has high sensitivity to magnetic effect and the ability to change its re-
fractive index and optical properties via the exposure to the external magnetic field.
Thus, this effect will lead to changes in the PBG properties and localized modes as well.
Therefore, the presence of external magnetic field affects the magnetic nanoparticles
of the magnetic fluid by aligning it with the field orientation [34,35]. Besides the
changes on the refractive index of the magnetic fluid, the PBG and position of produced
Tamm/Fano modes will be shifted. In the beginning, we will carry out a comprehensive
optimization process on all the sensor parameters to set up the optimal PC magnetic
field sensor design. In what follows, we will focus on the production of Tamm/Fano
modes through this material and show how the PBGs can be affected with the applied
magnetic field and discuss the performance of the sensor according to many parame-
ters. Finally, we will highlight the suitable application of our candidate design accord-
ing to the finding results as will be discussed in the next sections.

2. Structure design

In this work, we present the essential design of the 1D PCs in which each unit cell is
composed of two layers of titanium dioxide and calcium fluoride (TiO, and CaF,),
with thicknesses d; = 100 nm and d, = 600 nm, respectively. In this regard, the de-
signed structure provides a periodicity number N of 15 repeated unit cells. Then, a cavity
layer of thickness d, =5 um is deposited over the designed PC structure. This cavity
layer is filled of the analyte material, sodium iodide (Nal). In addition, a thin metallic
layer of sliver (Ag) layer with thickness d,,, = 30 nm is introduced over the cavity layer
to generate the resonant peak inside the PBG. Finally, we use a prism, which is located
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Fig. 1. The schematic diagram of the 1D PC structure consisting of metallic layer on the top surface, then
a cavity layer d_ of Nal beside periodic dielectric materials of TiO, and CaF, are repeated N times. Also,
the prism is in located in the front of the whole structure to allow the best interaction between EMW’s
and the applied magnetic field.
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in front of the face of Ag layer. As well, our final designed structure is configured as
[prism/Ag/ cavity/(TiOz/Can)ls] as mentioned in Fig. 1.

3. TMM formulization

Here, our sensor could be analyzed through a unique theoretical method. Specifically,
after inserting the Nal into the cavity inside the PC design where it is situated between
the metallic layer of Ag and TiO,/CaF, multilayers. Thus, this layer of Nal illustrates
distinguishable optical characteristics via the interaction with EMWs and applied mag-
netic field. In addition, the metallic layer is located on the top of the PC that is necessary
for appearing the Tamm/Fano resonance inside the resultant PBG. In the following,
unless mentioned otherwise, the incident angle of light on the proposed structure has
fixed value approximately 6, = 20°. Notably, the whole schematic of the sensor will
be arranged as [prism/Ag/ cavity/(TiO,/CaF,)"], where N refers to the periodicity of
the PC structure.

Now, according to the characteristic formalism, which is known as the transfer ma-
trix method (TMM), we can manifest the theoretical fundamentals of the proposed de-
sign and optical parameters of the sensor [36-38]. According to this method, the magnetic
and electric components of EMWs will be considered in the Z-direction. The ampli-
tudes of the electric £; and magnetic H; in a layer j are given as follows:

E(z) = Gyexp(—ik;z) + Hiexp(—ik;z) = E , +E (1)
b o oL OB _ Tk e "
j(Z) = ?E = 7[— jeXp(—l jZ) jeXp(—l jZ):|
k.
= —(E,.+E, ) = I'(E,,~E, ) )

where k; = kq n; cos(6;), and G, H are two constants, n is the refractive index, and 6, is
the incident angle. Then, the electric and magnetic components can be described as
follows:

E(2)] _ {1 1 } E, E.| _ 1|1 1p]||E;2) 3
G|y pl|E (B 2|1 -up||HG)

By reformulated Egs. (1) and (3) we get:

Ey]+ _ exp(lﬁj) 0 Ey2+ (4)
EyF 0 exp(—i,Bj) Ey27

where ,Bj = kjdj, and kJ refers to the wave vector, dJ is the thickness of each layer. This
can happen when the incident waves interact with a featured layer having the thickness
Of d] = Zz — Zl‘
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From Egs. (3) and (4):

E@| _ 1] _Ey1+
H,(z) Pi P Ey

[ 1 [expig) 0 Ey,
p; —P;||0 eXp(_i:Bj) Ey2
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—isin f;

COSﬁj p—l [EQ(Z):| _ f|:E2(Z):| (5)

J J
. . H,(2) H,)(z)
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where f; expresses the relation between the electric and magnetic fields components
along the layer j. Consequently, the total characteristic matrix for the full structure lay-

ers which interact with the incident electromagnetic waves can be described as follows:

F= |:F11 F12] _ Hj:1};} (6)

F21 F22

where F,, F',, F5;, and F,, are the matrices of the total structure. Finally, the reflec-
tance of the incident electromagnetic waves is given by:

— (F1]P0+F]2P5P0)_(F21+F22P0)

r b
(F]1P0+F]2PSP0)+(F21+F22Ps)

R=1r2 (7

Here P, stands for the prism and Pg represents the substrate. These two coefficients
are given by: P, =n,cosf, and P = nscosf,. Now, the EMWs interact with 1D de-
fective PCs by applying the external magnetic field H. On the other hand, the per-
mittivity of the Ag layer can be determined from the Drude model formula, and it is
given by [38]:
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where o is the frequency of the incident radiation rays (w = 2mc/4), c is the speed of
light. Here, w, is the plasmon frequency of the Ag layer w, = 13.69 x 103 rad/sec,
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while y is the Ag damping constant that approaches to y = 27.35 x 102 rad/sec [38].
Then, the refractive index of the metallic layer of Ag could be calculated from

n, = J5 ©)

Moreover, the refractive index of the magnetic fluid is an essential parameter for
optical sensing applications. Therefore, it is necessary to get the refractive index as
a function of applied magnetic field. The refractive index of the magnetic fluid could
be computed by the Langevin function [39] as follows:

ne = (ns—no){coth[w(H_Hc)}— T }-f‘no
T a(H—H,)

where, H is the magnetic field strength in Oe, H_ , is the magnetic field strength that
is related to liquid and concentration of the magnetic field, n, is the saturated refractive
index and n,, is the initial refractive index of magnetic fluid. Here, ¢ describes the fit-
ting parameter, and T is the operating temperature.

(10)

4. Results and discussion
4.1. Optimization of sensor parameters

In this section, we will present our magnetic sensor in the configuration of (metallic
layer/Nal cavity layer/dielectric multilayers). So that, we will pursue in elucidation
the dominant parameters which have significant effects on the efficiency and optical
properties of the sensor. For instance, the type of metal, components of dielectric
multilayers, and thickness of each layer. Besides these factors, we will study the impact
of periodicity parameter and variation of incident angle on the sensor performance as
well. Therefore, we fluctuate the intensity of applied magnetic field value at two dif-
ferent values of the previous parameters. Moreover, we will repeat the last step for each
design parameters and calculate the sensitivity of the sensor until reach the optimal
and best conditions.

4.2. Optimization of the type of the first layer

Here, we intend to find the best material used as a first layer in the PC based on its
effect on the sensitivity of our sensor. Therefore, we firstly set our first candidate ma-
terials of the structure as (Ag metal layer/Nal cavity layer/Al,0/CaF,) with the num-
ber of periodicity of PC, N = 15. Now, we alternate between aluminum dioxide Al,O5,
yttrium (III) oxide Y,0O5 and titanium dioxide TiO, as the first layer of our structure
by keeping the other parameters without changing. Also, we would change the intensity
of the magnetic field and determine the sensitivity of our sensor. Firstly, without any
applied magnetic field and secondly, when the intensity of magnetic field equals 100 Oe
as seen in Fig. 2. We achieve the highest sensitivity when using titanium dioxide TiO,
as the first layer of PC. Where, the maximum sensitivity is about 1100 nm/RIU, and
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Fig. 2. The sensitivity of our sensor when magnetic field intensities have values between 0 and 100 Oe
with different materials of the first dielectric layer (such as Al,03, Y,03, and TiO,).

other materials do not exceed 750 nm/RIU. So, the sensor structure becomes firstly
as [Ag metal layer/Nal cavity layer/(TiO,/ Can)ls].

4.3. Optimization of the second layer

On the other hand, the second step of optimization is the second layer of the dielectric
stack in our sensor in examining different materials (such as MgF,, Al,05, SiO,, Y,05,
and CaF,). The thicknesses of each layer in our structure is not changed until now. We
also applied different magnetic field intensities on the structure between 0 and 100 Oe
and calculated the sensitivity of structure while changing the second layer of this PC.
According to these different materials (MgF,, Al,05, Si0,, Y,05, CaF,) with refractive
indices n, in the PC. As can be seen in Fig. 3, the sensitivity reaches the highest value
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Fig. 3. The sensor sensitivity against the refractive indices of different materials of the second layer (such
as MgF,, Al,03, SiO,, Y,03, and CaF,) at different magnetic field intensities.
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which approach to the value of 1100 nm/RIU, when using calcium fluoride CaF,.
Therefore, the structure of sensor now reaches the configuration of [Ag metal/cavity
layer (Nal)/(TiO,/CaF,)"].

4.4. Optimization of the type of metallic layer

Now, we will optimize the effect of the metallic layer on the sensor sensitivity. The con-
figuration [Ag metal/cavity layer (Nal)/(TiO,/ Can)15 ] has the same previous men-
tioned thicknesses at condition of applying magnetic fields by 0 and 100 Oe, while,
changing the type of used metal in our structure. These metallic materials such as silver,
gold, aluminum, and even platinum illustrate unique responses based on their real and
imaginary part of permittivity through interaction with EMWs. In Fig. 4, the highest
sensitivity of our design reaches to more than 1400 nm/RIU when using Ag rather than
other metals due to its low optical losses and the lowest attenuation part [37,38]. To
sum up, the dependence on Ag, TiO, and CaF, layers in the design of the proposed
sensor represents the best choice towards the best performance. Notably, the inclusion
of TiO, and CaF, through each unit cell of our PC structure gives rise to the best sen-
sitivity as depicted in Figs. 2 and 3. Moreover, these two materials provide a relatively
high contrast between their indices of refraction, which, in turns, leads to a relatively
wide PBG compared with other pairs. This strategy could be of a significant interest
towards a smooth and simple shift of the introduced resonant peak whatever the in-
tensity of the applied external magnetic field. In contrast, the inclusion of Ag metal
could be promising towards high sensitivity and high-quality factor as well of the de-
signed sensor compared with other metals as demonstrated in Fig. 4. Notably, Ag pro-
vides low optical losses due to its small damping value [38]. Therefore, the full width
at half maximum of the emerged peak is expected to be small which in turns could
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Fig. 4. The sensitivity of the proposed sensor with different metallic materials (such as Al, Au, Ag, Pt)
at different intensities of magnetic field (0 and 100 Oe).
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give rise to the best quality factor value. So that, the structure now is configured as on
[Ag metal/cavity layer (Nal)/(TiO,/CaF,)'°].

4.5. Optimization of the thickness of each layer

Firstly, we aim to identify the optimal thickness of the first layer of the dielectric
multilayers in the photonic crystal (PC) structure that yields the highest sensitivity in both
the absence and presence of the applied magnetic field, specifically at 0 and 100 Oe.
For these two magnetic field intensities, we evaluate the sensitivity of our sensor at
various thicknesses of the first layer. Consequently, we utilize different thicknesses of
titanium dioxide for this analysis d; = 40, 80, 100 and 120 nm. In this regard, the in-
crease in the thickness of the first dielectric layer led to inflation in the sensitivity from
720 to 1100 nm/RIU as shown in Fig. 5. Although, the elevation in the sensitivity with
increasing the thickness of TiO,, the continuous increasing in d; over 100 nm led to
drop down in the value of this sensitivity to reach about below the value of 750 nm/Oe.
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Fig. 5. The sensitivity of the proposed sensor at different thicknesses of the first layer (TiO,) (40, 80, 100,
and 120 nm) for two intensities of the magnetic field (0 and 100 Oe).

Then, Fig. 6 demonstrates a brilliant effect of the second layer CaF, thickness on
the sensitivity value of the sensor at specific values such as 300, 600, 900, 1200, and
1500 nm. While the variation in applied magnetic field values between 0 and 100 Oe,
the sensitivity increases gradually between 0.02 and 0.04 nm/RIU. Thus, the maxi-
mum sensitivity occurs when the thickness of the second layer equals d, = 600 nm as
seen in Fig. 6.

Next, as illustrated in Fig. 7, the sensitivity will be in augmentation with outgrowth
in the thickness of the thin metallic film, until achieving stability in the sensitivity value
of about 1500 nm/RIU between 20 and 30 nm thickness, Also, the sensitivity is de-
creasing with continuous accretion of Ag thickness. Therefore, the highest sensitivity
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Fig. 6. The sensitivity when using different thicknesses of the second layer (CaF,) (300, 600, 900, and
1200 nm) under the effect of magnetic field (0 and 100 Oe).
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Fig. 7. The sensitivity of the sensor at different thicknesses of the metal layer (Ag) (10, 20, 30, 40, and
50 nm) under the effect of the magnetic field (0 and 100 Oe).

occurs when the thickness of the metal layer is d,, = 20 nm and d,, = 30 nm as seen in
Fig. 7. From this optimization, we choose the thickness of Ag layer d,, = 30 nm be-
cause it gives the highest sensitivity, and it will be more suitable to produce the cou-
pling between Fano and Tamm resonances through the PBG.

Finally, the cavity of the structure is situated between the metal and dielectric
multilayers, making its position crucial as it underpins our sensing mechanism. This
cavity layer is filled with sodium iodide (Nal), which exhibits heightened sensitivity
to changes in the applied magnetic field. The variation in the refractive index of the
Nal medium due to the magnetic field is responsible for the emergence of the Tamm
plasmonic resonance (TPR) state; thus, any alteration in the cavity region will affect
the TPR mode. The maximum sensitivity of 1450 nm/RIU occurs at a cavity layer
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Fig. 8. The sensitivity at different thicknesses of the cavity layer (Nal) (2000, 3000, 4000, 5000, and
6000 nm) at different intensities of the magnetic field exposure (0 and 100 Oe).

thickness of d, = 5000 nm, as illustrated in Fig. 8. It is essential for the cavity layer to
be of substantial size to enhance the interaction between the slow mode (plasmonic
mode in the metal) and the broad band of the photonic crystal (PC), which facilitates
the simultaneous generation of Fano modes coupled with the Tamm mode [36-38].

4.6. Optimization of the periodicity number

In this subsection, we examine the effect of the number of periods on the sensitivity
of the sensor while varying the intensity of the magnetic field (0 and 100 Oe). We ad-
justed the number of periods from N =5 to N = 20 and assessed the sensitivity at each
value to identify which periodicity yields the best performance. As shown in Fig. 9,
we found that N = 15 provides the highest sensitivity at 1500 nm/RIU. Additionally,
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Fig. 9. The effect of the number of periodicity on the sensitivity of the PC structure at 0 and 100 Oe.
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we observed that a periodicity of 20 also achieves the same maximum sensitivity. How-
ever, we opted for the lower value, N = 15, to minimize the number of periods from
a cost perspective.

4.7. Optimization of the incident angle

Lastly, we vary the incident angle from 6, = 0° to 6§, = 25°. At these angles, we assess
the sensitivity of the sensor under both zero magnetic field and 100 Oe. As shown in
Fig. 10, the incident angle @, that yields the maximum sensitivity is 20°. When the inci-
dent angle is increased from normal incidence to 20°, the sensitivity changes from 1480
to over 1510 nm/RIU. It is important to note that increasing the incident angle enhances
total reflection through the prism, which improves the formation of Tamm/Fano modes
with high sharpness and facilitates their displacement in response to the magnetic field
[38,39]. Beyond the angle of 20°, the total reelection increases to the extent to pre-
venting any resonant peak from appearing inside the PBGs.

1520 ®

1510

1500

Sensitivity [nm/RIU]

1490

1480® hJ L
0 10 20 30

Incident angle [deg]

Fig. 10. The sensitivity of our sensor at different incident angles.

Using the analysis stated above, we reached now to the final optimal sensor struc-
ture that gives the highest sensitivity. The structure of the sensor is configurated as
[Ag metal/cavity layer (Nal)/(TiO,/CaF,)'’], where the thicknesses of the sensor’s
layers are d; = 100 nm, d, = 600 nm, d,, = 30 nm and d, = 5000 nm. The incident an-
gle is taken as 6, = 20°.

4.8. The reflectance spectrum of our designed sensor

In this context, the effective refractive index of the magnetic fluid (Nal) depends on
the applied magnetic field and temperature. So that, the refractive index of magnetic
fluid can be calculated by the Langevin function as shown in Eq. (10). Here, the param-
eters of this relation are ny, = 1.4620, H .= 30 Oe,ng=1.4704, 9 =3,and T'= 298 K.
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Fig. 11. The reflectance spectrum of our designed sensor at different intensities of the applied magnetic
field from 0 to 300 Oe.

Figure 11 illustrates the impact of the external magnetic field on the position of the
TP/Fano resonance mode. As the external magnetic field increases to 50 Oe, the TP res-
onance peak shifts upward from 2197 to 2199.1 nm. Moreover, as the magnetic field
strength rises to 100, 150, 200, 250, and 300 Oe, the resonant peak shifts to 2201.1,
2203, 2204.4, 2205.5, and 2206.2 nm, respectively. Additionally, with the increase in
the applied magnetic field, the resonance states shift toward higher wavelengths while
maintaining the same intensity of the resonance peak.

To sum up, Fig. 12 shows the dependence of the TP position on the intensity of the
applied magnetic field. The fitting figure shows that the wavelength of TP/Fano res-
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Fig. 12. The dependence of the TP position on the intensity of the applied magnetic field.
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onance varies with intensity of the applied magnetic field. This response is demon-
strated according to the following relation:

H(Oe) = 0322 — 1.9 x 10° 2 g + 4.3 x 101 s — 3.1 x 10° (11)

res

According to this relation, the intensity of the magnetic field can be obtained with
high accuracy and clarity based on the wavelength values of the TP resonance peak.

4.9. The sensor performance

In this section, we discuss and calculate the sensor performance with changing the ap-
plied magnetic field. The performance of the sensor is controlled by many parameters.
Here, we calculate the sensitivity (5), full width at high maximum (FWHM), the signal
to noise ratio (SNR), the quality factor (QF), the figure of merit (FOM), the detection
limit (DL), and the sensor resolution (SR). These factors are given as follows:

Aires
S Am 42
AL
5 = o (13)
)
F = Wi (14)
Al
SNR = —HM (15)
pL = = WHM (16)
5 0.25
3(SNR)*
SR = DL xS (17)
FOM = ?v—v%v (18)

where FWHM is the full width at half maximum of the dip value, and 4
Fano dip wavelength value. Table 1 illustrates these parameters.

res 18 the Tamm/

4.9.1. Discussion of the performance of the PC magnetic sensor
under changing the applied magnetic field

As illustrated in Eq. (11), changing the intensity of the applied magnetic field alters
the position 4., of Tamm/Fano mode. So that, we notice that any increase in the in-
tensity of the applied magnetic field more than 50 Oe led to a decrease in the sensitivity
value until reaching the value of 7.35 nm/Oe as seen in Table 1. In addition, the re-
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Table 1. The performance parameters of the PC magnetic sensor.

H [Oe] Ay [nm] FWHM QF S [nm/Oe] SNR DL [Oe] SR FOM [nm™'] §[nm/RIU]
0 2197 0.5 4394

50 2199.1 1.1 1999.2 43.982 1.91 0.014 0.62 39.98 1500

100 2201.1 0.9 2445.7 22.011 4.56 0.019 042 24.46 1518.52
150 2203 0.9 2447.8 14.687 6.67 0.025 0.37 16.32 1538.46
200 22044 09 2449.3 11.022 8.22 0.032 035 12.25 1510.2
250 2205.5 0.9 2450.6  8.822 9.44 0.039 034 9.8 1517.86
300 2206.6 0.9 2451.3 7.354 10.2  0.046 0.338 8.17 1548.38

Table 2. The values of the refractive index of the cavity layer versus the magnetic field.

H[Oe]  n[RIU]  An[RIU]

0 1.4612 0
50 1.4626 0.0014
100 1.4639 0.0027
150 1.4651 0.0039
200 1.4661 0.0049
250 1.4668 0.0056
300 1.4674 0.0062

fractive index of the cavity layer will alter due to the change in the intensity of the
applied magnetic field. Moreover, we found that the respond in risingthe intensity of
magnetic field appears through the slight accretion of the refractive index of the cavity
medium as shown in Table 2. Meanwhile, the cavity medium of Nal that is used in our
magnetic sensor is considered as a sensitive ambience to any alteration in the external
magnetic field.

Now, we discuss a brief summary of the sensor parameters and sensitivity in nm/Oe
and nm/RIU as seen in Fig. 13. However, after the brilliant increase in sensitivity that
reached up to 1500 nm/RIU, the sensitivity decreases gradually with increasing ap-
plied magnetic field until the value less than 10 nm/Oe. Then, Fig. 13(b) manifests
the growing in the FWHM from 0.5 to 0.9 nm and achieves the stability at the highest
value of the magnetic field. So that, the quality factor (QF) records the maximum value
of about 4394 which means this PC magnetic sensor introduces higher performance
and efficiency. In addition to this value, the stability of QF enhances the accuracy of
measurements and makes it suitable for many applications where accurate results are
required. In this regard, we noticed that FOM and SNR decrease when the magnetic
field increases from 0 to 300 Oe as shown in Fig. 13(c). This increase of SNR enhances
the sensor’s sensitivity and allows more reliable detection of small changes in the mag-
netic field even if there is a noise or electromagnetic interference. Moreover, Fig. 13(d)
demonstrates the increment in DL and decrement in the sensor resolution (SR) under
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Fig. 13. The performance factors of the proposed PC magnetic sensor with changing the magnetic field.

the variation of magnetic field values. Surely, the minimum value of DL as 0.015 Oe
ensures the high efficacy of this detector.

Finally, there are some environmental conditions that could lead to some effects
on the performance of this designed sensor. In this regard, temperature fluctuations,
mechanical stress and humidity as well could provide some effects on the performance
of the suggested magnetic fluid sensor due to the changes in the indices of refraction
with these parameters. However, the considered materials provide small values for
their thermo-optic coefficients which in turn could give rise to limited changes in the
performance of the designed sensor due to the limited shift in the position of the cou-
pled Tamm/Fano resonance with the temperature variations. Meanwhile, we believe
that this limited shift can be controlled or corrected using some algorithms for tem-
perature compensation based on the machine learning technique. In contrast, the sur-
face of the designed sensor may suffer from an increased level of the absorbed water
with the increments in humidity levels. This effect could lead to significant changes
in the performance and efficiency of the sensor over the long time. Therefore, we be-
lieve that a thin protective hydrophobic layer of SiO, or Al,O5 can be introduced for
encapsulating the designed sensor to mitigate this effect. Then, to overcome the neg-
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ative effects of the mechanical stress, a flexible substrate of polymer material can be
introduced.

5. Fabrication feasibility of the designed sensor

In what follows, we have briefly introduced a simple strategy that could simulate the
fabrication possibility of the designed magnetic fluid sensor. In fact, the experimental
and fabrication procedure of many designs of PC structures have been demonstrated
among the past three decades. In this regard, many different materials such as Ag, CaF,,
MgF,, Si, SiO,, porous Si and TiO, received a significant interest due to their simplicity
in the experimental verifications of PC designs due to their chemical and physical char-
acteristics including their microelectronic processing compatibility, high matching, and
high surface area as well [40-42]. Therefore, many different applications including op-
tical and sensing structures have been fabricated using these materials [29,43,44]. For
our proposed sensor, CaF, provides high stability, low absorption coefficient, exceptional
hardness, high melting point besides it can be classified as an insoluble material [45,46].
These characteristics could make it as a promising candidate for PC structures. In con-
trast, TiO, provides high refractive index, good mechanical stability besides its low
thermo-optic coefficient. Then, Ag like Au has promising surface plasmon resonance
properties. In addition, Ag is widely considered in many different applications includ-
ing electro-optical, nanoelectronics, medical imaging, photocatalysis and nonlinear
optics applications.

Now, the fabrication procedure can be simulated by the deposition of a thin Ag layer
on the prism using RF sputtering technique [3]. Then, chemical vapor deposition
technique can be used for the deposition of polymer layer of polyimide (PI) on the
prism/Ag system [47]. Moreover, molecular beam epitaxy technique is suggested to
grow the PC structure of TiO,/CaF, on prism/Ag/PI [48,49]. Thus, the whole de-
signed structure can be now configured as, [prism/Ag/PI/(TiO2/CaF2)15 ]. Finally, the
cavity layer can be introduced through the fabricated structure by etching the PI layer
using the chemical etching method [50].

6. Conclusions

To sum up, we have introduced a simple design based on the inclusion of a cavity layer
filled of Nal magnetic fluid between a thin Ag layer and a 1D PC structure to act as
a highly sensitive magnetic fluid sensors. Notably, the refractive index of the analyte
material provides some changes with the applying of an external weak magnetic field.
The numerical findings are essentially dependent on the emergence of a coupled Tamm/
Fano resonant peak inside the reflectance spectrum. Meanwhile, the spectral properties
of this resonant peak, specifically its position, is significantly sensitive to an external
weak magnetic field in unit of Oe. In this regard, the position of Tamm/Fano modes
shifts upward by increasing the external magnetic field. Therefore, a detailed optimi-
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zation process including thickness of each layer, refractive indices, and incident angel
were carried out towards the best performance of the designed sensor. The numerical
investigations show that the sensor is specified with relatively high performance in-
cluding a sensitivity of 1500 nm/RIU and quality factor 4394.
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