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Abstract
We present the consequences of different Fibonacci quasiperiodic sequences on the sensing
performance of a one-dimensional (1D) photonic crystal (PC) based sensor to detect the blood plasma
and cancer cells. We demonstrate that the sensitivity and �gure of merit (FOM) of the sensor can be
modulated, respectively, from 427.5 nm/RIU to 530 nm/RIU and from 162.5 RIU− 1 to 2983.33 RIU− 1 by
utilizing the pertinent sensor structures with Fibonacci generation and structural parameters for the
analyte refractive index from 1.31 to 1.41. We have also shown that the operational sensing wavelengths
and sensitivity can be changed signi�cantly by introducing the different Fibonacci sequences in the
proposed sensor. The sensing peaks separation, FWHM, and sensitivity can also be tuned by changing
the analyte and PC stacked layers' thicknesses. We also introduce the sensing performances for the
Blood plasma and Cancer cells detection using the proposed Fibonacci quasiperiodic PC sensor. We
observe that the maximum sensitivities and FOM of the proposed sensor are 552.5 nm/RIU and 2986.93
RIU− 1 for cancer cells and 553.55 nm/RIU and 2214.21 RIU− 1 for blood plasma, respectively. The
proposed structure reveals the tunable sensing performances and stimulates the fabrication interest.

1. Introduction
Photonic crystals (PCs) with quasiperiodic sequences are very attractive in various theoretical and
experimental PC investigations due to their surprising effects, such as more extensive and multiple
photonic band gaps (PBGs) with strong self-similarity energy spectrum, and localized states. The exciting
properties of the quasiperiodic PCs offer for facilitating to development of various optoelectronic devices,
�lters, re�ectors, switches, and sensors [1–3]. The quasiperiodic structures show the perfect long-range
structural ordering between the periodic and disordered media. Compared to the conventional PC
structures, more structural con�gurations are accessible in quasiperiodic PCs to tune their photonic
properties [4–6]. Over the past several years, 1-D PCs with periodic and non-periodic arrangements have
been intensively demonstrated with different types of materials for the design of various optical devices
and sensors [7–13]. 1-D PC structures are more attractive than 2-D and 3-D PC structures because of their
simple fabrication, low cost, and less number of parameters for optimization. One-dimensional
quasiperiodic PCs are the most important and convenient design of PC structures because their designs
are referred to as stacks of two different layers under the expansion rules of different quasiperiodic
sequences. They reveal their optical performance of light and structural modulations in one direction. All
the optical properties of electromagnetic waves are often easier to investigate in 1-D PCs. These can be
realized in a controlled manner and fabricated more easily for an extensive range of wavelengths and
accurate theoretical descriptions. The Fibonacci quasiperiodic PCs are one of the most signi�cant and
eminent quasiperiodic PC structures. These quasiperiodic PCs provide e�cient and tuneable photonic
bandgaps (PBGs), self-similarity energy spectral, and localization phenomena [14–18].

Recently, PCs have been employed as optical sensors for different applications such as temperature, gas,
chemical and biological, pressure, and refractive index sensing [19–22]. PC structures based sensors are
compact, convenient, and highly e�cient for real-time monitoring and tunable sensing performances. PC
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structures with different structural arrangements reveal the privilege to detect various analytes in the
temperature, pressure, chemicals, bio-molecular, and cancer cells detections [20–25]. Nowadays, the
investigations of the existence of the different kinds of diseases such as cancer, HIV, hepatitis,
biochemical and Covid pandemic to the visitation of patients are a challenge in the medical �eld. The
analysis of blood samples performs an important role in the investigation of several diseases. The size
and dielectric values for the different diseases affected the blood samples. Blood constituents reveal
unique parameters that play an essential role in detecting the different diseases, biochemical and clinical
diagnoses [26–29]. PC sensors with different structural arrangements, convenient sensing performances,
and multi-functionality have been theoretically and experimentally demonstrated using different
con�gurations and techniques [30–36]. The demonstrations on the in�uences of different quasiperiodic
sequences on the sensing modes for blood plasma and cancer cells in the quasiperiodic PC sensor have
been presented in contracted aspects in the previously reported results [18, 37, 38]. The motive of this
work is to demonstrate the sensing response for different structural parameters in one dimensional
Fibonacci quasiperiodic PCs for blood plasma and cancer cell detections. Here, the defect mode analysis
for various analytes is utilized to invigilate different blood plasmas and cancer cells in terms of refractive
indices. The sample layer of different blood plasma concentrations and cancer cells comprises two
identical Fibonacci quasiperiodic PCs. The sample layer operates as a defect and exhibits the sensing
peaks in the transmission spectra of the proposed structures. The variations in the refractive indices for
the blood plasma and the cancer cells reveal a substantial shift in the sensing peaks in the transmission
spectra. Thus, it is possible to observe the different blood plasma and cancer cells by inspecting the
transmission spectra of the Fibonacci quasiperiodic PCs for different cases.

2. Theoretical Description
The schematic diagrams of the proposed sensors based on 1-D Fibonacci quasiperiodic PC structures are

shown in Fig. 1. Sensor structures are composed as a multilayers structure of air/ Fg
pS Fg

p/air.

Here, the subscript g and superscript p represent the generation of Fibonacci quasiperiodic sequence and

number of periods, respectively. The considered Fibonacci quasiperiodic generations Fg  are

composed of two variants of layer, A and B. The layered medium A is of the SiO2 with width d1and
refractive indexn1, and medium B is of the TiO2 with width d2and refractive index n2. The analyte S is
the sample layer of width ds,  and refractive index ns. The Fibonacci quasiperiodic arrangement of layers

A and B follow the substitution rule: A F1 → AB F2 → ABA F3 → ABAAB F4 … for

proceeding generations (g = 1, 2, 3 … so on). The refractive indices of the blood plasma and cancer cell
samples are possessed from previously reported results [20, 23, 24, 33]. Nowadays, the proposed
Fibonacci quasiperiodic PC sensors can be easily fabricated in the multilayer PC structures by utilizing
the simplest thin �lm coating techniques such as spin-coating, doctor-blade, and dip coating approaches,
and some advanced and precise thin �lm coating techniques such as magnetron sputtering and e-beam
evaporation etc. [7, 8, 19, 34–40].

( ) ( )
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We have employed the transfer matrix approach to observe the transmission and re�ection spectra of the
proposed Fibonacci quasiperiodic PC sensor. The interaction between satis�ed electric and magnetic
�elds at input and output regions can interact with the matrix expressions in the multi-layered structures.
The amplitudes of the �elds for input and output media can be described by the sequential
multiplications of the characteristic matrices of the stacked layers as [9, 23–25, 41, 42]:

C0
D0

= M −1
0 M1. M2…Mj M0

Cj+1
Dj+1

1

where j represents the number of media, A0, B0 and A j+1, Bj+1 are the �eld components for the incident
(0th) medium and outgoing (j+1)th medium, respectively. Matrices Mj(j = 1, 2, 3…) and M0 are the 
2 × 2characteristics matrix of jth medium and air medium, respectively. The characteristic matrices Mj
and M0 for normal incident angle are respectively speci�ed by [9, 23–25, 41, 42];

Mj =

cos 2π
λ njdj − i/nj . sin 2π

λ njdj

−inj. sin 2π
λ njdj cos 2π

λ njdj

M0 =
1 1
n0 −n0

2

where, nj and djare the layer refractive index and the layer thickness of the jth media. The wavelength of
the incident light and the refractive index of air are noted by λ and n0, respectively. Finally, the

transmittance (T) and re�ectance (R) of the proposed sensor can be demonstrated by the expressions [9,
23–25, 41, 42];

T =
Cj+1
C0

2
=

1
M11

2
andR =

D0
C0

2
=

M21
M11

2

3

where, the matrix components M11 and M21 represent the matrix elements of the resultant matrix 
Mij(i, j = 1, 2) for the proposed sensor structures. The sensitivity and FOMs are the essential

( ) ( ) ( )
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parameters to optimize the performance of the sensor. The sensitivity is calculated by the changes in the
sensing peak positions with the change in the sample refractive index, and expressed as [9, 23–25]:

S =
Δλd
Δns

4

The �gure of merit (FOM) of the sensor is the ratio of the sensitivity and the full width half maximum
(FWHM), and represented as [9, 23–25]:

FOM =
S

FWHM

5

For designing a convenient sensor with high FOM, we expect high sensitivity and smaller FWHM to sense
accurately for small changes in the sample.

3. Results And Discussion
To investigate the sensing performance of the 1D Fibonacci quasiperiodic PC sensors, we �rst explore the
detection peaks in the transmission spectra of the proposed sensor for different Fibonacci generations

and analytes, as shown in Fig. 2. The refractive indices of SiO2 n1  and TiO2 n2  are possessed from

the literature [43, 44]. The thicknesses of layer A (SiO2) and layer B (TiO2) are consideredd1 = 100nm,
d2 = 90nm respectively. The refractive indices n1 and n2 have the values 1.475 and 2.365 for the
wavelength 700 nm, respectively. The thickness of the analyte layer is chosends = 1.5μm. The
transmission spectra of the proposed sensors for different Fibonacci generations with the analyte layer
refractive index (nS) variation are shown in Fig. 2. We observe that the transmission band regions and
sensing peaks change with different Fibonacci generations in the proposed sensor structures. Different
Fibonacci structures conduct to localization of sensing peaks at different positions and in numbers. Here,

we obtain the two sensing regions for the sensor structure of F3
7S F3

7 and a single sensing

region for the other structures of F4
4S F4

4, F5
2S F5

2, and F6
1S F6

1, as can see in

Figs. 2(a), 2(b), 2(c) and 2(d), respectively. The sensing peaks positions (λp) have variations toward

higher wavelength with increasing the values of nS. The separation insight of the sensing peaks position 
(λp) for different nS-values and Fibonacci generations are depicted in the insets in the corresponding
�gures.

For the different Fibonacci structures and analyte refractive indices, the sensing peak positions(λp),
sensitivity, and FOMs have variations. To look closely at such variations, we plot the graph for λp with nS

( ) ( )

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )
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, sensitivity, and FOMs with ΔnS in Fig. 3 for the sensor structures with different Fibonacci generations.
From the Figs. 3(a) to 3(d), we observe that the sensing peak positions λp shift toward higher wavelength
with nS-values for all the cases. The variations of λp with ns are linear, but they reveal dissimilar slope

transformations for different Fibonacci generations. For the sensor structure of F3
7S F3

7, the

sensitivity and FOM for the �rst order and second order sensing peaks, respectively, increases and
decreases with ΔnS, as shown in Fig. 3(e). Here, ΔnS represents the difference of two respective
refractive indices as the value of n21( = 1.33 − 1.31),  n32( = 1.35 − 1.33),  n43( = 1.37 − 1.35),  

n54( = 1.39 − 1.37),  andn65( = 1.41 − 1.39). Layer thicknesses ared1 = 100nm,d2 = 90nm, and

ds = 1.5μm. Maximum sensitivity and FOMs of the sensor with F3
7S F3

7 are, respectively, 465

nm/RIU and 1033.33 RIU−1 for the �rst order peaks and 530 nm/RIU and 963.64 RIU−1 for the second

order peaks. For the other sensor structures of F4
4S F4

4, F5
2S F5

2, and F6
1S F6

1,

the sensitivity and FOM are randomly change with ΔnS as shown in Figs. 3(f), 3(g) and 3(h), respectively.
The changes in the sensing peaks and sensitivity are the results of the changes in the structural
arrangements for the different Fibonacci generations. The FOMs vary due to changes in the full-width
half maxima (FWHM) of sensing peaks under the in�uence of the different Fibonacci sequences. For all
cases, as shown in Fig. 3, we obtain the maximum sensitivity of 530 nm/RIU and the maximum FOM of
2983.33 RIU-1. The remarkable modi�cation and high sensitivity and FOM values offer an approach to
realize the potential refractive index sensors.

To examine the effect arising on the variations of sensing peaks due to the different Fibonacci
generations periodicity (p), we have depicted the transmission spectra for the sensor structures of 

F3
pS F3

p, F4
pS F4

p, F5
pS F5

p, and F6
pS F6

p with different values of the

periodicity (p) in Fig. 4. We observe that the sensing peak positions are the same for all the cases with
different periodicities, but their FWHM and intensity change with periodicity. The changes in the FWHM
and intensity show the diverse behavior for the different Fibonacci generations. It is the result of the
different layer numbers and their staking under different Fibonacci generations. The intensity of the
sensing peaks decreases to a minimum with the periodicity as proceed to the higher-order Fibonacci
generations. The FWHMs are also become narrower with increasing the periodicity. The remarkable
variations in the intensity and FWHM of the sensing peaks induce the optimized periodicity for different
generations.

To optimize the thicknesses constituted layers in the sensor structures, we have demonstrated the
transmission spectra for the layers thickness ds, d1, and d2 in Figs. (5), (6) and (7), respectively, with
sensor structures of the 3rd, 4th and 5th Fibonacci generations. As per the above results, we have
preferred the periodicity (p) 7, 4, and 2 for the 3rd, 4th, and 5th Fibonacci generations, respectively. In
Fig. 5, we have shown the transmission spectra and the transformation of sensing peaks for the variation
of sample layer thicknesses ds from 1 µm to 2 µm with different values of nS, and d1 = 100nm and 

( ) ( )

( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
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d2 = 90nm. The separations and position of the sensing peaks show the noticeable changes with
increasing the value of ds for all cases. We observe that the FWHMs of the sensing peaks also change
with ds. The Fibonacci sequence generations also show the considerable effect on the separations,
positions, and FWHMs of the sensing peaks, as depicted in Figs. 5(a), 5(b), and 5(c) for the sensor

structures of F3
7S F3

7, F4
4S F4

4, and F5
2S F5

2, respectively. With the variation in

the values of ds, the sensitivity and FOMs change due to the transformation in the separation and FWHM
of the sensing peaks for different Fibonacci generations.

A similar investigation has also been carried out to reveal the impact of layer thicknesses d1 and d2 on

the sensing performance, and demonstrated in Figs. (6) and (7), respectively. We have considered the
layer thickness d1varies from 80 nm to 160 nm, and other layer thickness �xed as d2 = 90nm and 
ds = 1.5μm for Fig. (6) and chosen the layer thickness d2 from 60 nm to 140 nm with the �xed values
of d1 = 100nm and ds = 1.5μm for Fig. 7. It can be seen that the transmittance band and sensing
peaks shift toward higher wavelength with increasing the values of d1 and d2 for all cases of nS. The
changes in the transmission spectra and sensing peak performances under the in�uence of the Fibonacci
generation can be viewed in sections (a), (b), and (c) of Figs. (6) and (7), respectively. One can see that
the separation, position, and FWHM of the sensing peaks depend on the sample layer thickness,
constituted PC layer thickness with different Fibonacci generation. Thus, a substantial quantity of the
sample is required for getting considerable sensitivity. These results induce consideration of the
appropriate structural parameters with the different Fibonacci sequences for e�cient sensing
performance.

We have demonstrated all the above results for the analyte refractive index range from 1.31 to 1.41
because the refractive indices for most bio-�uids such as hemoglobin, glucose in the blood, blood
plasma, cancer cells, etc., possess in this range [23, 26, 27, 30–33]. Therefore, the introduced Fibonacci
quasiperiodic PC sensor can be employed for bio-sensing. To explore the utility of the proposed sensor as
a bio-sensor, we reveal here the characteristics of the sensor for blood plasma and cancers cell sensing
applications. We have picked the refractive indices for the different concentrated blood plasma from Ref.
[23, 27, 45]. Figure 8 shows the transmission spectra with the variations of sample layer for different
concentrations of blood plasma in the sensor with different Fibonacci generations. The sensing peaks
shift toward the higher wavelength with increasing the blood plasma concentrations for all cases. It is the
result of the change in the blood sample refractive index with different plasma concentrations. It can also
be seen that the separation, position, and FWHM of the sensing peaks for different concentrations
change with tuning the sample layer thickness and Fibonacci generations in the sensor structures.

To look closely at the variations of sensing peaks for different plasma concentrations, sample thickness,
and Fibonacci generations, we have revealed the sensing peak λp shifting with the blood plasma
concentrations in panel (i) of Fig. 9. The changes in the position of λp with the concentrations CBP are
linear for all the cases, but they illustrate slightly dissimilar slope transformations for different layer

( ) ( ) ( ) ( ) ( ) ( )
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thicknesses and Fibonacci generations. To examine the sensing performance of the senor for blood
plasma, we have calculated the sensitivity and FOM for different concentrations contrast ΔCBP by taking
the blood plasma concentration of 10 g/L as a reference and shown in the panels (ii) and (iii) of Fig. 9,
respectively. Here, ΔCBP represents the concentrations contrast for the blood plasma concentration of 10

g/L as a reference, and the values of different concentrations contrast are C21 = C20g/ L − C10g/ L ,

C31 = C30g/ L − C10g/ L ,  C41 = C40g/ L − C10g/ L ,  and C51 = C50g/ L − C10g/ L . Layer

thicknesses ared1 = 100nm,d2 = 90nm, andds = 1μm, 1.5μm, 2.0μm. The maximum sensitivity

and FOM are 553.55 nm/RIU and 2214.21 RIU−1 for the sensor structures F3
7S F3

7, 499.5 nm/RIU

and 1791.97 RIU−1 for the sensor F4
4S F4

4, 502.05 nm/RIU and 377.62 RIU−1 for the structure 

F5
2S F5

2, respectively. It can be seen in the �gure that the sensitivity and FOM have remarkable

variations with the concentrations contrast, sample layer thickness, and Fibonacci generation, but the
FOM reveals a drastic variation concerning the change in the Fibonacci generations for the sensor
structures. As per the results, we observe the e�cient higher sensitivity with maximum value 553.55
nm/RIU and FOMs with maximum value 2214.21 RIU−1 for the blood plasma compared to the previously
reported results in Refs. [23, 30, 45]. The diversity in the sensing performance of the proposed sensors in
terms of sensing peak separations, high sensitivity, and FOM induce to utilize as a highly e�cient and
tunable sensor for the blood plasma detections.

Now, we have carried out our analysis on the detection of cancer cells. We have considered the sample
size and refractive index of the cancer cells according to the previously reported results [20, 23, 26, 31, 33,

45]. Figure 10 shows the transmission spectra of the sensor structures of (a) F3
7S F3

7, (b) 

F4
4S F4

4, (c) F5
2S F5

2 for the different cancer cells with the sample layer thicknesses.

Here, layer thicknesses are also considered asd1 = 100nm,d2 = 90nm, andds = 1μm, 1.5μm, 2.0μm
. The sensing peaks shift toward the higher wavelength for all cases with the incorporation of the cancer
cell. The changes in the peak position are the result of the change in the refractive index for different
cancer cells. We can see that the separation, position, and FWHM of the sensing peaks for different
cancer cells change with tuning the sample layer thickness and Fibonacci generations in the sensor
structures. Here, we have considered the normal cell with refractive index 1.35 and different cancer cells
of Jurkat, Hela, PC12, MDA-MB-231, and MCF-7 with refractive indices 1.39, 1.392, 1.395, 1.399, and
1.401, respectively. To take a close look at the variations of the sensing peaks for different cancer cells
with respect to the normal cell, we have zoom out the sensing peaks and depicted them in the insets of
the respective �gures.

The variations in the sensing peaks λpcorrespond to the various cancer cells, and sensitivity and FOM for

the different cancer cells with the normal cell as a reference are shown in Fig. 11. We also reveal here that
the position of sensing peaks shifts toward the higher wavelength with tuning the refractive index nC

( )
( ) ( ) ( )

( ) ( )
( ) ( )

( ) ( )

( ) ( )
( ) ( ) ( ) ( )
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from the normal cell to cancel cells for all the cases. The slops of the λpvs. nCare almost linear for all
the cases, but the separations in the sensing peaks for different cancer cells have different values for the
sample layer thickness and Fibonacci generations. To look into the sensing performance, we have
calculated the sensitivity and FOMs for different cancer cells with the normal cell as a reference, and this
transformation is represented as ΔnCN ( = ncancercell − nnormalcell). The changes in ΔnCN for the
cancer cell of Jurkat, Hela, PC12, MDA-MB-231, and MCF-7 are 0.04, 0.042, 0.045, 0.049, and 0.0501,
respectively. The variations in the sensitivity and FOMs with ΔnCN are shown in panels (ii) and (iii) of

Fig. 11 for the sensor structures of (a) F3
7S F3

7, (b) F4
4S F4

4, (c) F5
2S F5

2,

respectively. The maximum sensitivity and FOMs are 552.5 nm/RIU and 2210 RIU−1 for the sensor

structures of F3
7S F3

7, 486.25 nm/RIU and 2986.93 RIU− 1 for the sensor of F4
4S F4

4, and

491.25 nm/RIU and 393.48 RIU− 1 for the structure F5
2S F5

2, respectively. We can see in the

�gures that the sensitivity and FOMs have considerable changes with the cancer cells verity, sample layer
thickness, and Fibonacci generation. However, the FOM has a drastic variation for the change in the
Fibonacci generations for the sensor structures. We obtain the su�cient higher sensitivity with maximum
value 552.5 nm/RIU and FOMs with maximum value 2986.93 RIU− 1 for the corresponding cancer cells
compared to the previously reported results in Refs. [20, 26, 31, 33, 45]. The calculated sensitivity and
FOMs describe the potential of the Fibonacci quasiperiodic PC sensor as a highly e�cient and tunable
sensor for cancer cells detections.

4. Conclusion
We have presented the Fibonacci quasiperiodic PC-based sensor and demonstrated the effect of the layer
thickness and Fibonacci generation on the sensing performance of the senor. It is observed that the
sensing peak positions and active sensing wavelength regions can be tuned by selecting the applicable
constituted layer thickness and Fibonacci generation. The sensitivity and FOMs can also modulate by
adjusting the layer thickness and Fibonacci generation of the sensor structures. We have observed that
the sensitivity and FOMs of the proposed sensor can be modulated from 427.5 nm/RIU to 530 nm/RIU
and 162.5 RIU− 1 to 2983.33 RIU− 1 by adopted the pertinent sensor structures with Fibonacci generation
and structural parameters. Further, we have demonstrated the application of such PC sensors as the
blood plasma and cancer cells detections. Sensitivity and FOMs have been obtained to be modulated
from 285.79 nm/RIU to 553.55 nm/RIU and from 113.2 RIU-1 to 2214.21 RIU-1 for blood plasma, and from
300 nm/RIU to 552.5 nm/RIU and from 148.33 RIU-1 to 2986.93 RIU-1 for cancer cells detections,
respectively. This modulation can be regulated by employed the appropriate sensor structures with
Fibonacci generation and structural parameters. The demonstrated sensing performances of the
considered PC sensors describe their potential for effectively detecting the blood plasma, cancer cells,
and other such type bio-analyses.
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Figure 1

See image above for �gure legend.
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Figure 2

See image above for �gure legend.

Figure 3

See image above for �gure legend.
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Figure 4

See image above for �gure legend.



Page 17/21

Figure 5

See image above for �gure legend.

Figure 6



Page 18/21

See image above for �gure legend.

Figure 7

See image above for �gure legend.
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Figure 8

See image above for �gure legend.

Figure 9

See image above for �gure legend.
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Figure 10

See image above for �gure legend.
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