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Abstract

Diabetes is becoming a global problem since it is the leading cause of mortality for many
people all over the world. As a result, a diabetes sensor that is accurate, quick, and sensi-
tive is required. On the basis of a binary photonic crystal, a new bio-photonic detector
has been built for sensing diabetes-affected cells. It has two layers of Ge and TiN, with
a defect cavity chosen as a sample and placed in the middle. The suggested biosensor’s
detecting mechanism is based on altering the refractive index of the sensing sample, which
causes a shift in the location of the resonant peak inside the photonic band gap of trans-
mittance spectra. The suggested structure’s transmittance qualities are examined using the
transfer matrix approach. The impact of incidence angle (TE and TM polarization) and
defect cavity thickness on the performance of our proposed biosensor has been investi-
gated. The suggested biosensor has a sensitivity of 2676.66 nm/RIU at optimal conditions,
which is exceptionally high when compared to several previous studies. In addition, the
suggested biosensor with a very low detection limit has an ultra-high-quality factor and fig-
ure of merit. Furthermore, the suggested detector is simple to fabricate and has a low-cost
structure, making it appealing for use in a variety of bio-sensing applications.

Keywords Photonic crystal - Effected cells of diabetes - Biosensor - Transmittance
spectra - Defect cavity

1 Introduction

Diabetes is an illness that can be fatal. Over 415 million individuals are impacted glob-
ally. It is anticipated that by 2040, this number would reach 642 million (Bommer et al.
2017). Diabetes is the primary killer of people between the ages of 20 and 59. When the
body’s blood sugar levels cannot be managed, diabetes develops. There are two types of
diabetes: type 1 and type 2. When a person has type 1 diabetes, their body is unable to
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generate the hormone insulin, which is necessary to control blood sugar levels. For the
body to convert glucose molecules into energy, insulin is necessary (Haxha and Jhoja
2016). Type 2 diabetes develops when the body either generates insufficient insulin or
insulin that the body rejects (Almawgani et al. 2022a). Adults over the age of 40 are
the most affected. Globally, class-2 diabetes is growing at a higher rate than class-1
diabetes (Bommer et al. 2017; Haxha and Jhoja 2016; Almawgani et al. 2022a). The
body is affected by diabetes in many different ways. It contributes to a number of major
issues, such as heart disease and visual issues, renal troubles, brain malfunctions, and
early death. It’s also become one of the most prevalent causes of injury-related limb
amputations. Diabetes-related kidney and heart disease are on the rise, killing thousands
of people each year (Almawgani et al. 2022a). It is critical to create a sensitive and real-
time diabetes detector based on the aforementioned details.

Due to their unique properties, photonic crystals (PCs) have recently shown an
intriguing response to the regulation of electromagnetic wave propagation. PCs can con-
strain or permit the transmission of incident light by providing pass or stop bands of
frequencies (Taya et al. 2022; Elsayed et al. 2021; Zhang and Li-Ping 2014; Threm et al.
2012). Photonic band gaps (PBGs) are the names for these bands. As a consequence of
the PBG (Xie et al. 2017; Fu et al. 2019; Sanchez and Orozco 2016; Qin et al. 2012;
Harding et al. 2009), A variety of optical devices, including reflectors, detectors, and
switches, have been made using PCs. Thus, PCs may have a considerable influence on
the development of biosensor performance. In a recent study (Zyoud and Ahmed 2022;
Panda et al. 2018), the authors constructed a 1D photonic structure and thoroughly
investigated the impact of different types of losses that happen during light signal trans-
mission through the apparatus. Photonic structures have been used to detect protein,
DNA, sodium chloride, and urea. Amiri et al. (2019), Tang and Wang (2008), notably
as glucose sensors (Frischeisen et al. 2008), urea level sensors (Chow et al. 2004), and
blood biosensors (Almawgani et al. 2022b; Ramanujam et al. 2019). These optical bio-
sensors are very good at what they do and respond quickly to even small changes in
what they are looking for Aly et al. (2018), Avsar (2015).

A binary photonic crystal (BPhC) made up of two periodic layers of Ge and TiN
is presented in this work as a real-time biosensor for detecting diabetes-affected cells.
The suggested structure’s transmittance qualities are examined using the transfer matrix
approach. The effects of incidence angle (TE and TM polarizations) and defect cavity
thickness on the suggested biosensor’s performance have been investigated. The best
possible scenario for the BPhC sensor is calculated and compared to the most up-to-date
biosensor-related detectors.

2 Design and Theoretical Simulation

A binary photonic crystal (BPhC) is made up of the structures (Ge/TiN)N (sensing
layer) and (Ge/TiN)N as shown in Fig. 1. This structure is recommended for detecting
diabetes-affected cells. The BPhC is surrounded on all sides by air. The thicknesses of
the Ge and TiN layers are measured using Bragg’s quarter wavelength, and N =4 is cho-
sen as the number of cells (periods).

Here, the transmittance spectrum was investigated using the transfer matrix tech-
nique. The typical transfer matrices are described in the following way:
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- Ge layer - TiN layer - Sensing layer

Fig. 1 A schematic representation of a faulty binary photonic crystal with a defect cavity made up of a
sensing layer
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where n; is the layer’s index of refraction and 4; is its thickness, ¢, is the layer’s incidence
angle, which is represented as:

cosf; = |1- M 3)
n.

J

For transverse electrical (TE) waves, Gj = n,;cos (Gj), but for alternating magnetic
(TM) waves,G; = cos(0;) /nj, where n) is the refractive index of the surrounding medium.
For one cell with A and B layers, the transfer matrix Q, may be written as Qy= 0, Op.
A defective binary photonic crystal’s entire transfer matrix Z may be written as:

2= ()" 00" = [ 51 7| @

where Q), is the defect cavity’s transfer matrix and Z; is the entire transfer matrix Z’s
elements. The coefficient of transmission (#) and the transmittance (7") are calculated as
follows:

2Gin
=
(Zn + ZIZGS)Gin + (Z21 + Zzst) ©)
G
T=_—f ©)

G
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The reflection coefficient () and the reflectance (R)can be expressed as:
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(Zn +ZIZG5)Gin - (ZZI +Zzst)

r= (N
(Zn +ZIZG5)Gin + (ZZI +Zzst)

R=|r)? (8)

G, = ngcos (6,) and G,, = cos (6, ) for transverse electrical (TE) wave.

3 Numerical analyses and discussion

The transmittance properties of a 1D-binary photonic crystal (BPhC) are explored utilizing
the transfer matrix method (TMA) and mathematica simulation. The recommended BPhC
configuration is air/(Ge/TiN)* (sensing layer) (Ge/T iN)*air. Several dielectrics and semi-
conducting materials are employed to structure photonic crystals. Here we choose the ger-
manium and titanium nitride because of the large difference in refractive indices between
the Ge and TiN layers. As a result, a photonic band gap with a large width will be created.
Also, it is expected the efficiency of those crystals will improve as optical sensors. The
sensing layer is either a normal cell or a diabetic cell infected with 1.350 and 1.410 refrac-
tive indices, respectively (Sani et al. 2021). It is worth mentioning that the substrate will
take part in the optical path and contribute to the overall transmittance. However, the sub-
strate material does not have an appreciable effect on the resulting spectrum. Thus, it will
almost no effect on the achievement of the photo-detector. So the crystal is surrounded on
all sides by air. In order to develop an efficient sensor with excellent efficiency, the influ-
ence of incidence angle (TE and TM modes) and sensing layer thickness are investigated.
In numerical calculations, the indices of refraction for Ge and TiN layers are n; =4.23 and
n,=1.2887, respectively. These layers’ thicknesses (h;=106.38 nm, h,=349.18 nm) are
chosen as quarter wavelengths, with A,=1800 nm as the center wavelength. Photonic crys-
tals can operate in both the visible light and infrared region of incident electromagnetic
waves. Here the infrared source (IR- source) is suitable for acquisition of the used wave-
lengths. For example, As an infrared source, a tuneable carbon dioxide laser is empolyed
to detect specific air pollutants and identify absorbing kinds in aqueous solutions. On other
hand, an infrared spectrophotometer is a device that emits infrared light into a substance.
It then generates a spectrum with a graph that contrasts the amount of light transmitted (on
the vertical axis) with the wavelength (on the horizontal axis). Figure 2 shows the transmit-
tance spectrum through the proposed BPhC without any sensing layer. There is a photonic
band gap created. The right and left borders of the photonic band gap are at wavelengths
of 2542.57 nm and 1176.24 nm, respectively, while the breadth of the photonic band gap

Fig.2 The transmission

spectrum of a suggested ° 10
BPhC with no defect cavity at e 0.8
(h;=106.38 nm, h,=349.18 nm, £ 0.6
n,=4.23,n,=1.2887, 6,=0.0°, ‘e .
and N=4) @ 0.4
©
= 0.2
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can reach 1366.33 nm. When a normal cell and a diabetes-affected cell are regarded as
defect layers with a thickness of &, = 500 nm, the transmittance spectra through the sug-
gested structure are shown in Fig. 3. The left and right borders of the photonic band gap
have been discovered to be at wavelengths of 1202.64 nm and 2727.39 nm, respectively.
As a result, the breadth of the photonic band gap widens to 1524.57 nm. Multiple Bragg
scattering occurs between incident, reflected, and scattered electromagnetic waves, result-
ing in these photonic band gaps. When the normal cells of diabetes (NCD) are treated as
a defect cavity, a resonant peak may be noticed at a wavelength of 1976.62 nm. When the
affected cells of diabetes (ECD) are chosen as a defect layer, the resonant peak shifts to a
greater wavelength, as illustrated in Fig. 3. The resonant peak has moved to a wavelength
of 2019.22 nm. The situation of a standing wave (Taya et al. 2021) can explain this red
shift.

OPD =n,0 = bA 9)

The difference of optical path, effective index, difference of geometric path, and an inte-
ger number are represented by OPD, Rogrs 0, and b, respectively. At normal incidence, the
suggested detector is found to have a sensitivity of roughly 710 nm/RIU. The impact of
incidence angle and defect cavity thickness will be explored and optimized in the following
phases.

3.1 Influence of the incident angle

The transmittance spectra for both (TE and TM modes) have been investigated at
hy;=500 nm at various incidence angles. In the first, it is evident that when the angle of
incidence increases, the location of the resonant peak for both TE and TM modes has been
shifted to the left. According to the Bragg-Snell law (Daher et al. 2022a), this blue shift
can be explained.

ai = 2G(n§ﬁ — sin” )" (10)

where a, 4, G, neﬁ-ﬁo are the order of diffraction (a=1, 2, 3, ...), the wavelength, the inter-
planar spacing, the effective refractive index and the incident angle, respectively. As a
result, the angle of incident light has a significant influence on the efficicency parameters
of bio-photonic detector. Now, the various parameters have been examined, including sen-
sitivity (S), figure of merit (FOM), quality factor (QF) and detection limit (DL), to see how
well the suggested structure performed as a biosensor. The sensitivity (S) can be evaluated

Fig.3 The Transmittance
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Table 1 The incidence angle affects the position of the resonant peak and the sensitivity of the proposed
structure (TE mode)

Incident angle  Position of defect peak Position of defect peak Shift of wave- Sensitivity (nm/RIU)

(degree) of NCD (nm) of ECD (nm) length (nm)

0.0 1976.62 2019.22 42.6 710

10 1964.49 2007.82 43.33 722.16
20 1928.55 1974.06 45.51 758.5
30 1870.33 1919.54 49.21 820.16
40 1792.96 1847.48 54.52 908.66
50 1702.07 1763.33 61.26 1021

60 1606.83 1675.84 69.01 1150.16
70 1520.55 1597.20 76.65 1277.5
80 1459.13 1541.69 82.56 1376

Table2 Variation of resonant peak position and sensitivity of the proposed structure with the incidence
angle (TM mode)

Incident angle Position of defect peak of Position of defect peak of Shift of wavelength Sensitivity
(degree) NCD (nm) ECD (nm) (nm) (nm/RIU)
0.0 1976.62 2019.22 42.6 710

10 1961.37 2004.12 42.75 712.5

20 1916.81 1959.95 43.14 719

30 1846.59 1890.32 43.73 728.83
40 1756.85 1801.24 44.39 739.83
50 1656.46 1701.36 449 748.33
60 1556.87 1601.89 45.02 750.33
70 1471.41 1516 44.59 743.16
80 1413.36 1457.5 44.14 735.66

by Eq. (11) (Daher et al. 2022b). It says that the fraction of the shift in position of resonant
wavelength (A1) and the refractive index changes (An) can be used to figure this out.

A
s=24
~ (11)

In our calculations, AA = Agep — Ayep and An = ngep — nyep. When the incidence
angle varies from 0.0° to 80° for TE polarization, the sensitivity rises from 710 nm/RIU to
1376 nm/RIU, as shown in Table 1. The defect peak is not visible when the angle of inci-
dence exceeds 0,=80°. As a result, 6,=80° was chosen as the best incidence angle. When
the incidence angle ranges from 0.0° to 60°, the sensitivity of TM polarization rises from
710 nm/RIU to 750.33 nm/RIU before dropping as indicated in Table 2. Figure 4 depicts
the evolution of sensitivity for TE polarization, which is higher than TM polarization, as
the incidence angle increases, which is an important goal in the design of optical sensing
systems. The ratio between the location of the defect peak (4,,,) and the full width half
maximum (FWHM) for this crest can be used to calculate the quality factor (QF) by using
Eq. (12) (Daher et al. 2022b):
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Fig.4 The Sensitivity (S) vs 1400
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The potential to sense any alteration in index is represented by (FOM), which is
determined as a ratio between the sensitivity (S) and (FWHM) of the defect peak using
the following expression (Daher et al. 2022b):

FOM = S/ FWHM (13)

Table 3 (TE polarization) and Table 4 (TM polarization) show the numerical find-
ings of quality factor and figure of merit at various angles ranging from 0.0° to 80° in
10° steps. As demonstrated in Figs. 5 and 6, when the angle of incidence varies from
0.0° to 80° for TE polarization, both QF and FOM increase, whereas they decrease for
TM polarization. This indicates that TE polarization’s defect peaks are sharper than TM
polarization’s, which is one of the key requirements for any successful optical detec-
tor. The fourth parameter is the DL, which is described as the smallest refractive index
change that can be properly detected. Equation (14) was used to determine this factor
(DL) (Daher et al. 2022b).

DL:(@)(FWHM)E (14

3 AA

EIE,I?O A}’fﬁ?ﬁ? 2? ﬁj V:HM : iifgiliem FWHM(nm) OF FOMRIU ") DL(RIU)

Prgposed structure with the (degree)

incidence angle (TE mode)
0.0 0.47 429621  1510.63 1.43x 107
10 0.43 4669.34  1679.45 1.25x 107
20 0.39 5061.69  1944.87 1.04x 107
30 0.30 6398.46  2733.88 6.81x 107
40 0.20 9237.4 454333 3.61x107°
50 0.14 12,595.21  7292.85 1.99 x 107
60 0.11 15,234.90 10,456.06 1.27x107°
70 0.10 15,972 12,775 9.91x107°
80 0.04 38,542.25 34,400 2.87x107°
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Table 4 Variation of FWHM,

OF. FOM and DL of the ir;lcgil(ient FWHM(nm) QF FOM(RIU~") DL(RIU)

proposed structure with the (degree)

incidence angle (TM mode)
0.0 0.47 4296.21  1510.63 1.43x 107
10 0.49 4090.04 1454.08 1.50x 107
20 0.5 3919.9 1438 1.52x 107
30 0.58 3259.17  1256.60 1.80x 107
40 0.71 2536.95 1042.01 227 %107
50 1.05 1620.34  712.69 3.65x 107
60 1.58 1013.85 474.89 6.07 x 107
70 2.71 559.40 274.23 12.07 x 107
80 5.05 288.61 145.67 26.61 x 107

Fig.5 The Quality Factor (QF) 40000
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When the angle of incidence changes from 0.0° to 80°, the DL for TE polarization
declines while it climbs for TM polarization, as illustrated in Fig. 7. The value of DL is
extremely low, implying that the suggested biosensor can detect even small changes in
the refractive index of the sensing layer. From the above data, we can conclude that per-
formance of the suggested biosensor depending upon the incident angle. The detector
performance is equal for both TE and TM polarizations at the normal incidence. Utiliz-
ing higher incidence angles leads to a significant improvement in the performance of the
optical detector in the case of TE polarization, while the performance is reduced in the
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Fig.7 Detection Limit (DL) 25
versus the incidence angle of a - — TE
proposed BPhC for both TE and 220 - TM
TM modes at (h, =106.38 nm, [
h,=349.18 nm, h,=500 nm, 515
n,;=423,n,=1.2887, and N=4) * 10
EI 5
0
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Incident angle (degree)

case of TM polarization. As a result, it is clear that TE polarization is preferable to TM
polarization for the suggested bio-photonic detector design. Thus, the next investigation
will use TE polarization.

3.2 Influence of the defect cavity thickness

The transmittance spectra of the defect cavity at various thicknesses are also examined.
From Eq. (9), any variation in the refractive index of defect cavity leads to a variation in the
defect mode location. On other hand, as the thickness of defect cavity rises, the wave will
have a longer geometric path through the cavity and a greater interaction occurs between
the incident wave and the analyte. Therefore, the thickness of the defect cavity into a pho-
tonic crystal has a meaningful effect on the performance of bio-photonic detector (Aly
and Zaky 2019). The sensitivity improved from 1376 to 2688.33 nm/RIU when the angle
of incidence was set at 6,=80° (the optimal value) and the thickness of the defect cavity
was adjusted from 500 to 7000 nm, as shown in Table 5. These findings are in line with a
number of recently published articles. Figure 8 displays the sensitivity versus defect cavity
thickness. As shown in Table 6, the QF and FOM fluctuate with increasing the thickness
of the fault cavity. As demonstrated in Figs. 9 and 10, the greatest QF of 104,337.5 and
FOM of 133,833.3 RIU™! are found at defect cavity thicknesses of 5000 nm, respectively.

Table 5 Variation of the suggested structure’s resonant peak position and sensitivity with defect cavity
thickness

Defect cavity Defect peak position —Defect peak position  Shift of wave- Sensitivity (nm/RIU)
thickness (nm) of NCD (nm) of ECD (nm) length (nm)

500 1459.13 1541.69 82.56 1376

1000 2140.94 2250.73 109.79 1829.83

2000 2024.36 2165.86 141.5 2358.33

3000 1972.81 2125.09 152.28 2538

4000 1944.27 2101.74 157.47 2624.5

5000 1926.23 2086.69 160.6 2676.66

6000 2260.68 2421.5 160.82 2680.33

7000 2269 2430.3 161.3 2688.33
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Fig. 8 Sensitivity (S) vs the
defect cavity thickness (hy) of a
proposed BPhC for TE mode at
(h;=106.38 nm, h,=349.18 nm,
n;=4.23,n,=1.2887, 6,=80°,
nm and N=4)

Table 6 Variation of FWHM,
QF, FOM and DL of the
proposed structure with the
defect layer cavity thickness

Fig. 9 Quality Factor (QF) vs the
defect cavity thickness (hy) of a
proposed BPhC for TE mode at
(h;=106.38 nm, h,=349.18 nm,
n;=4.23,n,=1.2887, 6,=80°,
nm and N=4)

Fig. 10 Figure of merit (FOM)
vs the defect cavity thick-

ness (hy) of a proposed binary
photonic crystal for TE mode at
(h;=106.38 nm, h,=349.18 nm,
n;=4.23,n,=1.2887, 6,=80°,
nm and N=4)
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Fig. 11 Detection Limit (DL) 35

vs the defect cavity thick- 30
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Furthermore, it is obvious that the value of the detection limit fluctuates as the thickness
of the defect cavity increases. The suggested detector has a DL of 5.261077 RIU at a defect
cavity thickness of 5000 nm, as shown in Fig. 11.

The low value of DL indicates that the suggested biosensor is capable of detecting
even minor changes in the sensing layer’s refractive index. It’s worth noting that raising
the defect cavity thickness above hy;=5000 nm results in a small increase in sensitivity.
According to all of the parameters of S, QF, FOM, and DL, the best defect cavity thick-
ness is hy=>5000 nm. This thickness is equal 5 my. By the way, the thickness of bio-
logical examination samples is often in micrometers. Therefore, it is preferable that the
thickness of the sensing layer be in micro, and this is in agreement with many recently
published researches (Daher et al. 2022b; Aly and Zaky 2019).

From the above analysis, we can conclude that performance of the suggested bio-
sensor depending upon the thickness of defect cavity. The increase in the thickness of
defect cavity leads to a significant improvement in performance parameters of the opti-
cal detector but that is not at all. The best efficiency of the detector is obtained at a cer-
tain thickness (optimal thickness), and then the performance declines with the increase
in the thickness of cavity. In our proposed detector, the optimal thickness is found at
5000 nm.

When the normal cells of diabetes (NCD) and affected cells of diabetes (ECD) are
treated as defect cavities in the suggested structure under the optimal circumstances, the
expanded view of the transmittance spectra of the proposed BPhC is shown in Fig. 12.
The defect peak is located at 1926.23 nm when the NCD is used as a defect cavity.
When affected cells of diabetes (ECD) are used as a defect cavity, the defect peak shifts
towards a higher wavelength of 2086.69 nm. The optimum sensitivity is calculated and

Fig. 12 Transmittance spec-

tra of a BPhC for TE wave at ° 10 6. = 80°, hy = 5000 nm
(h,=106.38 nm, h,=349.18 nm, S 0.8 — NCD
hg _ 5000 nm, n, =4.23, s — ECD
n,=1.2887, 8,=80°, nm and £06
N=4) &

8 0.4

o

= 0.2

0.0
1900 1950 2000 2050 2100
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then found as 2676.66 nm/RIU. Here, a high incident angle was employed as well as a
high thickness of the defect cavity was considered. Also, the proposed photonic struc-
ture contained two periodic layers, the difference between their refractive indices being
slightly large. As a result, the suggested detector achieves an ultra-high performance
which is not achieved by many existing structures and approaches in this sector. Over-
all, Table 7 shows that the performance of our suggested biosensor is superior to that
of these recently reported publications. Other advantages, the described detector fea-
tures a simple structure, quick real-time detection, and a customizable design, making it
an appropriate tool for diabetes diagnosis. Using the nanoimprint lithography technol-
ogy, the suggested photonic structure can be produced with easily. The photonic crys-
tal can be incorporated into a waveguide to describe the built system. A micro-gap is
introduced between two equivalent numbers of cells can be treated as a defect cacity.
The gap is filled with the analyte, and the structure is illuminated by a light source. To
exhibit and examine the transmitted beam, an optical detector is necessary on the other
side of the structure.

4 Conclusion

A biosensor based on a binary photonic crystal (BPhC) has been created for the detection
of diabetes. The transmittance domains of the suggested structure are inspected using the
transfer matrix approach. The developed biosensor is made of two layers of Ge and TiN
that alternate, with the defect cavity acting as the sensing sample. The effect of changing
the incidence angle and the cavity thickness on the performance of the suggested struc-
ture was examined. By moving the sensing sample from normal to sick cells, the defect
peak is transferred to a higher wavelength. TE polarization outperforms TM polarization as
the angle of incidence grows. In addition, increasing the defect cavity thickness improved
the sensitivity of the suggested biosensor significantly. Our suggested biosensor has a high
sensitivity of 2676.66 nm/RIU when the parameters are tuned. Furthermore, the suggested
structure had a very high QF (104,337.5), a very high FOM (133,833.3 RIU™!), and a very
low DL (5.26 x1077) RIU. Finally, the described detector features a simple structure, quick
real-time detection, and a customizable design, making it an appropriate tool for diabetes
diagnosis.
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