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Abstract: The present 1D photonic biosensor is composed of two sub-PhCs of alternate layers made
of GaP and SiO;. The period number of each PhC has been fixed to 3. Both these PhCs are joined
together through a cavity region of air in which different analytes are to be filled one by one under
the scope of this study. The theoretical findings of this work have been formulated with the help of
the well-known transfer matrix method. Moreover, all the computations pertaining to this work have
been carried out with the help of MATLAB software. The effect of change in cavity thickness and angle
of incidence corresponding to a TE wave on the transmittance of the structure (AB)ND(AB)N has been
studied theoretically which in turn determines the performance of the proposed biosensor. Various
parameters, such as sensitivity (S), signal to noise ratio (SNR), figure of merit (FOM), resolution (RS),
detection limit (LOD), quality factor (Q) and dynamic range (DR) have been theoretically calculated to
evaluate the performance of the proposed design in true sense. The sensitivity of this structure varies
between the highest and lowest values of 337.3626 nm/RIU and 333.0882 nm/RIU corresponding to
water samples containing Pseudomonas aeruginosa cells and Bacillus anthracia cells, respectively, under
normal incidence condition with a cavity thickness of 2.0 um. The resolution (in nm) and LOD (in
RIU) values of the proposed design are small enough and are significant for our structure. This study
may also be helpful for distinguishing various microbiological samples under investigation and find
suitable applications for discriminating bacterial cells from spores.

Keywords: bacterial cells; photonic crystals; biosensing; detecting bacterial cells; sensitivity

1. Introduction

In the recent years, a lot of attention has been paid to ensure food and drinking water
safety worldwide. Pathogenic microbes are effortlessly surviving in food and drinking
water which may create several health-related problems, such as hepatitis A & E, cholera,
and cryptosporidiosis [1,2]. The consumption of contaminated food and/or drinking
water [1,2] may cause severe kinds of gastrointestinal tract infections in the human body.
Pathogens in humans are classified in two categories by health professionals, such as
gram-positive and gram-negative bacteria [3]. The main role of these bacteria is to grow
clusters and chains of Staphylococcus aureus and Streptococcus haemolyticus cells, respectively.
Staphylococcus aureus cells are the root cause of mild- to life-threatening diseases, such
as myositis and necrotizing fasciitis. Some inflammatory diseases, which include skin
infections, pneumonia, endocarditis, etc., are due to Staphylococcus aureus cells. It can also
create a toxic shock syndrome as well as the scalded skin syndrome. On the other hand,
Streptococcus haemolyticus cells are responsible for urinary and biliary tract infections,
endocarditis, puerperal fever, and many more [4,5]. The Staphylococcusaureus cells may
develop antibiotic-resistant strains called methicillin-resistant which is a major challenge
for the experts who are working in the field of clinical medicine worldwide. Although
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virologists are working hard to develop a vaccine which could prevent humans from
Streptococcusaureus infections, but no such vaccine has been approved so far [6]. Usually,
Escherichia coli cells may be easily localized themselves near the colon of newly born human
infants within a few hours [7,8]. Though, it is a well-known fact for decades that Escherichia
coli cells and their human hosts may simultaneously survive in good health due to the
mutual benefits of each other [9]. Moreover, wound infections due to Enterococcus faecalis
cells are affecting hospitalized patients between 7% and 15% globally depending upon the
hygiene conditions of the surroundings. The treatment is very difficult because Enterococ-
cus faecalis cells develop resistance against a large range of antibiotics [10]. Nevertheless,
Bacillus anthracis cells are responsible for resilient and deadly infections, such as anthrax
which is also a kind of bacterial pathogen [11-13]. These pathogens may also become the
root cause of developing spores in the human body [12-14]. At present, several phenotypic
and molecular methods are being used for detection and identification of these pathogenic
bacteria [8-10]. However, most of these methods of pathogenic bacteria detection are costly,
time-consuming, cumbersome and have poor accuracy [10]. Moreover, the accuracy of
results is dependent on the laboratory setup which requires sophisticated technological
equipment to execute investigations. The plasmonic biosensing devices based on colorimet-
ric analysis may be one of useful technologies for rapid and advanced sensing of biological
samples [15]. On the other hand, photonic biosensing techniques are advantageous due
to accuracy, consistency of results, rapid response and relatively lower cost [14-16]. The
protein sensing and detection application of 1D defective photonic crystal (DPhC) has
been explored by El-Aziz et al. keeping tissue building and repairing characteristics of
the protein in mind [17]. Biosensing application of 1D defective quinary PhC capable of
detecting cancerous blood cells in human body has been studied by Ashour et al. [18]. An
analytical approach demonstrating a novel chemical sensor by using 1D DPhC has been
proposed by Adl et al. The geometry of this chemical sensor is based on total internal
reflection in which a cavity has been created at the end of the structure [19].

In the recent years, photonic biosensing technology-based optical sensing has emerged
as a hot research field for design and development of diversified ranges of bio-photonic
sensors which have tremendous applications in agricultural, biochemical, environmental,
medical and defense sectors [20-23]. One example is a high-performance photonic biosensor
capable of detecting water-borne bacteria of sensitivity which varies between 474.2 nm/RIU
to 483.6 nm/RIU that has been theoretically examined by Aly and his coworker [2]. In
addition, there are very useful data are published in reference [24]. This structure can be
fabricated by depositing forty alternate layers of Si and TiO, materials with an air cavity
of width 112 nm only in the middle of the structure. The cavity of air has been used to
examine various water-borne bacteria samples. These samples may be transported to the
cavity region with the help of a microfluidic channel which is one of the essential parts
of the biosensor. Moreover, the order of the quality factor, figure of merit and limit of
detection values of proposed design are 10%, 10* and 107, respectively.

Motivated by the abovementioned excellent sensing capabilities of photonic biosensors,
in this paper, we have explored one of the possible ways by which a 1D photonic crystal
(PhC) with defect can be efficiently used to detect bacterial cells and spores in different
samples under investigation. Additionally, we note that the earlier structure suggested by
Arafa et al. for detecting various water-borne bacteria in reference [2] has two limitations:
(1) this design comprises forty alternate layers of Si and TiO, materials on glass substrate
with an air cavity of width 112 nm at the middle of the structure, and (2) the cavity, which
will be used for investigating various water-borne bacteria samples, is very narrow; so, it is
difficult to transport the corresponding analytes into the cavity region with the help of a
microfluidic channel due to the larger size of bacteria which is in the um-range [16]. In the
present research work, we have given our efforts to overcome the limitations associated with
our previous work by proposing the present structure consisting of only 12 alternate layers
of GaP and SiO; on the glass substrate with a wider air cavity of thickness 2.0 um at middle
of the design so that the analytes can be easily infiltrate into the cavity region through
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the microfluidic channel. The proposed structure works on the principle of detecting a
very minute change in refractive index of several pathogen samples containing different
bacterial cells and spores due to their shapes, sizes and concentrations. This minute change
in refractive index results in the corresponding change in the position of the defect mode
inside the photonic band gap of the structure. The comparison amongst the positions of the
defect modes corresponding to a change in refractive index of various bacterial samples can
be used to extract information pertaining to the pathogens. To the best of our information,
such a 1D defective PhC effectively capable of detecting a large range of bacterial samples
has not been reported yet. The manuscript has been organized as follows: the structural
design and theoretical formulation of the problem have been briefly discussed in Section 2.
The results and discussion of the proposed work are given in Section 3. Conclusion has
been presented in Section 4.

2. Computational Model and Design Methodology

We first discuss the design architecture of the 1D photonic biosensor capable of sensing
various types of bacterial cells and spores as presented in Figure 1. In this design, two
identical 1D binary PhCs have been clubbed together through a defect layer of material D,
to form a biosensor design (AB)ND(AB)VN. The letters A, B and D of this design are being
used to represent the layers made of GaP, SiO; and air, respectively. The period number is
represented by the letter N. All the layers of the proposed biosensing structure are been
fabricated on a glass substrate of refractive index ng. The whole structure is surrounded by
air. We have assumed that the plane electromagnetic wave is impinging the structure at an
angle of incidence &, with respect to normal from air (Figure 1).

b N e - N _— =

@ GaP layer [ si0, layer B sacteria cell @Substrate

Figure 1. Schematic view of 1D defective PhC consisting of two 1D binary PhCs of period number 3

which are associated together through a bacterial cell of thickness d3.

The interaction between the plane electromagnetic wave and the structure is described
by well-known transfer matrix [16-23] as

b= (0 1R ) = N i W

Here, L11, L1p, L1 and Ly, are the elements of the transfer matrix. N is the period num-
ber of the structure. The characteristic matrix representing the material layers A, B and D
are denoted by [y, I and I3, respectively, and is defined as
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I, = C A= )
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Here, the index z = A, B, D denotes different material layers of the structure. For TE
polarized wave, the value of g, is given by q, = n,cos<y,. Here, 7, is the phase difference at

each layer which is defined as
27tn,d

e = Tty /\Zcosaz 3)

In this equation, n,, d, and «;, are the refractive index, thickness and ray angle inside
each layer.

The transmission coefficient t of the proposed structure is given by

2
‘= 10 4)
(L11 + L12gs)q90 + (L21 + Laags)

where the values of gy = ng cosay and gg = ngcosag are associated with incident and
exit media of the structure respectively corresponding to the TE polarized wave. The
transmittance (T) of the proposed biosensing structure is given by

s (.12
T= =t 5)
i

The performance and efficiency of the photonic biosensor can be assessed by various
parameters, such as the sensitivity (S), signal to noise ratio (SNR), figure of merit (FOM),
resolution (RS), detection limit (LOD), quality factor (Q) and dynamic range (DR) [16-20].
These parameters are very essential and helpful for quantitative examination of the perfor-
mance of any photonic biosensing design. The sensitivity is defined as the change in the
position of the defect mode inside PBG (AAR) due to a change in the refractive index of the
bacteria sample (Anpaceria) Under investigation as defined in Equation (6)

AR

§=_—"R
Anbacteriu

(6)

The signal to noise ratio is another major parameter which evaluates the biosensor
performance. It is essential to design a biosensor with small FWHM to get larger value of
SNR. The SNR value can be obtained with the help of the following relation

ANR

= 7
FWHM @
The FOM determines the ability of any photonic biosensor to determine very little

changes in the position of the defect mode inside PBG and is directly proportional to the
sensitivity. It is defined as

SNR

S
FWHM ®
The small change in the central wavelength of defect mode determines the resolution
of the biosensor and is defined as

FOM =

2(FWHM)

RS = -
3(SNR)?

©)

The smallest refractive index change which could be measured by any biosensing
configuration is defined in terms of LOD as defined below
AR
205Q

Here, Q is the quality factor which determines the ability of the biosensor having a
narrow bandwidth, which is obtained as

LOD = (10)
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Q= FWHM
The range of bacteria samples, which can produce reliable bacteria sample perturba-
tions by the biosensor configuration, is defined in terms of dynamic range and is given by

(11)

(12)

3. Results and Discussion

In the present research work, two identical binary 1D PhCs (AB)N have been clubbed
together through a defect layer of air as shown in Figure 1. Both the binary PhCs are made
up of alternating layers of GaP and SiO; of period number N = 3. These materials have
been chosen due to their negligible extinction coefficient in the region of investigation
625 nm to 730 nm. Moreover, the refractive index variation of GaP and SiO; is very small
and can be ignored in the wavelength range 625 nm to 730 nm. The thicknesses of layers
along with period number of binary PhCs have been selected in such a way to get wider
PBG with a reduced structure size. The refractive indices and thicknesses of layers GaP
and SiO; are selected as n; = 3.36, ny = 1.44, d; = 260 nm and dp = 110 nm, respectively. The
thickness of the defect layer of air has been initially taken as d3 = 0.5 um in which various
samples containing bacterial cells and spores under investigation have to be poured one by
one. The physical dimension of the cavity region has been taken in micro meter keeping
the size of the bacteria cell into consideration. The entire work has been carried out in the
visible region of the electromagnetic spectrum which varies between 620 nm to 750 nm.
The whole structure is assumed to be fabricated over a substrate of glass of refractive index
ns = 1.52. The ambient medium of the proposed design is air of refractive index 1y = 1.0.

The proposed photonic biosensor works on the principle of existence of a defect
mode inside the photonic band gap. The break in periodicity of the structure results
a defect mode inside the PBG due to disturbance in the translational symmetry. This
phenomenon is similar to the presence of impurity modes in the doped semiconductor. The
working of the design is initiated by loading the air cavity with various samples containing
different bacterial cells and spores one by one as per the data given in reference [24].
It contains refractive indices of several bacteria samples under consideration which have
been arranged in descending order of their refractive indices. The proposed design is
capable to observe the minute change in refractive index of different bacterial cells (An)
of 0.0060. The change in the size, shape, concentration and chemical composition of bacteria
in different samples results the corresponding change in their refractive indices which in
turn reflect the positional change in the defect mode inside the photonic band gap. In order
to understand the significance as well as importance of our design, one has to compare the
numerical value of sensitivity with the corresponding change in the refractive index of a
bacterial sample. The performance of the proposed structure has been examined first by
observing the effect of change for the angle of incidence of electromagnetic waves from 0°
to 10°, 30° and 40° corresponding to a TE wave only, when the thickness of the cavity layer
has been fixed to 0.5 pum. Second, the thickness of the cavity layer has been changed from
0.5 pm to 2.0 um in steps of 0.5 um at «y = 0° on the transmission spectra of the structure as
discussed below.

3.1. Effect of Variation in the Angle of Incidence on the Performance of the Biosensor

For this purpose, the thickness of the defect layer of the biosensor has been fixed to
0.5 pm and the incident angle has been varied from 0° to 10°, 30° and 40° corresponding to
a TE wave only. Under these circumstances, the transmission spectrum has been plotted
in Figure 2a—d corresponding to incident angles 0°, 10°, 30° and 40°, respectively, when
the cavity has been loaded with different samples, containing bacillus anthracis spore,
staphylococcus aureus cell, streptococcus haemolyticus cell, Escherichia coli cell, entero-
coccus faecalis cell, bacillus anthracis cell and pseudomonas aeruginosa cell separately.
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The transmission spectra of Figure 2a show that as the cavity region has been infiltrated
separately with various water samples containing Bacillus anthracis spore to Pseudomonas
aeruginosa cells. In accordance to the published date reference [24], the defect mode starts
to shift towards the higher wavelength side. The intensity of each defect mode is almost
unity which is enough and easily detected by the transducer of the proposed photonic
biosensor design. This shifting of the defect mode inside the PBG is due to the increase in
the refractive index of various samples containing bacterial cells and spores. Moreover,
the full width half maximum of all defect modes varies between 0.4 nm to 0.5 nm which
is also one of the essential requirements for any good quality photonic biosensing design.
The increase in the angle of incidence from 0° to 10° results in the movement of defect
modes towards the lower wavelength side with very minute fall in their intensity as seen
in Figure 2a,b respectively. The FWHM of theses defect modes is almost constant. The
further increase in the angle of incidence from 10° to 30° results in the shifting of the defect
modes toward the higher wavelength side, as shown in Figure 2c. The FWHM of the defect
mode located at the higher side of the spectrum increases whereas the FWHM of the defect
modes located at the lower side of the spectrum reduces. The intensity of each defect mode
also reduces from 99.12% to 94.86%, as shown in Figure 2c. At &y = 40°, the movement
of the defect modes inside the PBG is towards the lower wavelength side with improved
FWHM, as shown in Figure 2d. The intensity variation is between 92.86% to 95.85%, as
evident in Figure 2d. The increase in the angle of incidence also reduces the intensity of
each defect mode marginally without influencing the sensing capabilities of the design.
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Figure 2. Transmission spectra of 1D defective PhC (AB)’D(AB)? when the cavity is loaded with seven
different samples containing bacterial cells, such as Staphylococcus aureus, Streptococcus haemolyticus,
Escherichiacoli, Enterococcus faecalis, Bacillus anthracis, Pseudomonas aeruginosa and Bacillus anthracis
spore with a cavity of thickness 0.5 um and incident angle «g as (a) 0°, (b) 10°, (c) 30° and (d) 40°.

3.2. Effect of Change in the Thickness of Cavity Region on the Performance of the Biosensor

Next, we examine how the change in thickness of cavity region influences the per-
formance of the proposed photonic biosensor under normal incidence condition. For this
reason, we have chosen the thickness of the cavity region as 0.5 pm, 1.0 um, 1.5 pm and
2.0 pm. The transmission spectra of the proposed design corresponding to a cavity re-
gion of thicknesses 0.5 pm, 1.0 pm, 1.5 pm and 2.0 um are being plotted in Figure 3a-d,
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respectively, at normal incidence. Transmission spectra of Figure 3 show that, due to
increase in thickness of cavity region under normal incidence condition corresponding to
various samples whose refractive index vary from lower to higher value in accordance
with refractive indices which is published in reference [24], the distinct and distinguishable
defect modes inside the PBG start to switch their position toward the higher wavelength
side. Moreover, their FWHM gradually reduces and becomes minimum at a cavity layer of
thickness 2.0 pm. The minimum value of FWHM is always required for a high performing
photonic biosensor. There is one more common observation that, at a particular thickness
of the defect layer region, the FWHM of all defect modes corresponding to various bacterial
cells are constant. Thus, the comparison of findings between Sections 3.1 and 3.2 shows
that by varying the angle of incidence at fixed cavity length, one cannot only tune the defect
mode position inside PBG towards the lower wavelength side, but also improve its FNHM
depending upon various bacterial samples under investigation. Moreover, structures of
different cavity length at normal incidence can be used to retain the position of the defect
mode inside the PBG by shifting them towards the higher wavelength side.
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Figure 3. Transmission spectra of 1D defective PhC (AB)®D(AB)? when the cavity is loaded with seven
different samples containing bacterial cells, such as Staphylococcus aureus, Streptococcus haemolyticus,
Escherichiacoli, Enterococcus faecalis, Bacillus anthracis, Pseudomonas aeruginosa and Bacillus anthracis
spore under normal incidence with a cavity of thickness as (a) 0.5 um, (b) 1.0 um, (c) 1.5 um and
(d) 2.0 um.

3.3. Analysis of Proposed Structure under Optimum Conditions

Analysis of the results as discussed above is helpful to identify the optimized cavity
length d3 = 2.0 um at ap = 0° under which the proposed device works efficiently. Here, it is
important to note that, in this study, other structural parameters have been fixed to get a
wider PBG which is important for investigating a large number of bacterial samples of dif-
ferent refractive indices. Table 1 shows that the numerically calculated various parameters
S, SNR, FOM, RS, Q, LOD and DR which are very helpful for evaluating the performance
of the proposed photonic structure based on the refractive index sensing technology. This
table shows the sensitivity variation of the proposed structure between 333 nm/RIU to
337 nm/RIU under the influence of various bacterial samples. The average sensitivity value
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of the proposed work is 335.72 nm/RIU, which is quite good in contrast to many biosens-
ing reports as mentioned in Table 2. Additionally, our structure possesses a high value of
signal-to-noise ratio, figure of merit, quality factor and dynamic ratio. The average values
of signal-to-noise ratio, figure of merit, quality factor and dynamic ratio of our structure are
81.38, 727.226 and 1430.24, respectively. Moreover, our design has considerably low values
of resolution and limit of detection, both are also essential requirements for identifying the
smallest change in the refractive index of a bacterial sample under investigation. The aver-
age value of RS and LOD of our design has 0.104667 and 6.948 x 10~° RIU, respectively.

Table 1. The performance evaluation table of the proposed photonic biosensor on the basis of S, SNR,
FOM, RS, Q, LOD and DR under different bacterial samples.

RI of Bacteria AR FWHM S RS

Samples (RIU) (nm) (nm) (nm/RIU) SNR FOM (nm) Q LOD (RIU) DR
1.507 700.0 0.5 337.3626 1400.00 989.9495
1.416 669.3 0.5 337.1134 61.40 674.7253  0.119079  1338.60 7.41042 x 10> 946.5331
1.410 667.3 0.5 336.1905 65.40 674.2268 0.117215  1334.60 7.4159 x 107° 943.7047
1.402 664.7 0.4 335.6522 88.25 840.4762 0.087004 1661.75 5.94901 x 10— 1050.983
1.392 661.4 0.5 334.9515 77.20 671.3043 0.112454  1322.80 7.44819 x 107> 935.3609
1.3834 658.6 0.5 333.0882 82.80 669.9029 0.110502 1317.20 7.46377 x 107> 931.4011
1.371 654.7 0.4 337.3626  113.25  832.7206 0.081745 1636.75 6.00442 x 10— 1035.172

Table 2. Comparison between the performance of proposed design with other similar findings based
on refractive index sensing technology on the basis of numeric values of sensitivity, quality factor
and figure of merit.

Year S (nm/RIU) Q-Factor FOM (RIU) Frequency Range Reference

2017 17 3 x 10* 2.23 x 102 Visible to NIR [25]

2019 25.75-51.49 Not mentioned Not mentioned NIR [26]

2019 32-43.13 Not mentioned Not mentioned NIR [27]

2019 53.0-90.9 Not mentioned Not mentioned NIR [28]

2020 10 3 x 102 15.1 Visible [29]

2021 71-75 Not mentioned Not mentioned NIR [16]

This work 333-337 1.3x10%t0 1.7 x 103> 6.7 x 102 to 8.5 x 10? Visible e

4. Conclusions

In conclusion, we have theoretically examined the performance of the proposed
1D photonic biosensor capable of investigating selected bacterial and spore samples as
an analyte. The transfer matrix formulation has been used with the help of MATLAB
simulations to carry out these findings under normal and oblique incidence corresponding
to the TE wave only. In this study, we have chosen the structural parameters of 1D PC
(AB)N to get a wider photonic band gap extending from 625 nm to 730 nm in the visible
region of the electromagnetic spectrum. The performance of the proposed design has been
studied under the influence of various thicknesses as well as angle of the incidences to
get optimized values for both cavity thickness and angle of incidence. We have tuned the
parameters in such a way to get optimized performance of the structure under normal
incidence because in such photonic biosensors of nanometer size it is not easy to retune the
angle of incidence to get an efficient performance. The optimized value of cavity thickness
is 2.0 um corresponding to which the average sensitivity of the design is 335.7264 nm/RIU.
The sensitivity of any photonic biosensor having this value is enough for sensing bacterial
samples of fractional refractive index change (Arn) 0.0060. The proposed structure has high
average values of quality factor, FOM and signal-to-noise ratio as 1430.24, 727.226 and
81.38, respectively. Moreover, this structure also possesses low average values of resolution
and LOD as 0.104667 and 6.9486 x 10~°. These are amongst the most important parameters
that must be taken into consideration for designing of any photonic bio-sensor. Thus, we
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have proposed a very simple, efficient, cost effective and highly sensitivity 1D photonic
biosensing design which can be realized easily by presently available fabrication techniques
for identifying selected bacterial cell and spores in water samples to be investigated.
Moreover, the proposed structure may also be used for sensing samples of refractive
index variation between 1.4160 to 1.5070.
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