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Photonic Crystal Biosensor Device

for Identification of Cancerous Cells
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Abstract The present chapter highlights one-dimensional photonic crystal (1D
PhC) and its vital applications. The remarkable scientific progress in PhC has been
able to draw the attention of researchers for novel bio-sensing applications. With
the advancement in technology, different defect-based PhCs have been success-
fully fabricated with extensive analysis of propagation characteristics and tested
for various sensing applications like blood, gas, salinity, DNA, alcohol, liquid, food,
hormones, enzymes, cells, urine, glucose, chemicals, etc. The transfer matrix method
is the most suitable method to study the spectral characteristics of 1D PhC structure.
The sensing principle is based on the study of alteration in the resonant mode wave-
length according to the modification in the analyte refractive index. This chapter
deals with the study of defect-based 1D PhC cancer cells sensor, where TMM is
employed to detect basal, cervical, and breast cancer cells. In order to enhance the
sensitivity, a thin graphene layer is deposited at the side wall of the defect layer. A
complete optimization of geometrical parameters has been performed to envisage
high performance. The 3D colormap plot is studied to clearly show the variation in
the properties of the defect mode with change in the incident angle. Moreover, signal-
to-noise ratio, Q-factor, resolution, and figure of merit of the sensor are measured
meticulously. The noteworthy sensing performance can open an avenue to effectively
detect the cancer cells in the early stage.

8.1 Introduction

Most of the technological innovation have brought up by deeply perceiving the
nature. There are numerous examples which validate the existence of periodic nature
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Fig. 8.1 Natural photonic crystals a morph butterfly, b multi-colored peacock feather, ¢ opal
gemstone, d wing of Sasakia Charonda with their microscopic images, e 1D/2D/3D PhCs

of variations in nature. For example, wings of butterflies, opal of the bracelet, feathers
of birds, and barbules of colorful birds contain a systematic periodic arrangements,
which resemble with the property of photonic crystals [1-3]. The color changes
with respect to the angle of observation, which is primarily owing to the interaction
between the light and the above-mentioned material’s natural design. Figure 8.1
demonstrates some nature-based multilayer effects.

The study on periodic multilayer structures by E. Yablonvitch and S. John in the
early 1987 is considered as the flagship research on photonics, which ignited the
minds of the researchers to explore different applications using photonics principle
[4, 5]. In their work, the authors revealed the effect of periodicity in two dimensions
and three dimensions. As far as research on photonic crystal is concerned, it can
be realized in 1D, 2D, and 3D forms. Among these, 3D PhCs are facing fabrica-
tion feasibility issues, and still research is going on to find an effective fabrication
technique to produce low-loss 3D PhCs [6, 7]. On the other hand, 2D PhCs can
be successfully fabricated by etching technique resulting in triangular, square, and
honeycomb structures. The 2D PhCs can be designed in the form of slab, which can
be organized in two ways: arrangement of dielectric materials with air as the back-
ground and arrangement of holes on a dielectric slab [8—10]. Defect-based PhCs
have brought the revolution in the photonics research community. The defects can
be created by omitting a series of air holes or by altering the properties of air holes
along a particular shape in the PhC, which makes it behaves as a photonic crystal
waveguide (PCW) [11-13]. The light signals fall within the PBG can be effectively
guided and trapped in PCW, which enables the manipulation of electromagnetic



8 Design and Analysis of One-Dimensional Photonic Crystal ... 155

waves in the nano-structure. Nonetheless, several efforts have been given by scien-
tists and researchers to mimic 2D and 3D PhCs, but 1D PhCs are the utmost explored
structures and investigated from theoretical to experimental aspects due to their fabri-
cation feasibility, high compatibility, and broad application domain [14-16]. The 1D
PhCs are blessed with an elegant characteristics called as photonic band gap (PBG),
which appears owing to the periodical arrangement of different dielectric materials
along the stacking direction [17]. The PBG reflects that wavelength band which
is restricted to propagate along the multilayer structure. The PBG characteristic of
the 1D PhC has a significant effect in envision of many novel applications such as
laser applications, sensing applications, filter, optical mirror, polarizer, communica-
tion applications, biomedical applications [18-20]. PhC must be structurally altered
to produce a resonant mode in the spectral characteristics in order to be used as a
biosensor. The finest technique to create such a resonant mode is to insert a defect in
the design [21]. If the input wavelength and the defect mode wavelength matches each
other, a discrete spike is formed in the spectral characteristics. The light (photons)
are strongly localized near the defect layer [22]. A slight change in the surrounding
refractive index leads to a significant modification in the location of the defect mode.
Till now, 1D PhCs are widely used for a variety of purposes [23-26]. Moreover, 1D
PhCs are highly reliable pertaining to temperature fluctuations, offer fast operation,
and possess higher lifetime compared to the high-dimensional PhCs.

In the last decade, researchers have explored numerous novel 2D materials, which
be integrated with photonic devices to improve the performance. Graphene has come
up as a promising material for the design of various optical devices and therefore
evolved as a center of attraction of researchers worldwide [27, 28]. A. Geim and
K. Novoselov first introduced graphene as a 2D material, for which they received
the prestigious Nobel Prize in the year 2010 [29, 30]. Graphene possesses a unique
lattice configuration and is considered as a novel material due to its outstanding
electronics properties. Graphene has hexagonally arranged lattice structure of sp2
hybridization having noteworthy electronic properties. Most importantly, graphene
has a higher conductivity of 10° s/m and a very low resistivity of 10 ©-cm, which
makes it convenient to work in a broad applications domain compared to the conven-
tional materials [31]. Moreover, graphene demonstrates zero bandgap properties
and excellent carrier mobility. Even though, the approximate thickness of graphene
is only 0.34 nm, but still it shows a remarkable absorption property [32]. It has
been experimentally observed that a monolayer of graphene can absorb 2.3% of
light in a wide wavelength band. Owing to its high absorption property, graphene
shows distinguished reflectance for TE and TM modes under total internal reflection,
which is very sensitive toward a small deviation in the RI of the contacting surface
[33]. Due to the aforementioned properties, graphene has successfully entered the
photonics industry to realize different electromagnetics applications. The proper-
ties like flexibility, durability, robustness, high conductivity, excellent mobility, etc.
make graphene a right candidate for design of photonic devices [34-36]. Notably,
the conductivity of graphene can be adjusted by controlling the chemical potential
across the graphene sheet. So by suitably controlling the chemical potential across the
graphene sheet, the optical properties of the integrated graphene photonic devices can
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be varied according to the user requirement. From the energy band transition point of
view, two types of interactions are noticed between graphene and light signal, namely
inter-band transition and in-band transition. The inter-band transition is mainly seen
in visible to NIR wavelength range, whereas the in-band transition is observed in the
far-infrared wavelength regime. In case of in-band transition, graphene behaves as a
free electron which is capable of exciting the surface. Nevertheless, a monolayer of
graphene bestows high light absorption, but it shows a poor absorption of only 2.3%
as material, which demands a more deep research to boost the interaction between
graphene and electromagnetic signal.

Since the last two decades, 1D PhCs are dominating in the field of designing
biosensors. A 1D PhC sensor is proposed by W. Nouman et al. for detection of
brain lesions within the refractive index range of 1.3333 to 1.4833 and achieved
an excellent sensitivity of 3080.8 nm.RIU~! [37]. Z. Zaky et al. reported a Tamm
plasmon structure to detect various gases. Ag plays a vital role in generating the
plasmonic modes at the interface between the metal and 1D PhC [38]. A thorough
analysis is carried out on the characteristics of the defect modes, where it is seen that
the cavity resonance tends to decrease with an escalation in the RI of the targeted
gases [39]. A. Ahemad explored a Psi-based photonic crystal including a metal layer
and investigated Tamm plasmon polariton (TPP) resonant modes for sensing liquid
analytes. The authors studied the shifting nature of the defect mode by infiltrating the
cavity with liquids of different refractive index [40]. A. H. Aly manipulated TMM
to examine the transmission spectrum in a defect 1D PhC for sensing the creatinine
concentrations in blood [41]. A. Panda et al. studied the absorption spectrum and
transmission spectrum in both symmetric and asymmetric 1D PhC structure to detect
various viruses present in the drinking water, which find a suitable application in rural
area [17]. A hemoglobin sensor is realized by M. Abadla and his team to sense a
wide concentrations of hemoglobin. After optimizing numerous structure parameters,
they attained a sensitivity of 167 nm per RIU [42]. A glucose sensor is designed
using defect-based 1D PhC through the analysis of reflectance characteristics [43].
A steady and low-cost sensor is reported by Elsayed et al. [44], to sense various
types of biodiesels. The bandgap properties of a 1D PhC comprising a single layer of
graphene sandwiched between the dielectric materials is inspected by J. Fu et al. [45].
A graphene-based 1D PhC is investigated by Fan et al., where the authors explored
the dependence of optical properties of graphene on its chemical potential [46]. By
varying the chemical potential, the authors measured the change in the defect mode
frequency. A novel protein sensor is investigated on the ground of 1D PhC. Although
the authors used the optimized parameters, they found a sensitivity of only 170 nm
per RIU, which is not up to the mark [47].

Cancer, the leading reason of fatality worldwide, has evolved as a precarious
diseases. As per the information of IJARC, around 19.3 million population around the
globe are contrived by the cancer, and nearly 10 million fatalities have occurred in the
year 2020 [48]. The primary reason behind the growth of cancer cells in human body
is the interaction between the genetic factors of the body with different external agents
like physical carcinogens, chemical carcinogens (tobacco, aflatoxin), and biological
carcinogens (bacteria, viruses) [49]. Due to this effect, the cells grow in uncontrolled
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manner by absorbing relatively more protein and nutrients from the body [50]. The
main point of concern is that till date there is no fully guaranteed treatment of cancer
in medical science. Probably, the single approach to combat the situation is the early
detection of this diseases. So, a label-free and point of care cancer testing device is
indispensable to effectively fight with cancer. In the last decade, researchers have
greatly relied on photonics technologies to successfully detect different cancer cells
with high accuracy and less time. A cancer cell sensor is proposed by Bijalwan et al.,
which is consisted of alternating layers of SiO, and TiO,. The authors used TMM
technique to achieve a sensitivity of 73 nm/RIU [51]. A. Aly et al. optimized the
geometrical parameters of a 1D PhC and tested the spectral characteristics of the
structure by filling different cancer cells in the defect layer. The authors are settled
with a sensitivity of 2200 nm/RIU [52]. The transmission spectrum of a defected
photonic crystal is analyzed in detail by Ramanujam and his team, where a very low
sensitivity of 43 nm/RIU is achieved, which is very low [53]. A point defect-based
2D photonic crystal waveguide is studied for detection of different types of cancer
cells. In their work, the authors rely on the electric filed analysis in the defect region
and measured the reflected wavelength, which differentiated the normal cells from
the cancer cells [54]. N. Ayyanar et al. investigated a dual core photonic crystal fiber
to detect various cancer cells like cervical, basal cells, etc. [55]. Sani et al. studied the
bandgap characteristics in a 2D photonic crystal to differentiate cancer cells from the
normal cells [56]. Jabin et al. attempted to integrate a metal layer in the core of the
photonic crystal fiber and studied the plasmonic behavior of the device. Further, the
authors tested their device to distinguish cells infected with cancer cells in a broad
wavelength band of visible to NIR regime [57].

8.2 Theoretical Formulation

This chapter explores a 1D PhC, which is realized as a regular periodic arrange-
ments of MgF, and ZnSe. A cavity/defect layer is formed at the center of the
arrangement. A monolayer of graphene sheet is sandwiched between the defect
layer and the dielectric layer. The alignment of the whole structural arrangement
is (MgF,/ZnSe)N/graphene/defect/graphene/(MgF,/ZnSe)N, which is represented in
Fig. 8.2. The thickness of the layer MgF,, ZnSe, and graphene is represented as d 4,
dp, and dg, respectively. The cavity is loaded with different cancer cells. A 589 nm
light, produced from a laser source, is made to strike the proposed structure normally
along the x—z plane.

The constituent material RI plays a significant part in finding the spectral response
of the entire configuration. The RI of MgF, and ZnSe can be measured with the help
of Sellemier equations [58, 59],
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MgF2 ZnSe Graphene  Cancer cells

Fig. 8.2 Schematic of the proposed sensor

) - 0.4875512 n 0.3987512 n 2.3120312 82)
n = .
MeF2 A2 —0.043382 A2 —0.094612 A2 —23.79362
The dielectric permittivity of graphene is stated as [60],
EGt O 0
eg=1| 0 &g O (8.3)
0 0 &Gy

The terms &g and e, denote the normal and tangential component of permittivity,
respectively. g, = 1, and &g is expressed as below,

o(w)

eq=1+i (8.4)

8oa)dG

where w signifies the angular frequency, ds denotes the graphene thickness, and & is
the permittivity of air. The surface conductivity (o,,) regulates the physical properties
of graphene. The transfer matrix representation of the graphene layer takes the form,
Mg = [ !

as written below,

0 ] , where o, can be mathematically expressed by Kubo formula [61]

o, = O'(i,ntm + O,Liunter (85)
-2
intra ie 16KgT e
=|-— log| 2 cosh 8.6
%o <8nh>[ ho B\ TN 2k, T (86)

inter __ é _ _ L (ha)+2,u)2
% = <4h) [H(h“) ) = o % <1Og<hw—2uz+(2KBT)2)):| &7



8 Design and Analysis of One-Dimensional Photonic Crystal ... 159

where, H denotes the Heaviside step function, Kp represents the Boltzmann constant,
o be the angular frequency, e is the electron charge, u. represents the chemical
potential, and T is the temperature in kelvin scale.The field components can be

written as,
<E,,) _ exp(—iq,y)  exp(ig,y) (A,,) 88)
H, —nxexp(—iql,y) nsexp(iq,,y) B,

All the terms in Eq. (8.8) are defined in Ref. [41]. The field components between
the adjacent layers of p and p + 1 are stated as [17],

(Ep) 1( [exp(iapap) +exp(~igpap)] (—ylp)[exp(iqpap)—exp(—iqpap)])

Hp 2\ —vplexp(igpap) —exp(—igpap)]  [exp(igpap) + exp(—igpap)]
« [ Ert1 (8.9)
Hp11
where o, = d, cos6,. Here, d, and 6, signify the thickness and incident angle,
respectively. The widely accepted transfer matrix method (TMM) is manipulated for

studying the spectral characteristics of the projected 1D PhC. The TMM describes
the discrete layer p in matrix form, which can be stated as [17],

M, = coso, (—é)sinap (8.10)
—ifj,sino;,  coso,
For TE mode, o, and @,. are defined as,

2
o, = T]pon,,cosep and 1, = n,cost, 8.11)

The TMM of the entire structure can be calculated by multiplying the character-
istics matrix of the each layer and can be written as [44],

M(1,1) M(1,2)

M:MMNM neMMﬂMMN:
(MaMp)"™ Myixene M p Myixene (M A Mp) [M(Z,I)M(Z,Z)

} (8.12)

The transmission and reflection coefficients are stated as [43],

2y
= 8.5.13
! M1, D) +MA,2)y)p+ M2, 1)+ M(2,2)y,) ( )
WMD)+ ML, 2y )y — (M(2,1) + M(2,2)yy) (8.5.14)

"7 M D+ ML Dy + (M2 D) + M2, 2)y)
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where Y = /Lo/€onocosty and y; = +/ Lo/ EonsCcOS;.

Lastly, transmittance (7) and reflectance (R) are numerically expressed as [17],
T =22 and R = |2 (8.15)
Yo

Absorbance can be computed as [42],

A=1—-T—R (8.16)

8.3 Results Analysis

In this chapter, different cancer cells like breast, basal, and cervical cells are consid-
ered, which are received from different body parts in liquid form. The sensing prin-
ciple relies on the contrast in index value of the normal and infected cell. The exper-
imental refractive index (RI) data collected from references [62, 63] are enumerated
in Table 8.1.

The geometrical parameters of the designed structure are properly optimized to
accomplish a sharp and high-intensity resonant mode inside the bandgap. We consider
dmer2 = 150nm, dg = 150nm, dg = 0.34nm, eyerr = 1.90, e = 6.8, and N =
5. TMM is employed to analyze the transmission spectrum by changing the width
of the cavity region, angle of incidence, and chemical potential across the graphene
sheet. Initially, an attempt is taken to show the effect of graphene on the transmission
characteristics. As shown in Fig. 8.3a, by including the graphene layer, the intensity
of the resonance mode increases, which is suitable for sensing purpose. With the
presence of graphene, the overall transfer matrix is updated, which is the reason
behind the red-shifting of defect mode wavelength. Figure 8.3b demonstrates the
study of the defect mode characteristics with reference to different period (N) of the
photonic crystal. As, it can be seen, at N = 5, maximum intensity with lowest FWHM
is obtained, which is considered as the most apposite result. For higher values of N,
the FWHM is relatively higher and therefore not suitable from sensor design point
of view.

By setting D = 500 nm, 6, = 0°, u, = 0.2eV, we simulated the proposed
multilayer structure in COMSOL Multiphysics software to study the electric field

Table 8.1 Cell’s refractive

index Cell type RI
Normal 1.35
Basal 1.38
Cervical 1.392
Breast 1.399
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Fig. 8.3 a Effect of graphene layer on the transmittance spectrum, b variation in the period of the
crystal

propagation in the structure, which is represented in Fig. 8.4. Owing to the presence of
graphene layer, most of the light is confined inside the defect layer thereby increasing
the interaction between light and infiltrated cancer cells. An electric field intensity
in the order of 10° V/m is observed inside the cavity layer and gradually decays to
both the sides of the defect layer.

For understanding the nature of variation of the defect mode, a colormap plot has
been studied in Fig. 8.5, which shows the change in the transmission characteristics
with respect to the wavelength and incident angle. In this figure, the high-intensity
defect mode can be clearly seen inside the bandgap.

The transmission spectrum is examined for numerous selected cells at varied
cavity layer thicknesses, which is depicted in Fig. 8.6. A substantial shift in the
resonant mode is observed from normal to cancer type cells. In particular, the resonant
wavelength (A.s) experiences a red-shift as we infiltrate the cavity layer from the
normal cells to the cancerous cells. This shifting nature closely follows the standing
wave condition [26]. At dp = 500 nm, the A, is moved from 621.6 to 633.8 nm
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9
8
Fig. 8.4 Electric field distribution in the proposed structure
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Fig. 8.5 Study of the colormap plot

as the cell type is changed from normal to breast cancerous cell. At dp = 600 nm,
the A experiences a total shift from 612.3 to 625.5 nm, at dp = 700 nm, the A
undertakes a total shift from 604.8 to 618.8 nm. Similarly, at dp = 800 nm, the A
experiences a total shift from 8§98.8 to 613.3 nm.

Afterward, incident angle is varied, and the change in the defect mode properties
is studied as demonstrated in Fig. 8.7. By increasing incident angle (6;,) from 25° to
50°, the defect mode position experiences a blue-shift. This analysis is carried out
at all the considered values of dp. The blue-shifting nature of the defect mode is in
accordance with the Bragg condition [26].

A thorough analysis on transmission spectrum is performed at dp = 500 nm and
6in = 0°, by varying the number of graphene layers (L) from L = 1 to L = 4, which

(a)

5 5 ® |
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: Normal Cell ——— Cervical Cell
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Fig. 8.6 Transmittance spectrum of different cells under normal incidence at a dp = 500 nm, b
dp =600 nm, ¢cdp =700 nm, d dp = 800 nm
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is illustrated in Fig. 8.8a. By incrementing the L value, it is perceived that A is
moved to higher wavelength. On the other hand, with an increase in L, the intensity
of the resonant mode goes on decreasing. As L increases, the effective thickness of
the proposed design increases, which in turn escalate the geometrical path difference.
Due to this reason, the wavelength is red-shifted. Based on this analysis, we chose
monolayer of graphene (L = 1) as the optimized condition, where the most desirable
characteristics are attained. Further, the effect of chemical potential (1.) across the
graphene sheet can have a noteworthy effect on the device performance, which is
examined in Fig. 8.8b. Here, it is perceived that at a constant L, the A is red-
shifted with rise in the chemical potential. With a variation in the chemical potential,
the permittivity of the graphene sheet is changed, hence the red-shifting nature is
observed in the A.

In Fig. 8.9, the solid line and the dashed line indicate the transmission charac-
teristics at ., = 0.3eV and p, = 0.4eV, respectively. From this figure, it is
affirmed that by increasing the 1., the defect mode wavelength is moved to higher
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position

wavelength value for the normal as well as the cancer cells, so . can greatly affect
the sensing performance. As the defect modes are formed within the bandgap, there
is possibility of absorption with different cells, and the same is analyzed in Fig. 8.10.
As we change the cell type from the normal cells to the high refractive indexed
cancer cells, the defect mode wavelength is red-shifted. Additionally, the absorption
intensity increases for high indexed cancer cells.

Evaluation of sensitivity is outmost important to judge the performance It is
explained as the ratio of shift in the defect mode wavelength with respect to different
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cells under consideration. Sensitivity is written as [26],

A)\'I‘CS

S(nm/RIU) = —
n

(8.17)
The sensitivity analysis at different incident angles is presented in Fig. 8.11. It is
concluded that the sensitivity shows a declining trend with rise in the incidence angle
and the sensitivity rises upon increasing the dp. With the designed parameters dp =
800 nm and 6;,, = 0°, the maximum sensitivity of 290 nm/RIU is accomplished.
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Table 8.2 Measurement of sensor performance parameters

Cancerous cells dp (nm) FoM (1/RIU) QF SNR R (nm)
Basal 500 649.1 1640.5 19.4 0.121
Cervical 644.7 1646.3 25.7 0.113
Breast 642.1 1652.1 32.1 0.107
Basal 600 784.2 1808.2 23.5 0.103
Cervical 779.4 1815.8 31.1 0.096
Breast 776.4 1823.5 38.8 0.091
Basal 700 903.2 1960.6 27.0 0.090
Cervical 895.1 1969.6 35.8 0.084
Breast 890.3 1978.0 44.5 0.080
Basal 800 1074.0 2238.3 322 0.075
Cervical 1064.81 2255.7 42.5 0.070
Breast 1059.2 2270.7 52.9 0.066

Finally, other important performance parameters such as SNR, QF, resolution, and
FoM are computed for different values of dp at normal incidence and summarized
in Table 8.2.

8.4 Conclusions

This chapter presents a novel graphene integrated photonic crystal configuration
for the identification of numerous cancer cells. The layer thickness and incident
angle can greatly control the spectral characteristics. The transmission spectrum is
systematically scrutinized using TMM. The impact of chemical potential across the
graphene sheet and the number of layers of graphene are studied on the sensing
performance. The sensitivity is evaluated by assessing the defect mode wavelength
shift between the normal cell and infected cancerous cells. A notable sensitivity
of 290 nm/RIU, Q-factor of 2270.74, FoM of 1074.07 RIU~!, SNR of 52.96, and
resolution of 0.0668 have been accomplished with the designed structure. So, the
authors are confident that the projected sensor can be the suitable candidate as cancer
cells sensor.
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