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ABSTRACT—We theoretically analyze the
sensing properties of a one-dimensional photonic
crystal-based biosensor for detecting cancer cells
infiltrated in a defect cavity layer. The biosensor
consists of a sample cavity layer sandwiched
between two identical photonic crystals of
Hgba,Ca,Cus0s:s and GaAs. We use the transfer
matrix method to evaluate the performance of
the biosensor. We show that a defect mode
appears in the transmission spectrum of the
biosensor that its position depends on the type of
cancer cells in the cavity layer. The analysis is
carried out by comparing the transmittance
peaks of the cancer cells with the normal cells.
We investigate the performance of the biosensor
under different hydrostatic pressures and
temperatures. We show that one can use
temperature change to fine-tune the frequency of
the defect modes. In addition, we can adjust the
working area of the biosensor by changing the
hydrostatic pressure. It is shown that the
sensitivity of the biosensor is independent of the
temperature, while it strongly depends on the
hydrostatic pressure.

KEYWORDS:  biosensor, defect mode,
hydrostatic  pressure,  photonic  crystal,
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|. INTRODUCTION

Photonic crystal (PC) can be used as excellent
optical sensors to detect multi-physical
parameters such as concentration, temperature,
pressure, etc. [1]-[5]. PCs are structures with a
spatial periodic refractive index that are formed
using alternating layers of material [6], [7]. The
spatial periodicity of PCs prevents the
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propagation of light at certain frequency
intervals known as photon band gaps (PBGSs)
[8]. The optical properties of photonic crystals
mainly depend on the refractive index and
thickness of the constituent materials [9]. By
breaking the periodicity of the PC and creating
a defect layer in them, some part of the light,
known as a resonance peak or defect mode, may
propagate through the PBG region [10]. The
most important advantage of using defect
modes is their very high sensitivity to small
changes in the refractive index of the defect
layer. Relying on this feature of defect modes
and the uniqueness of their position encourage
us to benefit the PC-based biosensors to
differentiate different analytes [11]. The PC-
based biosensors are compact, have a wide
dynamic range, and are capable of real-time
monitoring. The use of one-dimensional (1D)
PCs in the construction of sensors has attracted
considerable attention because they are easy to
manufacture and have fewer parameters to
optimize [12], [13].

The detection of cancer as the second leading
cause of death worldwide is a challenging task
in the medical field. Cancer, which kills tens of
millions of people each year, is caused by
different factors such as the lack of physical
activity, tobacco, poor diet, and exposure to
chemicals, radiation, or microbiological objects
[14]. The refractive index of cancer cells
compared to healthy cells is significantly
increased due to the high amount of protein
[15], [16]. This key feature can be used in the
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early detection of cancer cells by optical
biosensors. PC-based biosensors operate by
measuring the wavelength change of the defect
mode by variation of the analyte's refractive
index.

In this study, we design a 1D-PC-based
biosensor to monitor the various cancer cells.
The healthy cells and the cancer cells placed in
between two identical 1D-PCs composed of
superconducting and semiconducting materials
act as a defect and result in wavelength shifts of
the defect modes appearing in the transmission
spectra of the PBG. A change in the cancer cells
causes a substantial change in the defect mode's
ferequency. Thus, it is possible to identify
different cancer cells by observing the
transmission spectra of the 1D-PC-based
biosensor. We use the transfer matrix method
(TMM) to obtain the transmission spectra of the
structure. Superconducting materials have
fewer losses compared to the losses observed in
PCs made of metals [17]. The dielectric
constant of superconducting materials depends
on the hydrostatic pressure and temperature
because the superconducting materials' critical
temperature varies with the hydrostatic
pressure. In addition, the thickness and
dielectric constant of the other 1D-PC layer,
which is a GaAs semiconductor, also depend on
the hydrostatic pressure. The dielectric
constants of semiconductors are among its most
important properties. Their magnitudes and
temperature dependences are important for both
fundamental and applied considerations. These
properties enter in an important way into the
physics underlying the optical properties of
semiconductors. It is thus necessary to
understand their dielectric properties and
temperature. Toward this end the effects of
temperature and hydrostatic pressure on the
low-frequency dielectric constants of several
crystals representative of I11-V compounds
(GaAs and GaP), I1I-VI compounds (ZnS and
CdS), and group-1V (Si) semiconductors have
been investigated in reference [18]. In this
paper, we modify parameters such as
hydrostatic pressure, temperature, and defect
layer thickness and measure their effects on the
sensitivity of the biosensor. This paper is
organized as follows. Section 2 introduces the
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theoretical model with the main equations used.
Section 3 discusses the numerical results for the
transmission spectrum of the structure. Finally,
the conclusions are summarized in Section 4.

I1. MODEL AND BASIC EQUATIONS

Figure 1 schematically shows our considered
1D-PC-based biosensor composed of an analyte
defect layer D with thickness dp and refractive

index, N, embedded between two 1D-PC. The

1D-PCs with the structure (AB)” are
constructed from n periods of the
superconducting layer A and semiconducting
layer B stacked along the z-axis direction. Here,
we show the thicknesses of layers A and B with
da and dg and their refractive indices of na and
Np.

ID-PC 1D-PC
Fig. 1. Schematic representation of the 1D-PC-based
biosensor with the structure (AB)°D(AB)°.

Figure 1 represents a plane wave with the
temporal part exp(iwt) be injected from air

into the biosensor at the incident angle 6. We
use the transfer matrix method to calculate the
transmittance of the structure. According to the
transfer matrix method the total transfer matrix
of the structure is given as:

M =(M,M;) My (MM, )" (1)
here,
cosk,d, ~ L sin k.d,
Mj = aj; 1 (2)
—ia;sink,d, cosk,d;

where, j=A,B,D, Kk

(9} N .
. =—y/n?—sin?@ is
c

the z component of the wave vector, and
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k.
——~ for TE polarization
WL, 3
-1 @
2 for TM polarization
WEYE;

Using Eq. (1) the transmittance of the structure
are determined as:

2
2 |
M,; + My + My, +M21/a0|

T I @

Here,

_coso for TE polarization
a, = o ’ (5)

n,cos@ for TM polarization
and 7, is the impedance of vacuum.

I1l. RESULTS AND DISCUSSION

We choose HgBa,Ca,Cu,0,,; as the

superconducting material and GaAs as the
semiconducting material, respectively, in our
suggested model system. To describe the
electromagnetic response of the superconductor
layers in the absence of an external magnetic
field, we adapt the Gorter-Casimir two-fluid
model [19]. The complex dielectric constant of
the HgBa,Ca,Cu,O,,, superconductor is given

by [20], [21]:

8+3

—_1__F
en(0)=1 7 (6)

where, ®, =¢/4_ is the plasma frequency, C is

13
the speed of light, 4. =%/(1—(T/TC)3) is the
temperature-dependent London penetration
depth, 4, =6.1xm is the London penetration
depth at T =0K, and T, =a +a,P+a,P? is the
hydrostatic pressure-dependent critical
temperature. Here, P is the hydrostatic pressure,
a =134K, a,=2.009 K/GPa, and
a, =—0.04194 K/(GPa)® . The dielectric

constant of the GaAs semiconducting layers B
is given as [22]:
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)= (40 o 0

which it depends on both the hydrostatic

pressure and the temperature. Here,
g'=12.446, C =21.125, «a=0.0173GPa,

T, =240.7K . Moreover, the thickness of the

semiconducting layers B decreases by
increasing hydrostatic pressure P as:

dg =0, (1-SP), (8)

where dog is the thickness of layers B at P=0 and
$=0.0042 GPa™ [23]. The defect layer L, which
acts as a container, is filled with normal, Jurkat,
HeLa, PC12, MDA-MB-231, and MCF-7
analyte cancer cells. The dielectric constants of
the cells used in the calculations are listed in
Table 1.

Table 1 The dielectric constants of the defect layer o .

Analyte type Dielectric constant
Normal cell 1.8225
Jurkat 1.932100
HelLa 1.937660
PC12 1.946025
MDA-MB-231 1.957201
MCEF-7 1.962801
—
N
L
=
& 2 TM polarization TE polarization
5 ) —
E B c—
o1
0
9 60 30 0 30 60 90

Incidence angle (Degree)
Fig. 2. The transmittance of the 1D-PC with the
structure (AB)® in the plane (f,6). Here, da=5 pm,
dog=20 um, T=4.2 K, and P=1 atm.

We begin our investigation by plotting the
transmittance of the 1D-PC with the structure
(AB)® in the plane (f,6) in Fig. 2. Here, we
assume da=5 pm, dog=20 pum, T=4.2 K, and
P=1atm. The transmittance of this 1D-PC
shows an omnidirectional PBG at the
frequencies less than 1 THz. Now, we limit our
attention to this frequency range and plot the
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transmittance of the 1D-PC-based biosensor
with the structure (AB)°D(AB)® versus
frequency f for a) the TE-polarized and b) the
TM-polarized incident waves at three different
incidence angles @ in Fig. 3. Here, we assumed
that the defect layer D with the thickness
d, =20 xm is filled with the normal cells, and

the other parameters are same as Fig. 2. Figure
3 reveals that the defect mode of the 1D-PC-
based biosensor filled with the normal cells
experiences a blue shift to higher frequencies
by increasing the angle of incidence of light.

1
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(a) :
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!
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o A " . L
0.86 0.88 0.9 0.92 0.94
Frequency (THz)
1
(b)
0.8
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f =
s 0.6 = = ‘incidence angle 30
t ===='incidence angle 60
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= :
0.2r ! H
I \
JL ) i\
o 2\ F N
0.86 0.88 0.9 0.92 0.94

Frequency (THz)

Fig. 3. The transmittance of the 1D-PC-based
biosensor with the structure (AB)°D(AB)® versus the
frequency f for a) the TE-polarized and b) the TM-
polarized incident waves at three different incidence
angles 6. Here, we assumed that the defect layer D
with the thickness dp=20 pum is filled with the normal
cells, and the other parameters are the same as in Fig.
2.

In addition, the location of the defect modes has
a slight dependence on the polarization type of
the incident light. The Q-factor
(Q= fopy /Afryy, ) 1S @N essential parameter to
determine the performance of any sensor. Here,
fo is the peak frequency of the defect mode,
and Afg,,,, is the full width at half maximum

frequency. The Q-factor of our biosensor has a
considerably high value ~4400.
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Fig. 4. The transmittance of the 1D-PC-based sensor
with the structure (AB)°D(AB)® in the plane (+,6) . The

parameters used here are the same as in Fig. 3.

In Fig. 4 we illustrate the transmittance of the
1D-PC-based biosensor with the structure
(AB)°D(AB)° in the plane (f,8). The figure
shows that the width of the TM-polarized defect
modes (Af ) is greater than the TE-polarized

ones. In addition, the width of the TM-polarized
defect modes increases with increasing
incidence angle, which leads to a reduction in
the Q-factor of these defect modes. Hence, in
what follows, we limit our investigations to the
incidence angle 6=0.

1

——Normal cell
— =Jurkat
—=-=-HelLa
PC12 |
MDA-MB-231
-=--MCF-7

o o
> ™

Transmittance
o
n

0.889 0.890

Frequency (THz)

Fig. 5. The transmittance of the 1D-PC-based
biosensor with the structure (AB)°D(AB)® versus the
frequency f at the incidence angle =0 for various
analyte types (normal cells (the thick solid line),
Jurkat (the thick dashed line), HeLa (the thick dash-
dot line), PC12 (the thin solid line), MDA-MB-231
(the thin dashed line), MCF-7 (the thin dash-dot
line). The other parameters used here are the same as
in Fig. 3.

0.891 0.892

Now, we plot the transmittance of the 1D-PC-
based biosensor with the structure (AB)°D(AB)°
versus the frequency f for various analyte types
at the normal incidence in Fig. 5. Here, we see
that the defect modes attributed to the cancer
cells shift to the lower frequencies by changing
the analyte type and increasing the refractive
index of cancer cells.
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The difference between the defect modes'
frequencies attributed to the normal cells and

cancer cells (Af =fnormalceus—fmeme”s) to the
corresponding  difference  between their
refractive  indices (A= o ~Noerca) IS
known as sensitivity (S=|af/an|) . The

sensitivity (S) of our considered 1D-PC-based
biosensor for different types of cancer cells is
summarized in Fig. 6. Here, the detection
sensitivity, which is about -13GHz/RIU,
describes the potential of the proposed 1D-PC-
based biosensor while varying the refractive
index of cancer cells from 1.9321 to 1.9628.
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Fig. 6. The sensitivity (S) of the 1D-PC-based
biosensor with the structure (AB)°D(AB)® versus the
refractive index, n, of the analyte cancer cells. The
parameters used here are the same as in Fig. 3.

To continue, we want to investigate the effect
of different parameters such as temperature,
pressure, and thickness of the defect layer on
the frequency of defect modes and the
sensitivity of the biosensor. In Fig. 7, we plotted
the peak frequency of the defect modes of the
system versus the refractive index, n, of the
analyte cancer cells at different temperatures.
The figure reveals that the peak frequency of
the defect modes slightly depends on the
temperature and is red shifted by increasing the
temperature. On the other hand, the difference
between the defect modes' peak frequencies of
the normal cells and the cancer cells does not
depend significantly on temperature. Therefore,
the sensitivity of the system is independent of
temperature.
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Fig. 7. The peak frequency of the defect modes of the

1D-PC-based  biosensor  with the  structure

(AB)°D(AB)® versus the refractive index n, of the

analyte cancer cells at different temperature T. The

other parameters used here are the same as in Fig. 3.
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Fig. 8. The peak frequency of the defect modes of the
1D-PC-based  biosensor with the  structure
(AB)°D(AB)® versus the refractive index, n, of the
analyte cancer cells at different hydrostatic pressures
P. The other parameters used here are the same as in
Fig. 3.

Figure 8 illustrates the peak frequency of the
defect mode of the 1D-PC-based biosensor
versus the refractive index, n, of the analyte
cancer cells at different hydrostatic pressures.
Here, the peak frequency of the defect modes
strongly depends on the hydrostatic pressure
and is blue shifted by increasing the hydrostatic
pressure. Therefore, we can effectively adjust
the biosensor detection area by changing the
hydrostatic pressure. The effect of the
hydrostatic pressure on the sensitivity of the
biosensor is also shown in Fig. 9. Here, the
detection sensitivity increases from -13GHz/RIU

to ~25GHz/RIU by rising the hydrostatic pressure
from the ~0.1MPa to ~20GPa . Therefore,

from a diagnostic point of view, using the
biosensor at higher pressures is preferable.
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Fig. 9. The sensitivity (S) of the 1D-PC-based
biosensor with the structure (AB)°D(AB)® versus the
refractive index, n, of the analyte cancer cells at
different hydrostatic pressures p. The other

parameters used here are the same as in Fig. 3.
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In Fig. 10 we plotted the peak frequency of the
defect modes of the 1D-PC-based biosensor
versus the refractive index, n, of the analyte
cancer cells for different thicknesses of the
analyte defect layer. Here, the peak frequency
of the defect mode moves to the lower
frequency by increasing the thicknesses of the
analyte defect layer. Figure 11 shows the
sensitivity of the 1D-PC-based biosensor versus
the refractive index, n, of the analyte cancer
cells for different thicknesses of the analyte
defect layer. Here, an increase of the analyte
defect layer thickness from 20um to 40 um

increases the sensitivity from ~13GHz /RIU
to ~29GHz/RIU .

0.9

o S S S
=R =K

I
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e
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T
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[+
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Peak frequency (THz)
*

o
o0
[¥)

0.8 . . , . . . .
1.82 184 186 1.88 1.9 192 194 1.96

Refractive index
Fig. 10. The peak frequency of the defect modes of
the 1D-PC-based biosensor with the structure
(AB)°D(AB)® versus the refractive index, n, of the
analyte cancer cells for different thicknesses of the
defect layer. The other parameters used here are the
same as in Fig. 3.

From an experimental point of view, the
temperature and pressure of our considered
biosensor sensor can be controlled and adjusted
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by a cryogenic cooling system. Then we can
measure the transmission spectrum of the
system in the desired frequency range using a
suitable light source and detector.

30

—k— defect layer thicknesses 20 pm

— # -defect layer thicknesses 30 um

=== defect layer thicknesses 40 um

N
o

Sensitivity (

-y
v
T

1.945 1.95 1.955 1.96

Refractive index
Fig. 11. The sensitivity (S) of the 1D-PC-based
biosensor with the structure (AB)°*D(AB)® versus the
refractive index, n, of the analyte cancer cells for
different thicknesses of the defect layer. The other
parameters used here are the same as in Fig. 3.

10 s .
1.93 1.935 1.94 1.965

1V. CONCLUSION

We theoretically proposed a biosensor based on
a defective 1D-PC composed of alternating
superconductor and semiconductor layers. We
calculated the transmittance spectrum using the
transfer matrix method by changing the
temperature, hydrostatic pressure, and defect
layer thickness. We found that increasing the
temperature and the defect layer thickness
causes the resonance modes to move toward
lower frequencies. On the other hand, the defect
modes move toward higher frequencies by
increasing the hydrostatic pressure. We also
found that the sensitivity of the purposed
biosensor is independent of the temperature and
increases by increasing the hydrostatic pressure
and defect layer thickness. The indicated
sensitivity describes the potential of the
proposed 1D-PC-based biosensor for the
detection of various cancer cells.
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