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Efforts have been made to enhance the surface sensitivity of the conventional surface plasmon resonance biosensor. To improve
the sensitivity, a unique two-dimensional heterostructure layer of titanium disilicide and black phosphorus layer has been
deposited over the metal surface. The titanium disilicide (TiSi,) nanosheet is placed in between silver (Ag) and black phosphorus
(BP) films in the Kretschmann arrangement. This biosensor executes better over a wide range of refractive index variations,
including biological cell distribution in individual blood. It may become a fast method of detecting cancerous cells and the several
variants of corona and other viruses that become pandemic. Using the finite element method-based simulation technique, the
sensitivity obtained as 195.4 degree/RIU, 167.6 degree/RIU, 212.4 degree/RIU, 168.4 degree/RIU, 212.4 degree/RIU, 186.6 degree/
RIU, 218.6 degree/RIU, 195.4 degree/RIU, 203.6 degree/RIU, 202.6 degree/RIU 203.6 degree/RIU, and 202.6 for basal (skin
cancer), basal (normal cell), HeLa (cervical cancer), MCF-7 (breast cancer), HeLa (normal cell), Jurkat (blood cancer), Jurkat
(normal cell), PCI-2 (adrenal gland cancer), PCI-2 (normal cell), MDA-MB-231 (breast cancer), MDA-MB-231 (normal cell),
MCEF-7 (breast cancer), and MCF-7 (normal cell), respectively, and other performance parameters such as detection accuracy,

figure of merit, and full width and half maximum (FWHM) are also evaluated.

1. Introduction

Surface plasmon resonance (SPR) has been proved effective
in optical technology to accurately measure the dimension of
cells or viruses that cause the deadliest cancer. SPR sensors
can be used to achieve greater sensitivity and rapid detection
for medical diagnostics [1]. In the present theoretical study,
the Kretschmann arrangement based on angular interro-
gation has been used. The sensitivity is the key parameter,
and it should be high. The sensitivity of conventional bio-
sensors can be enhanced by adding the two-dimensional
(2D) material to the conventional sensor [2].

Plasmonic materials such as metals are used in the SPR
sensor. The most common metals, gold (Au) and silver (Ag),
have been used for SPR sensor design. The oxidation of the
metals and surface corrosion weakens the plasmonic

properties. However, Au is costly though having better
stability and superior optical performance. Au is considered
a suitable material since it is corrosion-free; however, it gives
a broad resonance peak that reduces the accuracy of analyte
detection. Conversely, the SPR sensor based on Ag film
shows the highest resolution. Using Ag in SPR sensors,
better sensitivity can be achieved, but the chemical stability
is poor as it creates brittle oxide with the aqueous sensing
medium [1, 3].

When we introduced a layer of 2D material, the per-
formance of the biosensor improved. A layer of titanium
disilicide is used in the proposed biosensor. The titanium
disilicide (TiSi,) is an orthorhombic transition metal having
a heterostructure. However, it is a stable material that is
easily oxidized when exposed to the aqueous solution. It has
high absorption efficiency and provides a direct bandgap of
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TaBLE 1: Refractive index (RI) values for healthy and cancer cells

(6].

Cancer cell

Concentration level (%)  RI

Basal (skin cancer) 0.8 1.38
Basal (normal cell) 0.3-0.7 1.36
HeLa (cervical cancer) 0.8 1.392
Hela (normal cell) 0.3-0.7 1.368
Jurkat (blood cancer) 0.8 1.39
Jurkat (normal cell) 0.3-0.7 1.376
PCI-2 (adrenal gland cancer) 0.8 1.395
PCI-2 (normal cell) 0.3-0.7 1.381
MDA-MB-231 (breast cancer) 0.8 1.399
MDA-MB-231 (normal cell) 0.3-0.7 1.385
MCF-7 (breast cancer) 0.8 1.401
MCF-7 (normal cell) 0.3-0.7 1.387

0.5eV at room temperature. Therefore, it has low resistivity
properties and is suitable for designing biosensors [4].

Graphite is a carbon atom bonded with three neigh-
boring atoms, while black phosphorus (BP) atoms are
bounded in-plane to form 2D layers and interact through
Vanderwall forces. Furthermore, the phosphorus atom has
five valency shell electrons available for bonding (the valency
shell configuration is 3p*3p°). Each phosphorus atom has a
lone pair of highly reactive electrons to air. Thus, the
property of BP enhances the sensitivity of the proposed
structure [5].

Cancer is a disease in which somebody’s cells grow
uncontrollably and spread to other body parts. The human
body is made up of trillions of cells; these cells grow and
multiply, called cell division. When cells grow old, they die
naturally. The new cells take over. Breaking down the orderly
process, abnormal cells grow and then multiply to form
tumors, the lump of tissue. The tumors may be cancerous or
may not but can travel to different body parts to form new
tumors. More than a hundred types of cancer are illustrated
elsewhere and usually named for the host organ, such as lung
cancer and brain cancer. There are specific types of cells; the
first is carcinoma, the most common type of cancer. The
second is adeno carcinomas, which form epithelial cells that
produce fluids or mucus. Most cancers of the breast, colon,
and prostate are adeno carcinoma. Basal cell carcinoma is
cancer that begins in the base layer of the epidermis. Among
different types of cancer, Jurkat (blood cancer), HeLa
(cervical cancer), PCI-2 (adrenal gland cancer), (MDA-MB-
231 breast cancer type-1), MCE-7 (breast cancer type-2), and
basal (skin cancer) are the most dominating [6]. The di-
mensions of these cells are in nanometres, which is not easily
measurable. Therefore, the refractive index parameter
measures the patient’s blood sample. The refractive index
values are given in Table 1 for selected cancer types [7-17].

Prism-based SPR sensors and PCF-based sensors have
been reported earlier by many researchers. Ahmed et al. [18]
proposed a photonic crystal fiber (PCF) based optical sensor
for sensing various blood components. At f=1.5THz, a
relatively higher sensitivity response was achieved for red
blood cells (RBCs) (80.93%), for hemoglobin, white blood
cells (WBCs), plasma, and water, it was 80.56%, 80.13%,
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79.91%, and 79.39%, respectively. Besides this, Jabin et al.
[19] proposed a dual-core PCF-based SPR biosensor for
detecting various human blood samples. The performance
parameters like wavelength selectivity, resolution, amplitude
sensitivity, FoM with detection limit, and transmittance
variance have been calculated. Some other research fellows
also proposed PCF-based optical sensors for applications
like alcohol sensing [20], gas sensing [21], and plasma de-
tection [22]. Many other plasmonic structures like plas-
monic absorber (with two bands) and refractive index
sensors based on metal insulator metal (MIM) waveguide
were proposed by [23-27].

The proposed method can identify cancer cells in real
time, which is impossible with current techniques. Cancer
screening: diagnosing cancer at its earliest stages often
provides the best cure. Studies show that screening tests can
save lives by diagnosing cancer early. Other cancer screening
tests are recommended why for people with increased risk.

A laboratory test, such as a urine and blood test, may
identify abnormalities caused due to cancer. The complete
blood count may reveal an unusual number or type of white
blood cells. There are several imaging tests such as com-
puterized tomography (CT) scan, magnetic resonance im-
aging (MRI) scan, positron emission tomography (PET)
scan, ultrasound and X-ray, and cancer sample tests in a
laboratory.

Normal cells look uniform, with similar sizes and orderly
organization. Cancer cells look less orderly, with varying
sizes and different organizations. An antibody test is another
blood test preferred as a possible diagnostic tool. The im-
mune system makes antibodies to help fight off foreign
invaders like bacteria and viruses in the human body. The
immune system also makes antibodies in response to cancer
cells. The antibody test is not full proof and needs further
improvement. Genetic blood tools: with a strong family
history of cancer, a tumor marker test detects a higher
protein in blood when cancer is present. The protein can be
high in both ovarian and breast cancer. In conclusion, blood
tests may eventually have a role in early cancer detection or
its recurrences.

2. Theoretical Modeling for the
Proposed Sensor

Figure 1 shows the layered structure in the Kretschmann
arrangement on TiSi,. The monochromatic light (633 nm) is
incident on the BK7 prism. Refracted to the different layers
comes out in the opposite direction with changing features
following the rules of total internal reflection (TIR). The
prism is covered with the thin layer of Ag of coating
D, =45 nm; this Ag film is then covered by two-dimensional
(2D) TiSi, nanolayer’s D, = P * 2 nm (where P is the number
of TiSi, films), which in turn is covered with a BP thin film of
coating D3 =B * 0.5 nm (where B is the number of BP films).
BP layer is interpolated between TiSi, film and sensing
medium. The role of the BP film is to enhance the bimo-
lecular recognition element. The BK7 prism is used as a
coupling prism. The design parameters of the proposed
sensor are given in Table 2. Table 2 indicates the design
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FiGure 1: The schematic diagram for the proposed sensor.

TaBLE 2: Design parameter for the proposed SPR biosensor.

RI of the material at 633 nm

Material used . Thickness (nm) References
Real part (n) Imaginary part (k)
Prism BK7 1.515 [29]
Ag, metal 0.056253 4.2760 D, =45 [30]
TiSi, 2.70008 2.939449 D,=Px2 (4]
BP 3.531 0.04087 D; =B=*0.5 [5]
parameters like a layer of the material, refractive index (RI), where
coating thickness, and material used for the proposed work. 2 12
. . . . . . 7'[ .
Tl'he BK7 prism is u§ed as a coupling prism; the refractive K, = ((_) g - Ki) . i=p,mdymyd,,
index (RI) of the prism is given as [28] A
2 2 1/2
n gy = “IA L V. ., @ G (3)
AV A L Ly ) Tpm = ’
(sprx - emex)
where A is the wavelength (nm) of the used optical signal.
The values of the constants al, a2, a3, 1, 2, and f3 are rog = (5dex - dedx)
1.03961212, 0.231792344, 1.01046945, 0.00600069867, m (demx - Smde)

0.0200179144, and 103.560653, respectively. The RI of
the thin metal layer (Ag) is mathematically expressed using
Drude’s model [36], Npg = (1-A2%) /)tf, A+ A= Ny,
where A =17.614ym and 1,=0.14541ym. The RI of
TiSi, (nisiz) at 2 nm thickness is 2.70008 + i * 0.939449 in
the visible range. The RI of BP is given as nBP = 3.531 -
i%0.04087.

The sensing performance of the systems is evaluated by
the transfer matrix method [37].

The formula estimates the reflectance

r, +t *Kmdm,
r _ pm md,m,d, (2)
pmydymyd, — 2iK, >
l+r mLxmy
pmydym,d,

p>m,andd indicate the prism, metal, and dielectric, re-
spectively. The dip in the resonance curve can be written as

2 2 [€,€
K, = 3" . Sinfgpp = Real< 1 W}ﬁ ), (4)

n, is the RI of the sensing layer, ¢, and ¢, are the dielectric
constants of the analyte and metal, respectively, angle of
resonance is Ogpg, and K, is the propagation constant. The
reflectance is defined as Rp = |r,,, d1m2d2|2’ where 7, 4,
is the reflection coeflicient of the incident optical signal. The
sensitivity is represented as S, = 60gpp/Sn,, where §65pp and
0n, are the changes in the resonance angle and the RI of the
sensing layer, respectively.
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FIGURE 2: The SPR curves for change in TiSi, and BP layers. (a) P=0, B=0. (b) P=0, B=1. (c) P=1, B=0. (d) P=1, B=1, the same RI

change.

Table 2 indicates the design parameters like a layer of the
material, refractive index (RI), coating thickness, and ma-
terial used for the proposed work. The whole study has done
with the help of the MATLAB simulation tool, and the
results are verified using COMSOL Multiphysics 5.6 version.

3. Results and Discussion

The sensitivity and detection accuracy are the performance
parameters of the biosensor [38], and the same is computed
for the proposed biosensor. The sensitivity of the biosensor is
represented as S = 60spp/On, where 0n is the change in the
RI. The biosensor’s detection accuracy (DA) can be
expressed as DA = 1/FWHM, where FWHM is the width of
the spectra of the SPR curve; at that point, the reflectivity is
50% of the maximum value. The high value of the sensitivity
and DA is desirable [31]. The figure of merit can be expressed
as FoM = S.DA = S/FWHM [32]. It directly depends on the
FWHM and sensitivity. The sensitivity characteristics of the
modified Kretschmann structure are investigated here by
adding TiSi, nanosheet and BP. To show the enhancement of

the sensitivity performance, the variation in the reflectance
of the biosensor as a function of the incident angle at the
various refractive indices of the sensing layer is shown in
Figure 2. In Figure 2(a), the number of layers in the structure
is (TiSi,= 0 and BP= 0), which means TiSi, and BP layers are
not present in the biosensor (conventional sensor). The
sharp downfall in the reflectance curve is found at the range
of specific angles due to the SPR excitation. This phe-
nomenon shows that the sensor absorbs the incident light
due to generated surface plasmons. However, the change in
the RI of the sensing layer (contact layer) due to molecular
interaction is very low. The resonance dip has a small ex-
cursion of about 60 = 0.576° with minimum reflectance of
0.08454 and sensitivity obtained as 115.2°/RIU for the
conventional sensor. In Figure 2(b), the biosensor has only a
BP layer (TiSi,= 0 and BP= 1), and the remaining parameter
is the same. The resonance offset dip increases and is found
as 80 = 0.591° with minimum reflectance of 0.09036 and
sensitivity obtained as 118.2°/RIU, which is higher than the
previous case when TiSi, and BP layers are not present in the
biosensor. Now, the TiSi, sheet is taken into consideration
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Figure 3: Continued.
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FI1GURE 3: Reflectance vs. angle of incidence of targeted cancerous cells.

and ignores the BP (TiSi,= 1 and BP=0), the resonance  the dip in the resonance curve. The resonance angle is
angle is obtained as 66 = 0.605° with minimum reflectance =~ obtained as §6 =0.631° with minimum reflectance of
of 0.25395, and sensitivity is obtained as 121°/RIU  0.25363 and sensitivity is obtained as 126.2°/RIU as shown in
(Figure 2(c)). TiSi, and BP layers (TiSi,= 1 and BP = 1) are Figure 2(d). In the comparative study of the relevant data, it
added to the structure, and this modification greatly shifts  is found that the resonance angle offset is larger in the
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TaBLE 3: Performance parameters when layer of TiSi,= 1 and layer of BP =3 at 633 nm wavelength.
Type of cell RI of cell Targeted RI ~Minimum reflectance S 01 02 FWHM DA FoM
Basal (skin cancer) 1.38 1.38 0.33046 1954 7526 80.6 5.38 0.19 36.32
Basal (normal cell) 1.36 1.36 0.27794 167.6 72.04 77.1 5.04 0.20 33.25
HeLa (cervical cancer) 1.392 1.39 0.38627 2124 7724 824 5.2 0.19  40.85
HeLa (normal cell) 1.368 1.365 0.28677 168.4 72.78 77.9 5.16 0.19 32.64
Jurkat (blood cancer) 1.39 1.39 0.38627 2124 7724 824 52 0.19 40.85
Jurkat (normal cell) 1.376 1.375 0.31213 186.6 74.38 79.7 5.35 0.19 34.88
PCI-2 (adrenal gland cancer) 1.395 1.395 0.42904 2186 784  83.2 4.83 0.21 45.26
PCI-2 (normal cell) 1.381 1.38 0.33046 1954 7526 80.6 5.38 0.19 36.32
MDA-MB-231 (breast cancer) 1.399 1.4 0.48642 203.6 79.8 83.8 4.01 0.25 50.77
MDA-MB-231 (normal cell) 1.385 1.385 0.35444 202.6 76.2 81.6 5.36 0.19 37.80
MCEF-7 (breast cancer) 1.401 1.4 0.48642 2036 79.8 83.8 4.01 0.25 50.77
MCEF-7 (normal cell) 1.387 1.385 0.35444 202.6 76.2 81.6 5.36 0.19 37.80

proposed biosensor in contrast with the conventional sensor
due to the addition of TiSi, and BP layers. The proposed
work improves the sensor’s sensitivity by adding the TiSi,
and BP layers.

To target the refractive index values of cancer types
shown in Table 1, a four-layer combination has been op-
timized. Figure 3 depicts the reflectance vs. angle of inci-
dence of the proposed biosensor for a different cancerous
cell. Figure 3(a) depicts the SPR curve for basal (skin cancer)
where 195.4 degree/RIU sensitivity has been achieved, with
quality factor 36.32, detection accuracy 0.19, and FWHM
5.38. Figure 3(b) shows the SPR curve for basal (normal cell)
where 167.6 degree/RIU sensitivity has been attained, quality
factor is 33.25, detection accuracy is 0.20, and FWHM is
5.04. Figure 3(c) represents the SPR curve for HeLa (cervical
cancer) with a difference of 0.002 of actual 1.392 and targeted
1.39 RI, 212.4 degree/RIU sensitivity has been evaluated,
quality factor is 40.85, detection accuracy is 0.19, and
FWHM is 5.2. Figure 3(d) depicts the SPR curve for HeLa
(normal cell) with a difference of 0.003 of actual 1.368 and
targeted 1.365 RI, 168.4 degree/RIU sensitivity has been
calculated where quality factor is 32.64, detection accuracy is
0.19, and FWHM is 5.16. Figure 3(e) illustrates the SPR curve
for Jurkat (blood cancer) where 212.4 degree/RIU sensitivity
has been achieved, with a quality factor of 40.85, detection
accuracy of 0.19, and FWHM of 5.2. Figure 3(f) represents
the SPR curve for Jurkat (normal cell) with a difference of
0.001 of actual 1.376 and targeted 1.375 RI, 186.6 degree/
RIU sensitivity has been reported where quality factor is
34.88, detection accuracy is 0.19, and FWHM is 5.35.
Figure 3(g) shows the SPR curve for PCI-2 (adrenal gland
cancer) where 218.6 degree/RIU sensitivity has been ob-
tained, and quality factor is 45.26, detection accuracy is
0.21, and FWHM is 4.83. Figure 3(h) shows the SPR curve
for PCI-2 (normal cell) with a difference of 0.001 of actual
1.381 and targeted 1.380 RI, 195.4 degree/RIU sensitivity
has been estimated where quality factor is 36.32, detection
accuracy is 0.19, and FWHM is 5.38. Figure 3(i) depicts the
SPR curve for MDA-MB-231 (breast cancer) with a dif-
terence of 0.001 of actual 1.399 and targeted 1.4 R.1, 203.6
degree/RIU sensitivity has been achieved where quality
factor is 50.77, detection accuracy is 0.25, and FWHM is
4.01. Figure 3(j) shows the SPR curve for MDA-MB-231

(normal cell), where 202.6 degree/RIU sensitivity has been
found with a quality factor 37.80, detection accuracy 0.19,
and FWHM 5.36. Figure 3(k) represents the SPR curve for
MCEF-7 (breast cancer) with a difference of 0.001 of actual
1.399 and targeted 1.4 RI, 203.6 degree/RIU sensitivity has
been where quality factor is 50.77, detection accuracy is
0.25, and FWHM is 4.01. Figure 3(1) depicts the SPR curve
for MCF-7 (normal cell) with a difference of 0.002 of actual
1.387 and targeted 1.385 RI, 202.6 degree/RIU sensitivity
has been achieved where quality factor is 37.80, detection
accuracy is 0.19, and FWHM is 5.36. The sensitivity and
detection accuracy are the performance parameters of the
biosensor, and the same is computed for the proposed
biosensor.

Table 3 presents all these parameters while a layer of
TiSi, =1 and BP =3 at 633 nm wavelength.

In Figure 4, for the better explanation of the proposed
SPR biosensor, the electric field intensity plot with respect to
distance from prism interface has been plotted. In
Figure 4(a), Ag and TiSi, without the BP layer and, in
Figure 4(b), Ag, TiSi, with the BP layer has been investigated.
It is observed that when the RI of analyte varies from 1.330 to
1.335 with the BP layer, the greater enhancement in the
electric field has been observed. This shows strong surface
plasmon (SP) excitation. A slight change in RI of the sensing
medium near the interface results in a large change in the
surface wave characteristic which in turn causes the change
in electric field.

4. Structure Parameters Optimization

Effects of the thickness of the metal layer and the number of
TiSi, and BP layers on the reflectance of the SPR sensor have
been investigated in this section. As illustrated in Figure 5(a),
different Ag layer thicknesses between 35 and 50 nm are
employed. The calculated and determined values of mini-
mum reflectance are 0.10667, 0.25538, 0.01405, and 0.41888
for an Ag layer thickness of 35 nm, 40 nm, 45 nm, and 50 nm,
respectively. So, the optimized thickness of the Ag layer of
45nm is considered. Next, the thickness of a TiSi, sheet is
2nm. For the thickness of TiSi, taken as 2nm, 3 nm, and
4 nm, the values of minimum reflectance were computed as
0.25538, 0.3951, and 0.4979, respectively. The SPR dip is not
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FIGURE 5: Minimum reflectance variations by varying the (a) Ag layer thickness, (b) TiSi, layer thickness, and (c) the number of BP layers.

TaBLE 4: Comparison of the present work with earlier reported works.

Reference Layers with prism S (degree/RIU) FWHM (degree) DA (degree_l) FoM (RIUY)
[28] Ag-SnSe-BlueP-MOS, 187 0.35 24.60
[33] Au-BP-Au-graphene 218 8.34 — 26.13
[32] Au-WSe, 179.32 0.17 —

[34] TiO,-Ag-MoSe,-graphene 194 — 0.2702 54.04
Present work Ag-TiSi,-BP 218.6 4.83 0.21 45.26

obtained for more than 4nm thickness of TiSi,. So, the
optimum thickness of TiSi, sheet is 2nm (Figure 5(b)). A
monolayer of BP is taken in this case. In the similar manner,
the number of BP layers altered from 1 to 4 and the values of
minimum reflectance are computed. The computed values

for minimum reflectance are 0.2555, 0.2583, 0.2617, and
0.2657 for a number of BP layers as 1, 2, 3, and 4, respec-
tively, shown in Figure 5(c).

So, the optimized value for the BP layer is considered as
0.5nm. A monolayer of TiSi, is taken in this case.
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At last, a comparative table (Table 4) shows the proposed
biosensor’s computed parameters with the previously re-
ported works.

5. Conclusion

To identify cancer cells, several approved techniques include
the blood culture, urine test, stool test, and biopsy. A
prolonged period maybe two years because the cancer cells
are changing their dimension, and the tumors are moving
from point to point. To zero in to declare cancer and its type,
we lose precious time, and suitable medication or radiation
therapy begins when survival chances are less. Following the
principle of surface plasmon resonance, the proposed optical
method is useful for detecting cancer at an early stage. The
proposed method has been optimized to cater to five dif-
ferent cancer cells having a refractive index, namely, basal
skin cancer (RI-1.38), basal normal cell (RI-1.36), Jurkat
blood cancer (RI-1.39), PCI-2 adrenal gland cancer (RI-
1.395), and MDA-MB-231 normal cell (RI-1.385) as it is
based on the principle to investigate the refractive index of
the blood sample of the patient. Furthermore, we plan to
optimize the combination of metal 2D material with finite
dimensions to cater to more cancer cells and make the device
highly economical [35].
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