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Abstract

Today, basal cancer cells is one of the most frequent diseases on the planet, which is global concern for human health.
In order to maximize the success of treatment, early detection is a vital prerequisite. So, a rapid and sensitive detection
of cancerous basal cells is a necessary topic. In this paper, a photodetector based on SPR nanostructure consisting prism
(N-FK51A), silver (Ag), hybrid organic—inorganic halide perovskites (MAPbX3 = CH3NH3PbY3, with M=CH3, A=NH3
and Y =Br), and graphene layers is suggested theoretically for the detection of cancerous basal cells. It is demonstrated
that the proposed photodetector with perovskite has a superior efficiency than the conventional without perovskite. Silver,
perovskite, and graphene layers of suggested SPR nanostructure have been optimized to achieve the highest efficiency. The
highest reached sensitivity is 298.5 deg/RIU with the optimal thicknesses of Ag (60 nm), MAPbBr; (3 nm), and the optimal
number of graphene layers is equal to three layers. This sensitivity is ultra-high value compared to latest work that utilizes
SPR configuration. As a result, the proposed SPR photodetector nominates as a strong candidate for use in several areas of

biosensing applications.

Keywords Basal cancer - Surface plasmon - Transfer matrix - Perovskite - Sensitivity

Introduction

Due to their distinct features such as ability to perform real-
time detection in a label-free platform, high sensitivity, and
quick response, the surface plasmon resonance nanostructure
is utilized in a lot of chemical and biosensing applications
such food safety, medical diagnostics, and drug diagnostics
[1-4]. The metals that can support plasmons in SPR sen-
sors are silver, gold, indium, aluminum, copper, and sodium.
Silver can be used if its oxidation can be minimized by coat-
ing another layer above it [5]. Due of the strong plasmonics
interaction with incident light, it has drawn attention from
the scientific community on a global scale [6]. The basis of
an SPR photo-detector is to decide the change in the RI of
an analyte when bio-molecules interact on the SPR struc-
ture surface. The SPR condition can be determined by phase
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matching of the evanescent wave generated by the transverse
magnetic (TM) light and wave of surface plasmon (SP). A
dip is produced in the reflectance spectrum when the SPR
condition is accomplished. The employed prism, incident
light wavelength, 2D materials, metals, and biomolecule
binding are some factors that affect the angle of the reflec-
tance dip [7]. The reflectance profile can be used to decide
the sensing performance of the SPR photo-detector.
Two-dimensional nanomaterials such as black phospho-
rus (BP), graphene (G), and transition-metal dichalcogenides
(TMDGs) have a lot of interest in SPR sensors because of
their distinct optical and electrical properties [7]. Chemi-
cal vapor deposition is a method that can be utilized to
create 2D nanomaterials [8]. To obtain desired electrical
characteristics for improved biosensing, the number of 2D
nanomaterial layers can be adjusted. Recently, graphene has
become a new possibility for enhancing the sensitivity of
various kinds of optical sensors. It has been demonstrated
that adding a graphene monolayer over a metal increases the
sensitivity of the detector [9]. Researchers from all over the
world have been drawn to graphene because of its highly
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intriguing mechanical, electrical, and optical properties.
The lowest resistivity, lowest bandgap, and high electron
mobility are among these characteristics [10, 11]. It is also
a much better biomolecule adsorbent than metals due to its
high surface to volume ratio. Because of its carbon-based
atomic ring structure, graphene has a high capacity for bio-
molecule adsorption. This is due to x stacking interaction
between its hexagonal cells and the common carbon-based
ring constructions seen in biomolecules [12]. Consequently,
graphene is a superior substance for biomolecule adsorp-
tion and can thus greatly increase the efficiency of the SPR
photodetectors. Hybrid organic—inorganic halide perovskites
have seen a surge in research attention recently as inexpen-
sive solution-processed materials with interesting applica-
tions [13, 14]. As aresult, they can be found in light emitting
diodes (LED) [15], photodetectors [16], photovoltaics [17],
and nanowire lasers [18]. Additionally, the expression for
organic—inorganic perovskites is CH3NH3PbX3 (MAPbY3),
where Y is either Br, Cl, or I [19, 20]. MAPbY3 can be seen
as a novel plasmonic material and a strong contender for
sensing applications throughout the entire visible spectrum.
This is because of their exceptional stability, minimal band
gap, and great optical absorption, which have all led to their
exhibiting exceptional optical and electrical properties [21,
22].

Human health is dangerously compromised by the basal
cancer cells [23]. One form of skin cancer is basal cell car-
cinoma. Though it can take numerous modes, it frequently
manifests as a small, slightly translucent lump on the skin.
Cancerous basal cell most commonly appears on skin that
is exposed to the sun, such as your head and neck [24, 25].
The body could become infected with cancer and ulti-
mately kill the patient if the injured cells are not discovered
at an early stage. [26]. There are numerous ways to find
malignant cells, including electrochemical techniques [27],

Fig. 1 A schematic representa-
tion of an SPR photodetector
employing perovskite layer

Incident ray

,\

@ Springer

immunocytochemistry [28], and microfluidic devices [29].
Since these devices are expensive and need for sophisticated
equipment, it is necessary to identify malignant cells with
accuracy and reality utilizing quick, inexpensive methods.
In this work, we suggest an SPR-based photodetector that
uses a thin layer hybrid organic—inorganic halide perovskites
on the top of a silver and two-dimensional graphene layer
is inserted between the sensing medium and the perovskites
thin film. We rely on the doctor to be designed at room tem-
perature. The sensing capabilities of the photo-detector are
examined using the transfer matrix technique (TMM). The
proposed SPR nanostructure’s layer thicknesses have been
optimized to achieve higher sensitivity.

Structure Consideration and Theoretical
Model

The suggested detector has five layers N-FK51A prism, sil-
ver, perovskite, graphene, and sensing layer for the detection
of basal cancer cells. The thicknesses of silver, perovskite,
and graphene layers are signified as h,, h;, and h, and the
refractive indices are indicated as n,, n;, and n,, respectively.
A suggested SPR biosensor based on layers of Ag, perovs-
kite, and graphene is shown schematically in Fig. 1.

The following relationship that describes the dispersion
of refractive index of the glass prism (N-FK51A) can be
obtained as [30]:

5142 5542 5342 02
nA)=(1+ + +
MP—r A=-r, 12-rn

where sy, 55, 53, |, 7}, and r5 are the Sellmeier coefficients.
The value of these coefficients are as r; =0.00472301995,
r,=0.0153575612, r;=168.68133, s,=0.971247817,

M

Perovskites hs

Reflected ray

SPR Reflectn ntansiy (%)
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Table 1 The used layers and their refractive indices at A = 632.8 nm

The used layer Refractive index (RI) Ref.
MAPBI3 (perovskite) 2.008+0.0013i [32]
Graphene 3+41.149106i [33]

$,=0.216901417, and s;=0.904651666. 4 is the incident
light’s wavelength in um. The index of the Ag layer depend-
ents on the incident light wavelength and is obtained by
Drude—Lorentz model [31]

a2 2
C

3G .

nag(D) = (1 -

where the collision and plasma wavelengths of Ag are
4. =17614x107m and A, = 1.4541x 1077m, respec-
tively. The refractive indices of perovskite (MAPBr;) and
graphene are presented in Table 1.

The reflectivity of the structure has been calculated
using the transfer matrix approach for the L-layer system.
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Fig.2 Reflectance spectra for the suggested SPR photodetector at

ngy;=1.36 for TM and TE polarizations

This technique is efficient since it does not associate with
any approximations. Along the z-axis, all of the layers are
organized into a stack. The thickness and dielectric con-
stant for each layer are d, and g, respectively. The tangen-
tial fields at the first border (z=0) and the final border are
connected (z =z, _;), mathematically [34]:

Al _ AL—I]
=W
1=l ®

where the tangential electric fields at the boundaries of the
first layer and the Lth layer are A| and A; |, respectively.
The tangential magnetic fields at the first layer boundary
and the Nth layer boundary are B, and By_;, respectively.
For j-layer, the specific matrix (W)) is obtained by [34, 35]:

L sim(p;
_ cos(f;) —T(ﬂ’)‘|

a l—insin(ﬂj) cos(,JBj) @

100 (a) Without perovskite
~ 801 l
R
8 60 ]
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Angle of incidence
100 (b) With perovskite
= 80-
S
8 60
c
8
é 40
[}
X 20

0 .
70 75 80 85
Angle of incidence

Fig.3 Reflectance curves of the suggested SPR sensors. a Without
perovskite layer and b with perovskite layer at h,=40 nm, h;=1 nm,
and hy=N x 0. 34 nm where N=1
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Table 2 The used structures and
their sensitivity at h,=40 nm,

h;=1nm, and hy=Nx 0.
34 nm where N=1

The used structure Cell RI Or.(deg) AOpg,(deg) S (deg/RIU)
Without perovskite layer NBC 1.36 75.09 - -

CBC 1.38 78.72 3.63 181.5
With perovskite layer NBC 1.36 75.69 - -

CBC 1.38 79.58 3.89 194.5

B; is the light wave’s phase variation as it passes through
the j™ layer.
2 . 1/2

p; = Thj(gj — (n, sin 01)2) 5)
where hj and €j are the jth layer’s thickness and dielectric
constant, respectively. The incident light’s wavelength, inci-
dence angle, and refractive index of prism are represented
as 4,0,, and n,. os

X; = (g, — (n, sin 0,)*) " /¢, for p-polarized light. The full
characteristic matrix S of the structure can be expressed as:

S S
S =Wy, WpWs = [ ! 12] (6)

S Sxn
where W,,, Wy, and W;; are the characteristic matrices of
the metal, provskite, and graphene layers, respectively. The
intensity of reflectance (R) of TM waves for L-layer struc-
ture can be obtained as [35]:

2
(811 + S1Xy) X, = (S5 + S Xy)

(511 + S12XN)X1 + (S5 + SnXy)

@)

Results and Discussion

An SPR structure-based photodetector is explored for the
detection of basal cancer cells. According to the previous
section, the refractive indices of the layers are determined

224 ' ' - —
2161 — ]

=) —

& 208- /' .

o ]

S

o 200 1
1921 ]

40 45 50 55 60
dag (nm)

Fig.4 Sensitivity versus thickness of the metal (Ag) at h;=1 nm and
h,=N % 0.34 nm where N=1

@ Springer

at 1=632.8 nm. The thicknesses are chosen as h, =40 nm,
h;=1nm, and h;=N X 0. 34 nm where N=1 for metal (Ag),
perovskite (MAPbBr;), and graphene layers, respectively.
The prism used as the substrate. In the case of a prism-based
SPR sensor, it is known that the evanescent wave required to
excite surface plasmons results from the prism-metal inter-
face’s total internal reflection when the angle of incidence
of the beam is greater than the critical angle. The prism
assists in coupling the horizontal wave vector components of
the incident light to the propagating wave vector of surface
plasmon polaritons (SPP) [36, 37]. Generally, the thickness
of the prism is considered semi-infinite (approximately 1.5
to 2.5 cm). If the thickness of the prism is larger, then there
might be more scattering loss. The group of authors used the
thickness of a prism of 2.5 cm for DNA hybridization [38].

We begin by demonstrating the proposed SPR nanostruc-
ture’s polarization-dependent optical response using reflec-
tance spectra. Figure 2 exhibits the reflectance spectrum of
the proposed detector for transverse-magnetic (TM) polari-
zation which is demonstrated in Fig. 2a while for transverse-
electric (TE) polarization, it is presented in Fig. 2b. It can be
observed that the reflectance curve for TE mode is almost
fat while the surface plasmon resonance phenomenon (SPR)
occurs in the TM mode through resonant dips that appear
in the spectrum. As a result, the surface plasmon (SP) can
be excited only as the incident wave has TM polarization.

2701 ' ' ' ]
255 ]

=)

X 240 |

(0]

S /

D 205 _— 1
210 T T T T T

10 15 20 25 30
dp (nm)

Fig.5 Sensitivity versus thickness of perovskite at h,=60 nm and
h,=Nx 0. 34 nm where N=1
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Table 3 Variation the sensitivity

with different thicknesses of Thickness of Position of resonant dip  Position of resonant dip A6y, (deg) S (deg/RIU)
Agath,=1 nm and h, =N x 0. Ag (nm) of NBC 0, (deg) of CBC 6y, (deg)
34 nm where N=1 40 75.69 79.58 3.89 194.5

45 75.83 79.9 4.07 203.5

50 75.92 80.12 4.2 210

55 75.99 80.3 4.31 215.5

60 76.03 80.42 4.39 219.5

Thus, the TM-polarized light’s evanescent field perme-
ates the metal layer and may excite the SP waves that are
traveling along the metal film surface [39, 40]. Hence, the
complete amount of the TM-polarized incident wave energy
is transformed to SP at resonance condition [41]. For that
reason, the SPR photodetectors can only use incident light
that is TM-polarized. Figure 3a, b depict the SPR reflectiv-
ity spectra for both normal and cancer basal cells (NBC and
CBC) as sensing media. The shift of the dip in the reflec-
tance spectrum of TM light serves as the basis for the detect-
ing mechanism of the proposed biosensor. The difference
in refractive index between healthy cells and cancer cells
causes this shift [23, 26]. Figure 3a gives the reflectance
spectra of the proposed sensor with a perovskite layer thick-
ness of 0 nm while the reflectance spectra in Fig. 3b with a
perovskite layer thickness of 1 nm (MAPbBr3). As the ana-
lyte’s refractive index rises, it can be seen that the minimum
reflectance corresponding to the resonance angle lightly
decreases. As the refractive index of the analyte increases,
a second aspect is that the resonance angle of dip transfers
to a higher angle. It is observed that resonance angles of
dips swing from 75.09 to 78.72 and 75.69 to 79.58 for SPR
structure without the MAPbBr; layer and SPR structure with
1 nm of MAPDbBI3 layer, respectively. Thus, introducing of
1 nm MAPDBr3 layer improves the sensitivity by at least
7% for SPR sensor based on perovskite as shown in Table 2.
The performance of SPR sensor also depends on the field
distribution of SPs at metal—dielectric interface. It is well
known that the electromagnetic (EM) field of SP peaks at
the metal-sensing layer interface and decays exponentially
within only a fraction of a wavelength which is termed as
evanescent field. The plot of TM field normal to different
interfaces of constituent layers of the proposed SPR sen-
sor shows the field distribution at different layer interfaces.

Generally, it rises with metal thickness, becomes maximum
at 2D nanomaterial interface, and then it exponentially
decreases in sensing medium. The maximum field at 2D
nanomaterial interface is due to strong control, manipula-
tion, and confinement of charge carriers on using 2D nano-
material or their heterostructures. The depth of the TM field
may be analyzed by evaluating penetration depth (PD). PD
indicates the interaction length of SPs in sensing medium
at which TM field decays by 37% of its maximum value.
Larger PD is suitable for deep analyte sensing by increas-
ing the interaction volume with the biomolecules present in
the sensing medium [42]. Mathematically, the interaction is
represented by an overlap integral between the evanescent
field of SPs and spatial distribution of dielectric constant
of the sensing region in three-dimensional space. Depend-
ing upon the interactions, the overlap integrals are different
and accordingly, the reflectivity spectra are different. Hence,
the reflectivity is proportional to the overlap volume and
accordingly, the sensitivity of thin film-based SPR sensor
is proportional to overlap integral. Therefore, sensitivity of
proposed configuration can be enhanced by increasing the
overlap integral in the overlap volume. One can achieve this
by increasing the field’s peak height at metal-sensing layer
interface and its penetration depth into the sensing region
[43].

A suitable option of the layers thicknesses of the struc-
ture is required to get the best sensitivity of the SPR sen-
sor. As a result, various options and optimization processes
for the layers thicknesses of the structure will be investi-
gated and studied. In the first, we methodically study the
influence of the thickness of metal layer on the sensitivity.
The thickness of perovskite and graphene layers has been
fixed as h,=1 nm (for perovskite) and hy=L X 0. 34 nm
where L =1 (for graphene). Figure 4 exhibits the change

Table 4 Variation the sensitivity

T . Thickness of Position of resonant dip Position of resonant dip A0, (deg/RIU) S (deg/RIU)
with dlfferent thicknesses of perovskite (nm) of NBC 6y, (deg) of CBC 6y,,, (deg)
perovskite at h,=60 nm and
h, =N 0. 34 nm where N=1 1 76.03 80.42 4.39 219.5
1.5 76.41 80.96 4.55 227.5
2 76.79 81.54 4.75 237.5
2.5 77.2 82.18 4.98 249
3 77.62 82.89 5.27 263.5
@ Springer
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Table 5 Variation the sensitivity

ith different ber of Number of Position of resonant dip Position of resonant dip A0, (deg/RIU) S (deg/RIU)
;Vrlaphelngz;lern;lﬁ tfgo am graphene layers at NBC O, (deg) at CBC 0y,,, (deg)
.=
and h; =3 nm 1 77.62 82.89 5.27 263.5
2 78.17 83.78 5.61 280.5
3 78.73 84.7 5.97 298.5
4 79.39 85.2 5.84 292

of sensitivity with increasing thicknesses the silver layer.
As the thickness of the Ag layer rises from 40 to 60 nm,
it can be seen that the sensitivity climbs from 194.5 to
219.5 deg/RIU. Consequently, we can say that the sensitiv-
ity is regularly enhanced with increasing the thickness of
silver layer reaching its maximum at h2 =60 nm. Surface
plasmons (SPs) gain the ability to transfer incident light
energy to them as the thickness of the metal layer grown.
As a result, a strong excitation of SP follows and leads to
sensitivity and quality enhancement of the biosensor. For
h, > 60 nm, the resonant dip vanishes. As a result, 60 nm
is chosen as the optimal Ag layer thickness for the greatest
performance of the suggested SPR photodetector. There-
fore, it is observed that h, =60 nm will be considered in
the next investigations. The calculations of dip positions,
shift of resonant angle, and sensitivity for all those thick-
nesses of Ag layer are presented in Table 3.
Furthermore, to determine the impact of perovskite
layer thickness on the effectiveness of the suggested pho-
todetector, we have studied the sensitivity of the proposed
SPR detector for different values of thickness of the per-
ovskite layer. Here, the perovskite layer’s thickness has
been adjusted in steps of 0.5 nm from h;=1 to h;=3 nm.
The thicknesses: h, =60 nm and h, =N X 0.34 nm where
N=1 for the SPR nanostructure is fixed. It can be observed

300- ]
\.
S 285. ]
x
g
S 270- ]
255, ]
10 15 20 25 30 35 40

Number of graphene

Fig. 6 Sensitivity of the proposed SPR photodetector versus number
of graphene layer at h,=60 nm and h;=3 nm

@ Springer

that the sensitivity gradually improves with increasing
the thickness of perovskite (MAPbBr;). The sensitivity
of proposed SPR photodetector with varying thickness of
perovskite (MAPbBr;) layer is plotted in Fig. 5. The top
sensitivity of suggested SPR photodetector is 263.5 deg/
RIU as the thickness of perovskite is 3 nm. Consequently,
we will consider the thickness of perovskite (h;=3 nm)
in the following discussion. The calculations of position
of dips, angle shift, and sensitivity of the suggested SPR
detector are presented in Table 4.

Now, to determine the optimal amount of graphene lay-
ers which obtain the highest sensitivity of the suggested
SPR photodetector, we have examined the efficiency of
the suggested photodetector with growing the number of
the graphene layer as presented in Table 5. As a result, the
SPR nanostructure is fixed by the following parameters:
h, =60 nm and h; =3 nm for metal (Ag) layer and perovskite
(MAPDBTr;) layer, respectively. It is important to note that
the sensitivity increases with the addition of more graphene
layers (N=1 to 3) and then drops for N> 3. Thus, the opti-
mal number of graphene layer can be selected as N=3 for
the suggested SPR photodetector. Figure 6 exhibits the fluc-
tuation of sensitivity with increasing the number of graphene
layer. Based on above investigation, the best performance
of the suggested SPR photodetector can be achieved as the
nanostructure of SPR photodetector is characterized by the
optimized thicknesses: h, =60 n, h;=3 nm, and h, =N X

100
90
80
701
601
=01 — NBC]]

40- — CBC}J{

70 75 80 85
Angle of incident (deg)

Reflectance(%)

Fig.7 Reflectance curves of the suggested SPR photodetector with
perovskite layer at h,=60 nm, h;=3 nm, and h,=N X 0.34 nm where
N=3
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Table 6 Comparing the

o . Techniques/structures
sensitivity of this research to

Year Sensitivity Reference

the most recent SPR-based (deg/RID)
biosensors that have been SPR detector employing a thin layer of graphene 2018 121.7 [44]
published SPR detector using MXene and black phosphorus 2019 190.22 [45]
ZnO-based SPR photodetector for DNA hybridization 2020 157 [46]
SPR photodetector employing plasma layer 2021 102.9 [47]
Sensing of the bacteria using SPR biosensor based on graphene sheets 2022 199.87 [30]
SPR biosensor based on titanium disilicide and black phosphorus 2022 1954 [48]
SPR biosensor based on graphene as a 2D-nanomaterial 2022 161 [49]
SPR photo-detector employing perovskite layer for the detection 2022 298.5 Current work

of basal cancer cells

0.34 nm where N=3 for metal (Ag), perovskite (MAPbBr;,
and graphene layers, respectively. The reflectance intensity
corresponding the angle of incident at those optimized con-
ditions is shown in Fig. 7. The sensitivity is obtained as
298.5 deg/RIU at optimum conditions. The full width at half
maximum (FWHM) is 4.05 deg. As a result, the detection
accuracy (DA) is calculated and obtained as 0.246 deg™!
according the following equation: DA = 1/FWHM. Finally,
the figure of merit is computed and found as 73.43 RIU™!
according the following relation: FOM =S x DA.

It is clear that an excellent sensitivity of 298.5 deg/RIU
is obtained in the proposed SPR photodetector which is not
achieve in the recently reported sensors. Table 6 also pro-
vides a comparison of the proposed and recently reported
works in tabular format. Furthermore, the suggested photo-
detector has a simple structure to fabricate, quick real-time
detection, tunable design, and low cost. With these wonder-
ful advantages, we think that the suggested SPR photodetec-
tor, which is based on a perovskite (MAPbBr3) layer, can be
extensively applied in the field of bio-sensing applications.
As a result, it can be employed for the detection of basal
cancer cells and any biological analyte.

Giving some advice about how to fabricate the proposed
sensor is really important. On the top of the BK7 prism, a
thin film of Ag (60 nm) is placed. Deposition techniques
such vacuum thermal evaporation, electron beam evapora-
tion, ion plating evaporation, and laser beam evaporation
are frequently used. Perovskite is grown as a 3 nm-thin layer
on the silver film. Useful deposition techniques include the
following: photo CVD, thermal CVD, HOMO (hot reactor
and cold substrate) CVD, and thermal CVD for a perovskite
film. Then, using CVD or electrospinning methods, thin gra-
phene sheets are deposited on the perovskite coating.

Conclusion
An SPR-based photodetector based on perovskite (MAPBBr3)

has been designed for the detection of cancerous basal cells.
We analyzed the reflectance of the suggested photodetector

using the transfer matrix approach (TMM). Silver (Ag), hybrid
organic—inorganic halide perovskites, and graphene layers of
suggested SPR have been investigated for the best perfor-
mance. We first examined the sensor performance for the
structures: prism of N-FK51A glass/silver/graphene/analyte
(structure 1) and prism of N-FK51A glass/silver/perovskite/
graphene/analyte (structure 2) and found that structure 2 has
the highest sensitivity of 194.5 deg./RIU with 7% improve-
ment over structure 1. Also, it is found that the sensitivity
enhances with rising the thickness of Ag and MAPbBT; layers.
On the other hand, it is found that the sensitivity improves
with the growing number of graphene layers until three lay-
ers and then drops. A highest sensitivity of 298.5 deg./RIU is
reached with silver (60 nm), perovskite (3 nm), and a triple
layer of graphene. This structure will be recommended for
fabricating new sensing devices in the field of cancerous basal
cells sensing. Also, it is expected that the proposed photode-
tector is noble for the detection of other cancer cells and bio-
molecules with high efficiency. Finally, we recommend to do
this proposed SPR structure experimentally in future research.
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