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Design of a PIT biosensor

based on plasmonic-graphene-
black phosphorous hybrid for
hypercholesterolemia detection

Esmat Rafiee

Cardiovascular diseases are the primary and fundamental reasons of people death around the world.
Precise, fast responding, compact and integrable biosensors are considered as the most important
prevention or treatment devices. In this work, remarkable absorbers based on graphene-plasmonic-
black phosphorous hybrid structures are proposed. These devices are utilized for bio-sensing
applications. The presented device is consisted of different quarter-cylindrical and plate shaped
layers of graphene, black phosphorous, Ag, Au and Al,O.. In order to improve functionality of the
presented absorber (improving the absorption’s peak value), effects of structural parameters and
chemical potential (E)) on the absorption spectrum are being considered. The proposed structure will
be considered as a biosensor for detection of cholesterol concentrations in blood samples (this would
help physicians in diagnosis of hypercholesterolemia and prevention of cardiovascular diseases),
after improving its characteristics. Finally, it is expected for this biosensor the following remarkable
sensitivity, figure of merit, quality factor and detection limit of 6045.6 nm/RIU, 237.61 RIU~?, (80.3-
90.1) and (2.1e-4-2.26e-5) RIU, respectively. Therefore, the proposed device can be an appropriate
candidate for bio-sensing applications in optical integrated circuits.

Keywords Bio-sensor, Black phosphorous, Cardiovascular diseases, Hypercholesterolemia, PIT, Plasmonic-
graphene

According to world health organization (WHO), cardiovascular diseases (CVDs) are the primary and main
reasons of people death in the world (causing death of 17.9 million people each year). As known, CVDs are
categories of heart and blood vessels mal-functionalities which generally lead to heart attacks and strokes.
Hypercholesterolemia is mostly the main reason of severe heart diseases. Therefore, detection of cholesterol and
its high levels (hypercholesterolemia) in early stages and with high precisions can fundamentally help physicians
and patients (prevention of heart diseases; decreasing chance of suffering heart attacks and strokes). Due to the
vitality of cholesterol diagnosis for scientists, various detection methods and devices were proposed and designed
over the years. The proposed systems (biosensors) were considered based on various operation principles like
electrochemical?, piezoelectric?, optical*” and etc. Among the mentioned operation principles, optical ones
have attracted remarkable attentions due to their higher precision, accuracy, response time, sensitivity and
lower cost and dimension®°. Optical based biosensors have been extensively considered and investigated!.
They are particularly utilized for sensing applications'’. Optical biosensors can be fabricated considering hybrid
configurations. A photonic crystal-based biosensor was suggested for detection of glucose in blood samples
with remarkable sensitivity of 4200 nm/RIU!!, Combination of bimetallic-MXene-graphene was considered for
rapid diagnosis of malaria with appropriate sensitivity'?. In another research!®, Ag-graphene-prism-perovskites
combinations were considered for diagnosis of basel cancerous cells. Considerable sensitivity of 298.5 deg/
RIU was obtained!?. In another work!*, plasmodium falciparum infections could be detected considering Ag-
BiFeO,-graphene-MXene-phosphorene nano combination. The structure functioned based on SPR effect with
acceptable sensitivity of 461.43 deg/RIU™.

Plasmonic-graphene-black phosphorous (BP) combination can be an appropriate candidate for precise bio-
sensing applications. Plasmonic nano structures can be designed based on different dielectric and metal layers'
while graphene structures can be configured based on 2-D lattices of carbon atoms'®. Black phosphorous nano
structure is consisted of a 2-D semiconductor which has the same dimension as graphene (while acquiring
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higher scalability and integrability compared with graphene)!”!%. A monolayer of black phosphorous known as
a phosphorene (which has a direct bandgap from 0.3ev (for phosphorene) to 2ev (for bulk BP)) is considered for
designation process!®2’. Plasmonic-graphene-BP hybrid structure can interestingly scale down the dimension,
proposing an appropriate configuration for optical integrated circuits (with dimensions lower than the incident
wavelength). As known, fabrication process of nano-dimension structures like graphene, plasmonic, BP or
their combinations is challenging and complicated. However, some techniques like electron-beam lithography,
focused-ion lithography, dip-pen lithography, laser interference lithography, nano-sphere lithography and etc.,
can be considered for implementing graphene-plasmonic-phosphorene hybrid structures®!-*,

Surface plasmon resonance (SPR) effect is the basic application principle of the plasmonic-graphene-
BP hybrid system. In SPR effect, surface plasmon polaritons show stronger field energies near the interfaces
(between two media) which can effectively improve functionality of the proposed biosensor (sensitivity of the
suggested device can be improved, in fact different sensing medium considered by their refractive indices (RIs)
can be precisely detected)>~?7. A ZnO layer combined with CaF, prism operating based on SPR effect was
considered for detection of SARA-CoV-2%. Notable sensitivity of 364.170/RIU was obtained for the proposed
biosensor?®. As known, hybrid structures functioning based on plasmon induced transparency (PIT) effects have
been of great interest to researchers in recent years. In these devices, a transparent window in the absorption
spectrum (low absorption amount or high transmission amount), can be utilized for various applications like
switching?3?, sensing®*2, logical functioning® and etc. Actually, in SPR based devices, quantum interference
of two paths can induce PIT window in the absorption diagram?!. Increased dispersion and high slow light
effect in the PIT window (near zero absorption value) can help design biosensors with remarkable sensitivity
factors®.. Hybrid plasmonic-graphene-BP structure effectively takes advantage of the ability of exciting PIT in
the NIR range (by BP structure)’, resonance wavelength tunability and high EM field intensity (by considering
plasmonic-graphene combination)®®*’. As a result, considering PIT effect in the plasmonic-graphene-BP hybrid
structure can increase the biosensor’s sensitivity and improve its functionality*.

As stated, high cholesterol concentrations can cause hypercholesterolemia which might lead to heart
attack and strokes. Thus, proposing non-invasive techniques for early, fast and precise detection of cholesterol
concentration in blood samples are important. In recent years, many researchers have focused their works on
proposing optical biosensors for detection of biological elements; especially cholesterol. In*’, an SPR optical fiber
biosensor based on Au layers and nanoparticles was proposed. The structure was utilized for detection of glucose
and cholesterol with acceptable detection limit. In another research!, multimode fiber and hollow fiber structures
were considered for detection of cholesterol concentration. Appropriate detection limit and sensitivity factor
were obtained for the proposed biosensor. In’, a dual mode cholesterol biosensor was proposed which was based
on gold rods and carbon quantum dots. For the proposed structure, detection limit of 0.028uM was obtained.
Also in!, an Organometal lead halide perovskites photo-electrochemical biosensor for detection of cholesterol
concertation was presented. The structure was considered with water stability and indicated acceptable results.
In another structure*?, by considering Cyclodextrin capping gold nanoclusters fluorescent probes, a cholesterol
detection biosensor with high sensitivity was proposed. Wide linear response range (20.00 ~ 150.00 pmol-L~1)
and appropriate detection limit (16.07 pmol-L~!) were the advantages of the designed biosensor. In*?, a photonic
crystal fiber biosensor based on octagonal hollow core-shaped structure was suggested. The proposed structure
was considered for detection of cholesterol concentrations in blood samples with low confinement loss of
3.14%x 10720 cm~! and low effective material loss of 0.0008 cm™!. Recently**, by considering graphene oxide, zinc
oxide and etc., a sensitive biosensor for detection of cholesterol and bilirubin was proposed. Sensitivity factors
of 0.92 pA pM~! cm~2 and 0.2 pA pM~! cm~2 were obtained for cholesterol and bilirubin concentrations,
respectively.

In this research, a biosensor for detection of cholesterol concentration in blood samples is proposed. Fast and
precise detection of cholesterol concentrations can prevent cardiovascular diseases and strokes. The presented
system is a hybrid of the graphene-plasmonic-BP nano combination which function based on the PIT effect
(double peaks). Remarkable sensitivity, figure of merit and quality factor are the main advantages of the proposed
biosensor.

Proposed structure and theoretical model
The first designed plasmonic-graphene-BP absorber is presented in Fig. 1.

The first presented system is consisted of two quarter-cylindrical shaped waveguides (in which the arches
are made of graphene and other surfaces are consisted of phosphorene) and a plate-shaped gold (Au) layer
which are situated in a substrate of Al,O,. The plate shaped layer of silver (Ag) (which is positioned in the
bottom of the structure) acts as a mirror which facilitates concertation of light wave in the structure. Therefore
(by considering Ag layer as a mirror), absorption peak can be effectively improved (even creating a perfect
absorber)®"32, Geometrical parameters of the proposed absorber are stated in Table 1.

Numerical simulations were considered by utilizing 2-D finite element (FE) software (COMSOL Multiphysics
5.5).

In order to study the absorption properties of the designed system, following relation can be investigated*>*:

Alw) =1- R(w) (1)

According to Eq. (1), for having a perfect absorber (A(w)=1), R(w) should be zero. In this case, the light
wave would be perfectly absorbed in the structure. In order to study the properties of the presented structure,
specifications of each layer (graphene, Ag, Au and BP) should be investigated. For the graphene layers, surface
conductivity parameter can be considered by studying Kubo formula®>7:
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Fig. 1. Schematic of the first designed plasmonic-graphene-phosphorene absorber.
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where w, E, I' and T represent the operation frequency, chemical potential, phenomenological scattering rate
and absolute temperature, respectively. For the graphene layer, intra- and inter-band electro-photon scattering
factors can be stated as*>*7:
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Table 1. Geometrical parameters of the proposed absorber.
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Fig. 2. View of the absorption spectrum for three cases.
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where kp, T'and e stand for the Boltzmann constant, temperature and electron charge, respectively.
For the Au and Ag layers, Drude model can be utilized for studying the dielectric function?®:

2
“p

e B

(5)

where ¢ = 3.7 (dielectric constant at infinite frequency), y=0.018 eV (collision plasma angular frequency) and
®,=9.1 eV (bulk plasma angular frequency)*®.
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Specifications of the single BP layer (phosphorene) can be studied by utilizing the conductivity (o, y)
formula’!*: ’

w?

s 6
e (w) =ex w? + iwy ©

where o, (armchair and zigzag direction conductivities of BP), =10 meV (scattering rate), D, = rrezn/mn
(Drude weight ) and # (carrier density of phosphorene ).

In the following sections, for investigating the functionality of the designed structure (presented in Fig. 1),
its absorption spectrum will be obtained. After that, other layers of graphene and phosphorene will be added
for improving the absorption’s peak value. In other steps, effects of different structural parameters and chemical
potential of the graphene layer will be considered (for increasing the absorptions peak value). Finally, the
improved designed system will be considered as a biosensor for detection of cholesterol concentrations in blood
samples.

Results and discussion
In this section, the structure presented in Fig. 1 will be considered. First, the absorption diagram for three
conditions is investigated (structure with a phosphorene layer, structure with a graphene layer and structure with
both phosphorene and graphene layers).

As seen in Fig. 2, best absorption spectrum is obtained for the third case (structure with both phosphorene
and graphene layers). As known, plasmon induced transparency (PIT) effect can be happened through the bright
and dark mode’s coupling®®*. Input signal can excite the bright mode, while it can’t excite the dark mode (dark
mode is independent of the external conditions). Phosphorene and graphene-based systems can excite the bright
and dark modes, respectively’!. PIT effect can be occurred through the interaction of the phosphorene-graphene
hybrid system. Therefore, combination of the phosphorene and graphene nano structures will be considered and
designed. In the following section, the second hybrid structure (containing two more quarter-cylindrical shaped
waveguides; for improving the absorption spectrum) is presented.

S proposed graphene-plasmonic-phosphorene hybrid structure
The second designed absorber (with two added phosphorene and graphene quarter-cylindrical shaped
waveguides) is presented in Fig. 3.

In Fig. 4, absorption diagram (considering two cases; adding only one quarter ring (R,) and adding both (R,
and R))) is depicted.

As seen in Fig. 3, by adding R, and R, an approximate ring covered by graphene will be formed. According
to the following equation, resonant wavelength is proportional to ring circumference (radius) (A is proportional
toL).

nL = m\ (7)

where n, m, L=2nr, r and A represent the refractive index of the ring resonator, integer value, circumference of
the ring resonator, ring radius and resonant wavelength of the ring resonator, respectively’!. Therefore, when
a complete ring is formed (by adding R, and R,), circumference of the ring would be increased (higher ring
radius). This would lead to the increment of the resonant wavelength (red-shift). It can also be concluded from
Fig. 4, that adding two more quarter-cylindrical shaped waveguides (with radii of R, and R,) will lead to better
results. As seen in Fig. 4, third case (containing both R, and R,) indicates higher absorption peaks compared with
adding only R,. As the absorption’s peak value is not yet satisfying (Fig. 4), third structure would be proposed
and then would be improved considering its structural parameters.

Third proposed graphene-plasmonic-phosphorene hybrid structure
The third designed absorber (with four added phosphorene and graphene quarter-cylindrical shaped waveguides
under the Au layer) and its 3-D view are presented in Fig. 5.

In this part, absorption diagram for the third proposed structure will be extracted. Figure 6 shows the
absorption spectrum (considering adding four individual phosphorene and graphene quarter-cylindrical shaped
waveguides in four steps; first adding R, then adding R, after that adding R, and finally adding R8). As can be
seen, by adding extra graphene and phosphorene layers, incident light wave will be better absorbed which would
improve characteristics of the presented structure.

As seen in Fig. 6, best absorption spectrum with the peak of ~0.74 is obtained for the case of adding R, R,
R, and R,. Although, the absorption’s peak value is considerably improved compared with the first proposed
structure, it is not yet appropriate for bio-sensing applications. Therefore, in the following sections, effects of
structural parameters and chemical potential will be investigated (for improving the absorption’s peak value).

Investigating the effects of “E,”
In this section, effects of “Ef’ (chemical potential) on the absorption diagram are investigated and the result are
depicted in Fig. 7.

As shown in Fig. 7, increasing “E;” from 0.3 ev to 0.9 ev would shift the absorption’s peak value to higher
amounts (from 0.74 to 0.8 for the left and right peaks). These variations can be explained by the circuit theory.
In the circuit theory, graphene can be defined as a shunt admittance which will be varied by the structural
parameters and chemical potential E, As a result, graphene can be substituted by resistors, capacitors and
inductors. Thus, altering E s can vary the absorption’s peak wavelength according to the following Eqs**34.
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Fig. 3. Schematic of the second proposed absorber.
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where ¢, L and C stand for the speed of light in vacuum, capacitance and inductance of the circuit, respectively.
It can be concluded that increasing E, would decrease L, which would shift the absorption’s peak wavelength to

lower amounts (blue shift) (this occurs for the right peaks of Fig. 7).
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Fig. 5. (a) View of the third designed system (b) 3-D view of the third designed system.

Finally, best value of E, = 0.9 ev is considered for the following parts. In the following part, effects of quarter-
cylindrical shaped waveguide’s radii (R;, R,, ...and R,) will be investigated. For ease of fabrication, analysis
and simulation, all of the quarter-cylindrical shaped waveguide’s radii will be considered the same (R, =R,,
...=R,=R).

8

Considering the effects of “R”
In this part, effects of quarter-cylindrical shaped waveguide’s radii on the absorption spectrum is considered and
shown in Fig. 8.
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Fig. 6. Schematic of the absorption spectrum for the four cases (first adding R, then adding R, after that
adding R, and finally adding Ry).
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Fig. 7. View of the absorption spectrum versus wavelength for different values of “E f”‘

As shown in Fig. 8, by altering R from 150 nm to 350 nm, absorption’s peak value will be shifted from 0.2 to
0.88 (the left peak) and from 0.34 to 0.88 (for the right peak). It can be seen that absorption’s peak wavelength is
red-shifted (moves to higher wavelengths). This phenomenon can be explained by Eq. (7). As can be concluded
from Eq. (7), increasing “R” will also increase L. According to Eq. (7), increasing L will also enhance A (shift A
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Fig. 8. Schematic of the absorption spectrum versus wavelength for different values of “R”.

“resonant wavelength” to higher values). Therefore, enhancing radius will increase the resonant peak wavelength.
As seen in Fig. 8, increasing R will enhance the absorption’s peak value. This phenomenon occurs due to the
enhanced confinement of the signal in the phosphorene and graphene structures.

Finally, best result is obtained for R=350 nm with the resonant peak value and wavelength of (0.88, 1.93 um)
for the left peak and (0.88, 2.7 um) for the right peak, respectively. For the following studies, R =350 nm will be
considered.

Investigating the effects of “t, and t,”

In this part, effects of “t, and ¢,” (coupling distance between the four upper and lower quarter-cylindrical shaped
waveguides) on the absorption diagram are investigated and shown in Fig. 9. For ease of fabrication, analysis and
simulation, “¢, =t,” is considered.

As shown in Fig. 9, coupling distance “¢, and ¢,” between neighboring quarter-cylindrical shaped waveguides
can affect absorption spectrum. In fact, by adjusting this parameter, PIT coupling strength can be varied*. As
seen, by increasing “t, and t,, resonant peak will be enhanced while PIT window would be shrink. Finally, best
resonant peak value and wavelength of (0.93, 1.95 um) for the left peak and (0.93, 2.52 um) for the right peak are
achieved, respectively. For the following studies, ¢, =¢,=45 nm will be considered.

Considering the effects of “h, +h,”
In this section, effects of “h, +h,” (shown in Fig. 5) on the absorption spectrum will be studied and shown in
Fig. 10.

As shown in Fig. 10, coupling distance “h, +h,” between the upper and lower four quarter-cylindrical shaped
waveguides can affect absorption spectrum. Variation processes of “h, +h,” are the same as that of “¢, and ¢,”.
Therefore, by enhancing “h, +h,’, resonant peak will be increased and PIT window dimension will be decreased.
In order to investigate functionality of the proposed structure, field distribution at various wavelengths “a, b, ¢”
shown in Fig. 10 will be considered in the following section.

Field distribution spectrum for three individual wavelengths shown in Fig. 10
In this section, electric field distribution diagrams (for two peaks and a dip) (wavelength of the induced
transparent window) of Fig. 10 are extracted and shown in Fig. 11.

Electric field distribution diagram of three wavelengths (“A =2.05um and A =2.5um” peak wavelengths of the
absorption diagram, “A =2.2um” dip wavelength of the absorption diagram) are shown in Fig. 11. As can be seen,
wavelength of “b” is positioned in the PIT window.

Presented graphene-plasmonic-phosphorene hybrid Biosensor for cholesterol detection

In this section, different concentrations of cholesterol with various Rls are considered as biological elements in
the Analyte section of Fig. 5. The presented biosensor is considered to operate based on the plasmon-induced
transparency (PIT) effect. In the bio-sensing application, analyte would be inserted in the upper layer while
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Fig. 10. Schematic of the absorption spectrum versus wavelength for different values of “h, +h,”

being in contact with the incident light wave. Absorption spectrum consisting PIT window would be achieved;
in which different concentrations of cholesterol defined by their refractive indices (RIs) can be detected.
Absorption diagram is shown in Fig. 12.

The refractive indices considered in Fig. 12 as 1.48, 1.485, 1.49 and 1.495 are related to various cholesterol
concentrations in blood samples (n=1.48 for 0.01%, n=1.485 for 0.06%, n=1.49 for 0.09% and n=1.495
for 0.13%2). As can be seen in Fig. 12, enhancing RI will increase the absorption peak wavelength®*%%3,
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Fig. 11. Field distribution diagram related to the absorption spectrum (Fig. 10) for (a) point “@”, (b) point “b”
and (c) point “c”

Considering the results obtained from this biosensor, physicians can diagnose hypercholesterolemia in early
stages (preventing cardiovascular diseases and heart attacks and strokes).

Some important factors which can describe the functionality of the proposed biosensor will be stated in the
following part. Sensitivity factor is one of the most important factors which can be obtained according to the
following equation:

AN
S = E(nm/RIU) 9)
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Fig. 12. Absorption spectrum vs. wavelength for different cholesterol concentrations.
References Sensitivity (nm/RIU) | FOM (RIU™!) | Q-factor | LOD (RIU)
cholesterol sensor>® 156.18 10.41
cholesterol sensor* 2666.6 177.77
cholesterol sensor™® 245.6714
cholesterol sensor® 5333.3 231.33 32.8 2.34e-4
cholesterol sensor®” 1251 0.001
cholesterol sensor® 595.74 35-46 6.1e-3-6.7¢-3
Our proposed cholesterol sensor | 6045.6 237.61 80.3-90.1 | 2.1e-4-2.26e-5
Table 2. Comparison of our proposed sensor with previous works.
Another important parameter, figure of merit (FOM) can be calculated according to:
FOM = (RIU)™! (10)

FWHM

In which, S and FWHM stand for the sensitivity factor and full-width-at-half-maximum, respectively. The third
important parameter is the Q-factor (quality-factor), which can be obtained according to**>*:

AN
S = E(nm/RIU) (11

where A__is the resonant wavelength (absorption’s peak wavelength).
Last parameter is the limit of detection (LOD) which can be derived from>*:

LOD = X\/(20 % S % Q) (12)

For the presented biosensor, sensitivity factor, FOM, Q-Factor and LOD of 6045.6 nm/RIU, 237.61 RIU~ L
(80.3-90.1) and (2.1e-4-2.26e-5) RIU are obtained, respectively. Finally, the obtained results are compared with
previously published works and are stated in Table 2.

Conclusion

In this work an efficient absorber based on plasmonic-graphene-black phosphorous configurations was
presented and considered. The proposed device was based on quarter-cylindrical and plate shaped layers of
graphene, black phosphorous, Ag, Au and Al O,. The designed structure basically operated based on the PIT
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effect and was utilized for detection of cholesterol concentrations in blood samples (based on the obtained results
physicians can diagnose hypercholesterolemia and prevent cardiovascular diseases or treat them in early stages).
The improvement process of the absorption spectrum was conducted by considering the effects of structural
parameters and chemical potential (E). Finally, various concentrations of cholesterol in blood samples were
detected and sensitivity, FOM, Q-factor and LOD of 6045.6 nm/RIU, 237.61 RIU™!, (80.3-90.1) and (2.1e-4-
2.26e-5) RIU were obtained, respectively.

Data availability
All data generated or analyzed during this study are included in this published article.
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