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Abstract: We have presented the borophene based refractive index sensor for the infrared frequency
spectrum of 188 to 250 THz (1.2-1.6 um) range. The proposed structure was formed by using
the Silver-borophene-silica-Ag layered structure. The behaviour of the different analyte (with a
different refractive index) material is numerically calculated by placing it on the top of the structure.
The behaviour of the structure is identified in terms of absorption, reflectance, physical parameter
variation, and oblique angle incident conditions. The presented results provide the basic idea of
selecting optimized structure dimensions to get the specific resonating response. This sensor offers
the Figure of Merit (FOM) of 444 RTU~! with high sensitivity of 660 THz/RIU (4471 nm/RIU). The
refractive index sensor also provides wide-angle stability for (0° to 80°) for the wide frequency range
(239 to 245 THz and 207 to 209 THz). This sensor is developed on the silver metal layer (not required
to separate borophene from its origin metal deposition process) and easily fabricated using standard
boron fabrication and layered deposition techniques. The results of the proposed structure make it
possible to design a basic biosensor structure. This device is also applicable for various THz and
biomedical applications.
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1. Introduction

Research into two-dimensional (2D) materials is brisk due to the possibility of their
implementation into next-generation electrical and energy conversion devices [1-4]. Scien-
tists across the globe are buzzing about an entirely new kind of two-dimensional material,
known as borophene (also known as a two-dimensional (2D) boron sheet), which was
recently successfully synthesized on single crystal Ag(111) substrates under ultrahigh-
vacuum conditions [5]. Scanning tunnelling spectroscopy experiments show that borophene
exhibits anisotropic metallic behaviour in its crystal structure. Like borophene material,
graphene is a zero-gap semiconductor with linear dispersion at the Dirac points in its elec-
trical characteristics. Because of this, g charge carriers of graphene act like Dirac fermions
with no mass [6]. Graphene is a very efficient material due to its low absorption of visible
light and high carrier mobilities [7,8]. Graphene might be used as a transparent conductor
in various applications. The advantages of graphene-like weight, durability, and flexibility
outweigh the standard ITOs (Indium tin oxide). Researchers have been inspired to further
investigate the controlling light-matter interactions because of the high electron density
and significant anisotropy of borophene. Patterned borophene has been shown to display
anisotropic plasmonic activity at visible wavelengths based on the plasmon modes of other
2D materials [7,8].

Furthermore, it is predicted that borophene contains extraordinary mechanical prop-
erties comparable to graphene [5]. Due to the distinct characteristics of 2D materials in
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comparison to their bulk counterparts, research on their layered topologies for future
device manufacturing is being pursued [9,10]. The characteristics of recently manufactured
graphene, silicene nanosheets, boron-nitride nanosheets, transition-metal dichalcogenides
(TMDs), and black phosphorus [1,9,11-13] are distinct from or superior to those of their
bulk counterparts. Research into layered materials with unique characteristics is a thriving
field of study, owing to the relevance of the subject matter in science and the potential
for practical applications. The change from an indirect semiconductor in bulk to a direct
semiconductor in a monolayer [14] in several layered metal dichalcogenides (e.g., MoS),
for example, has sparked interest in the optoelectronic capabilities of these materials.

In recent years, two-dimensional materials and optical biosensors have been one of
the most growingly important researched topics. In addition to graphene, transition metal
dichalcogenides, black phosphorus, and MXenes, a broad range of 2D materials display
unique optical properties and may be utilized to detect a wide range of biomolecules,
according to the researchers. Optical biosensor sensitivity and detection limit have been
greatly improved over traditional sensors (such as electrical sensing) due to the change
in 2D materials [15]. Traditional gas sensors, such as carbon nanotubes and graphene,
are susceptible to a wide range of unpleasant gases, but they cannot detect more harmful
molecules like formaldehyde, which may cause cancer and other health problems. In
recent years, borophene’s wide variety of gas sensor applications has generated much
attention. The DFT-based (Density-functional theory) study of borophene nanometers as
formaldehyde sensors has been underway. As a result of previous successes with bending
and linear borophene defects in the preparation phase of 2D borophene command on
the molecular adsorption ability of NO (Nitrogen oxide) gas, scientists are now using
these findings to develop new and improved 2D borophene command formulations. For
example, when nano-sized borophene is absorbed into an alcohol solution, the bandgap
decreases fast, thus increasing conductivity. Consequently, adsorption energy and bandgap
fluctuations may be used to detect ethanol vapour [16].

Many more 2D materials are now being investigated. Multi-layered borophene is
one of the most exceptional materials in this category. An investigation of the optical
characteristics of monolayer borophene has been conducted. However, when examining
multi-layered borophene, there is still a dearth of scholarly material to draw upon. As
borophene has a highly anisotropic structure, the electrical and magnetic properties may
be changed, allowing for a wider range of applications [17,18]. According to the authors,
achieving an ideal combination of these features would be the most challenging problem in
future applications. It is necessary to reduce photon absorption and reflection while pre-
serving high electrical conductivity and transparency, for example, in the development of
intelligent windows [19,20]. Borophene electrical and optical features must be thoroughly
studied for possible usage in future devices. The biosensor structure works on the principle
of perfect absorption, transmittance, and reflectance. The layered structure of different
metal structures is the primary requirement to trap infrared light and generate the perfect
absorption [21,22] and reflectance [23]. The perfect absorption/reflectance-based multilayer
device can be useful for designing biosensor structures [24]. To achieve the perfect absorp-
tion/reflectance, the dimension and shape of the resonator structure play a major role in the
device’s overall performance [25-28]. This structure is analysed over an infrared frequency
of 1.2 to 1.6um, the third optical window of communication. Major optical fibre-based
sources and receivers are available for overall system setup in this spectrum. This sensor
is applicable for designing infrared biosensors for detecting haemoglobin [29,30], urine,
water, ethanol, Glucose [31], Biotin Streptavidin and Fibrinogen. The refractive index of
these materials fall between 1 to 1.7 [23,25,32].

In this article, we have proposed borophene based photonics devices for refractive
index sensing applications. We have formed the multi-layered metal-borophene-silica and
silver layered structure to generate the resonance effect at the infrared frequency range. The
proposed structure is numerically investigated using FEM (Finite element method) compu-
tational technique provided by the COMSOL Multiphysics simulator environment. The
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behaviour of the refractive index sensor is investigated in terms of absorption, reflectance,
physical parameter variation and sensitivity variation.

2. Borophene Based Biosensor Structure

The schematic of the borophene based biosensor is shown in Figure 1. Figure 1a,b show
the proposed structure’s three-dimensional and side view. The bottom layer of the structure
is set as silver material. No measurements of the monolayer optoelectronic properties
have been made since no freestanding borophene has been separated. The influence of an
Ag(111) substrate on the electrical structure of borophene is more complex [33] than that of
graphene. However, borophene adsorption on silver surfaces has a metallic property [5,34].
Freestanding borophene allotropes are predicted to have 2D metals with a wide variety of
electrical properties based on ab initio calculations and experimental data. For example,
DFT has demonstrated that the electronic band structures of the many borophene allotropes
are remarkably diverse [35-37]. A quadratic or a typical metal structure may be seen in
the band structure at Fermi energy, even though all 2D allotropes are metallic. Several
allotropes may affect this.
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Figure 1. Schematic of the borophene based refractive index sensor. (a) Three-dimensional view with
the stacked structure Silver-Borophene-Silica-Silver-analyte /sensing medium. (b) side view of the
proposed structure.

Chemical vapour deposition, bottom-up fabrication, top-down methods, liquid-phase
exfoliation, and sonochemical procedures have been used to thin borophene atoms. Exfo-
liation of borophene nanolayer bulk B is very difficult, which severely restricts its use in
the future [16,38]. The borophene individual layer is still a major fabrication challenge, but
the single-layer graphene can be formed on different metal substrates like Gold, Copper
and silver [39-41] to realize the nanostructure photonics devices. It is possible to form
the single-layered borophene on the silver substrate layer as the method suggested for
borophene formation in [38]. The chemical stability of borophene is less stable than that
of other 2D materials, and it is more vulnerable to contamination when exposed to air
for an extended period. While lower than graphene, chemical stability helps solve the
problem of oxidative instability in 2D materials that had previously been intractable. The
researchers also discovered new ways to improve borophene stability against oxygen, such
as coating it with another substance to shut it off from exposure to oxygen. It encouraged
us to investigate the oxidation resistance of 2D boron further, which they revealed could
be greatly reduced by using a silicon/silica oxide capping layer [42]. Lithography or laser
beam lithography techniques can form the top layer of gold. The proposed structure is
formed with the multiple layers of the silver-borophene-silica-silver, as shown in Figure 1b.
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The dimensions of the overall structure are set as: W = 1.8 um, Rg = 900 nm, Bg = 900 nm,
Ry =2 um, Sy, = 800 nm, Gy, = 400 nm, Oy, = 200 nm. The dimension of the structure is
chosen by considering the patch size of the borophene material. The dielectric constant of
Ag material is considered from the constant optical value suggested in [43]. This sensor is
analysed in the frequency range of 1.2 to 1.6 um (180 to 250 THz).

The dimension of the overall structure is set <1.6 pm (W = 1.8 um) to create the patch
geometry on the bottom Ag layer. This patch dimension of borophene generates the dipole
moment across the edge of the borophene layer, resulting in resonating conditions. The
proposed structure was numerically investigated using COMSOL Multiphysics simulation
software [44]. The boundary conditions of the structure are set as a periodic (Periodic
boundary condition- PBC) over the X-Y plane. The wave was inserted from the top of the
structure (Z -direction), presenting refractive index material. The absorption conditions
are set as A =1 — R. A reflectance value is zero because of the silver resonator at the
bottom of the structure. It leads us to calculate all the results from absorption. However,
the reflectance coefficient gives us the opposite results of the overall structure, making it
flexible in analysing results by reflectance or absorption. It is observed from Figure 1 that
in consideration of reflectance results, this whole study can be verified by converting those
results into absorption by using a formula of A =1 — R. Reflectance coefficient is identified
from the S1; parameter. Minimum and maximum meshing sizes are set as 0.5 nm and
50 nm. The meshing growth rate is set to the factor 1.3. Borophene dielectric equation [16]
can be defined by the equation shown in Equation (1). This equation determines the optical
properties under the consideration of only intraband transition because the interband
transition calculation for low frequency cannot be accurate. The real part and imaginary

part of the borophene dielectric function can be defined as shown in Equation (2) (e‘:il (w))
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Here, ¢ is the vacuum dielectric constant, e is the electron charge, (2 is volume, and

h is a plank constant. ¥} express the valance band (v) and ¥{ Conduction band (c) at
the momentum value of u - r at point k. w is the energy of the phonon. P denoted the
principal values in the Kramers-Kronig formula. The borophene dielectric loss (L(w)),
absorption (a(w)) and reflectance constant (R(w)) can be calculated using the equation
shown in Equations (3)—(5), respectively. Furthermore, the borophene dielectric constant for
the visible and infrared range can be presented [16]. The dielectric equation and electron
energy loss equation of incoming radiation is validated by polarising the electric field
vector E in the directions of a and b. The anisotropic crystal structure of borophene leads
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Absorption

to anisotropy in its optical and thermal conductivity characteristics. We have articulated
the borophene as impedance boundary conditions in COMSOL. The dielectric constant
values for the borophene are taken from the eV versus dielectric constant graph as shown
in [16,38].

3. Results and Discussion

The main motive of the proposed structure is to identify the behaviour of the structure
for the different refractive index values of the sensing material. The derived results of
the structure can help to identify the unknown material refractive index by observing the
resonating peaks over the derived frequency. A numerically investigated borophene based
refractive index sensor is analysed using various physical parameters. The structure is
simulated first by considering the different refractive indices placed on the top of the Ag
resonator. The effect of variation in absorption for the different refractive indices is shown
in Figure 2.
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Figure 2. Variation in the absorption for the different refractive index values.

Similarly, the reflectance values for the overall structure regarding frequency and
refractive index are shown in Figure 3. The size of the resonator structure is the defining
element for the value of resonance. The dipole moments are created over the edge of
both materials, where the light interacts with the Ag resonator and borophene. The
refractive index of the top material makes overall changes in the effective refractive index
of the overall structure, which results in different resonating peaks. We can observe from
Figures 2 and 3 that the resonating peaks are different for the different refractive index
values of the sensing structure.

Figure 4 shows the variation in absorption for the different sizes of the silver patch.
The silver structure is designed as a squared patch geometry. The variation in the peak
resonance is relatively similar for the lower frequency than 200 THz. The sudden change is
observed after 200 THz because of the destructive resonance effect. Lower values of the
Rg make resonance for the higher frequency (>200 THz), while the larger values of the Ry
make the perfect absorption for the lower frequency (<200 THz) spectrum. Similarly, We
have also identified the effect on absorption for the different values of this patch size. The
results of the absorption are shown in Figure 5. the effect of the borophene squared patch
dimension Bg on the absorption spectrum is shown in Figure 5.
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Figure 3. Variation in the reflectance for the different refractive index values.
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Figure 4. Calculated absorption response for the different size values of the squared silver resonator.

We can observe that the absorption peaks” amplitude remains constant for the specific
resonating frequency. At the point of 200 THz, the Ag patch makes perfect absorption, and
it constructs a strong electric field across the edge, which reduces the resonating amplitude
across the borophene sheet. It can be related that the absorption remains constant for the
different values of the Bg while the peak of resonance changes for different values of Rg.
The effect of the silica height on absorption values is presented in Figure 6. The resonance
shift depends on the height of the silica layer, as observed in Figure 6. This resonance shift
is highly sensitive to frequency values and silica substrate height. The effect of the oblique
angle incident on absorption is calculated (0° to 80°), and the response is presented in
Figure 7. It is identified that for the higher values of the frequency (>200 THz), the oblique
angle incident does not affect the absorption and makes structure polarization insensitive.
On the lower side of the frequency (<200 THz), a resonating point near 190 THz shows
the absorption polarization-insensitive up to the input incident angle of 40°. Similarly, a
resonating point near 200 THz makes the system stable for the wave incident range of
20° to 80°.
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Figure 5. Calculated absorption response for the different size values of the borophene squared patch.
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The sensitivity of the proposed structure is calculated using the equation of
AS = Af/An, which is measured in terms of THz (Terahertz)/RIU (Refractive index
Unit) [45]. In this formula, Af is the difference between two consecutive frequency peaks,
and An is the difference between respective refractive index points. We have first calculated
the peak resonance frequency points for the different refractive indices of the analyte. In
the next step, we have plotted the variation in the resonance frequency for the different
refractive index values of the analyte. The calculated sensitivity variation following the
peak resonance points is shown in Figure 8. The numbers denoted in Figure 8 shows the
sensitivity values between two consecutive points. A similar type of point can also be
observed in Figure 2. The maximum and minimum sensitivity variations are 660 THz/RIU
and 40 THz/RIU. This structure provides the fundamental idea for selecting the layer for
the borophene based sensor design structure and its feasibilities with other materials.
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Figure 8. Variation in the peak resonance frequency for the different values of the refractive index of
sample material.

The proposed results can be applied to identify the effect of the different biomaterials
on the overall absorption structure. In addition, the presented results can also help identify
the unknown refractive index of the material, which was the primary requirement for the
biosensing application.

Figure 9 shows the variation in the electric field intensity for the different values
of refractive index and resonating frequency. Similarly, Figure 10 shows the normalized
electric field intensity E (V/m) variation for the resonating peaks by making the analyte
refractive index 1.1. It is observed that the resonance depends on the ditablepole moments
generation. Moreover, a multilayered structure is responsible for generating signal trapping.
In Figure 9, it is observed that the resonance peaks are generated because of the higher
electric field concentration over the Ag resonator or borophene patch layer. The figure of
Merit (FOM) of the proposed structure is calculated using FOM = Sensitivity/FWHM [46].
The calculated FOM response for the different analyte materials is shown in Figure 11.
The maximum FOM of 444 RTU~! is observed in the FOM-1 response. Table 1 shows the
variation in sensitivity in THz/TIU and nm/RIU units. It is observed that the maximum
sensitivity variation of the overall structure is 660 THz/RIU and 4471 nm/RIU. Table 2
compares the proposed sensor with published structure type, FOM, and operating wave-
length results. It is identified that the borophene based refractive index sensor is offered
the FOM = 444 RIU~! and sensitivity = 4471 nm/RIU (660 THz/RIU).
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Figure 9. Variation electric field intensity for the different values of the refractive index of sample
analyte material and incident frequency. Normalized electric field intensity E (V/m) for (a) n=1.1,
w=180THz, (b)n=1.2, w =221 THz, (¢)n=1.3, w =204 THz, (d) n=1.4, w =208 THz, () n=1.5,
w=240THz, (f)n=1.6, w =193 THz, (g)n=1.7, w = 183 THz.

(a) (b)

Figure 10. Variation in the electric filed distribution E (V/m) for peak resonance frequency values.
Electric field distribution at (a) 191 THz, (b) 199.4 THz, (c) 209.8 THz, (d) 220.5 THz, (e) 233.4 THz,
and (f) 236 THz. The refractive index of the analyte is considered 1.1 for this result.
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Table 1. Peak resonating frequency and its respective sensitivity values.

—FOM-1

refractive indices of

Refractive Peak Resonating Equivalent Sensitivity Sensitivity
Index Frequency Wavelength (THz/RIU) (nm/RIU)
(in THz) (in um)

1 246 1.2195 660 4471
1.1 180 1.6666 410 3092
1.2 221 1.3574 170 1131
1.3 204 1.4705 40 282
1.4 208 1.4423 320 1923
1.5 240 1.2500 470 3044
1.6 193 1.5544 100 849
1.7 183 1.6393 - -

Table 2. Comparison of the proposed structure with the already existing structure.

_ Wavelength Sensitivity
1
Structure Type FOM (RIU1) (am) (nm/RIU) Reference
Discs - 1000~2500 525.7 [47]
Nanocomposite arrays 10 500~900 300 [48]
Nanorings 3.1 798 350 [49]
Nanorings 16.5 980 380 [50]
Nanoparticles 0.6 527 44 [51]
Split-ring resonators 8.5 1420 1192 [52]
Nanorods and 195 500~2500 1055 [22]
nanotube arrays
Rectangular Array 444 1200~1600 4471 Our Work

(180-250 THz)

4. Conclusions

The borophene-based refractive index sensor for the infrared frequency spectrum
is numerically investigated. The results are presented in the proposed manuscript. The
structure is investigated over the 180 THz to 250 THz frequency range. This manuscript
has designed a single layered borophene structure with Ag as substrate. The borophene
on the Ag substrate is covered with the silica layer to prevent borophene from oxidation.
The squared patched resonator of Ag is placed on the top of the silica to generate the
resonating frequency. The behaviour of the structure is identified in terms of mainly
absorption and reflectance. The proposed manuscript also investigates the other physical
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parameters, resonator height, silica height, oblique angle incident, and sensitivity variation.
This structure provides wide-angle stability of 0° to 80° of operation for the wide frequency
(239 to 245 THz and 207 to 209 THz). The maximum and minimum sensitivity variations are
660 THz/RIU and 40 THz/RIU. With these achieved results of absorption and sensitivity
of the proposed structure, it can be used for label-free biosensing applications and various
THz photonics and biomedical applications.
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