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Abstract 
 

Titanium Dioxide is an attractive material used for photovoltaic and photocatalytic purposes. Borophene is a newly produced 
metallic sheet that resembles graphene in many ways and is expected to complement graphene as a high density of states, 
optically transparent two-dimensional (2D) conductor. This study looked at the photoelectric potential of a borophene/TiO 
bilayer by analyzing the interface's atomic-level interactions and electronic properties using density functional theory (DFT). 
Rutile TiO2 (001) was combined with ꭓ3 of borophene in a nanocomposite with high interfacial coupling to study the 
photoelectric characteristics, substrate effects, and structural identification of Rutile TiO2. An adequate DFT approach for bulk 
TiO2 and Borophene, verifying the Perdew-Burke-Ernzerhof method's accuracy, was first established. Low interplanar 
distances and high adhesion energies were found in the optimized structures, indicating good interfacial interaction. With a 
band gap of ~0.369 eV, the electronic band structure and density of states (DOS) revealed its Potential superconducting 
nature. The absorption coefficient, reflectivity, refractive index, dielectric function, optical conductivity, and electron energy 
loss function are among the other optical properties that have been identified. It is possible to modify the work function for 
both of the materials in the study, enabling their prospective usage as Superconductors and gas sensor devices. 
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1. Introduction 

Until recently, theoretical research predicted the development 

of new varieties of two-dimensional (2D) boron sheet 

structures, including G/α /β/𝛾 type and less stable hexagonal 

and triangle sheets.[1] A recently created metallic sheet called 

borophene is predicted to work in conjunction with graphene 

as a 2D conductor with a high density of states and optical 

transparency. 2D materials have many applications in 

electronics, energy storage and use because of their unique 

physical and chemical properties (such as linear band structure 

around the Fermi level, stiffness, thermal and electrical 

conductivity).[2,3] When understanding material characteristics, 

distinguishing a 2D material from other surface features is 

critical since the system's key attributes can be substantially 

influenced by its location relative to the supporting substrate.[4] 

The interface structure affects strain, doping, and symmetry of 

the 2D overlayer, as well as a Van der Waals Force (vdW) 

bonded 2D material. It is possible to conclude that the study 

will play an essential role in the development of current 

technologies based on the projected qualities. Recently, many 

2D materials have been theoretically predicted and 

synthesized experimentally.[3,4]  

After carbon, boron is the second element to possess a 

variety of low-dimensional anisotropic structures. Because of 

this growing interest, new solids, quasiplanar clusters, 

nanosheets, nanotubes, nanowires, nanoropes, nanospheres, 

nanobelts, nanoribbons, and quasicrystals made of pure boron 

have been developed.[5] Boron's bulk 2D layered structures are 

common in nature, unlike graphene and some other 2D 

materials, due to the atomic arrangement of boron in the 

crystal lattice, which acts as a driving force to produce more 

curved and wavy structures. This makes mechanical 

exfoliation difficult in experimental synthesis. Therefore, only 

thermal evaporative deposition, chemical vapor deposition, or 

molecular beam epithelium can be used in the experimental 

synthesis of 2D boron monolayers.[5] 

Due to the high concentration of Fermi-order carriers 
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absent in graphene with zero density charge carriers at the 

Dirac cone, atomically thin borophene is an ideal platform for 

studying the distribution and response of electron gases 

confined to an ultrathin layer with external disturbances.[4] The 

stability of borophene is enhanced by physically or chemically 

bound species. Long wavelength imaginary modes still exist 

in single triangular plates and other polymorphs such as β12 

sheets, according to first-principles phononic computations.[2] 

Recent theoretical work has suggested that using a substrate or 

chemical function to modulate the adsorption and energy of 

borophene might be a viable option.[6,7] 

To synthesize 2D boron sheet, the substrate needs to be 

carefully selected. Wu et al.[1,8] in 2016 produced Ag(111) 

stabilized 2D Boron sheets. It has been reported that the pore 

density in the structure of β12 and ꭓ3 composites, as well as 

bulked borophene, exceeds 1/8. The epitaxial growth of 

graphene on Cu(111) suggests that the desired substrate for 2D 

borophene must have low boron solubility while acting as a 

planar template.[4] Many metals, including those commonly 

used to grow carbon nanotubes, are known to produce borides 

(Fe, Co, Ni).[6] Cu, Ag and Au are members of Group 11 and 

do not produce borides; therefore, they were chosen as 

substrates to simulate boron deposition.[6] The octet rule 

requires the boron atom to be paired with five extra electrons 

because it contains three valence electrons. According to band 

theory, each boron atom is bound to six neighbors in 

borophene, preferring the metallic phase. The localization of 

borophene's moving electrons and the opening of its band gap 

is an intriguing topic for electronic applications.[4] 

Various studies have shown that borophene possesses 

inherent metallicity, optical transparency, high flexibility, 

tunable properties, and high-temperature superconductivity 

due to its rich structural properties. Farideh et al.[1] 

investigated the decoration of ꭓ3 borophene with Fluorine 

atoms for the anodic performance of Lithium-ion batteries by 

means of density functional theory. Also, in the computational 

examination, the report revealed the need to address the many 

configurations that come from decorating a structure with 

sufficient thermodynamic and kinetic stability. Khawla et al.[9] 

experimentally showed that the optoelectronic characteristics 

and stability of the MAPbI3(1 x)B3x/ZnO heterojunction are 

respectively enhanced by Br doping, using a spin coating 

technique. Zihan et al.[10] studied the adsorption of the halogen 

atom on ꭓ3 borophene, followed by the adsorption of one Li 

atom on the resulting sheet, and found that if the diffusion 

barrier for Li is enhanced, it requires more processing, 

especially for ꭓ3 borophene. 

Considering the unique properties and wide application of 

borophene, the attempts to modulate the hydrogen storage 

effect, Li storage effect, adsorption efficiency, electronic 

properties, magnetic properties and properties of borophene 

optics is still in their infancy; Further research focusing on 

tuning the properties of borophene is still needed. Based on 

our knowledge, there are no relevant studies on altering the 

photoelectric properties of borophene, especially in the field 

of semiconductor optoelectronics. 

In this study, we focus on the effect of substrate surface 

absorption (interfacial contact) on the photoelectric properties 

of ꭓ3 borophene by using density functional pseudopotential 

plane-wave methods. We investigated the stability of the ꭓ3 

borophene sheet when interfaced with Rutile TiO2 (001) phase 

and its superconductivity structure. The above-mentioned is 

the novelty of this research. The electronic structure, substrate 

effects, structural identification, lattice dynamics, and optical 

properties of the ꭓ3 borophene sheet supported by Rutile TiO2 

(001) were analyzed before and after the substrate interface. 

The study results provide a theoretical basis for the application 

of borophene in the area of semiconductor optoelectronics.  

 

2. Computational method and model 

For the electronic structure calculations, the plane-wave basis 

projector augmented wave method[11] was employed in the 

Spin-polarized density functional theory (DFT) approach 

framework.  This was done within the generalized gradient 

approximation in the Perdew Burke–Ernzerhof (PBE) form[12] 

as implemented in the VASP code.[13,14] A plane-wave energy 

cutoff of 520 eV and an energy convergence criterion of 10-8 

eV was used. A 20 × 20 × 1 k-point sampling mesh was used 

for the unit cell, and the equivalent density mesh was used for 

the supercells together with a 0.05 eV smearing width of the 

Methfessel–Paxton scheme.[15] A 15Å vacuum space along the 

out-of-plane direction is created to avoid false contact between 

periodical images. All structures are relaxed until the forces 

drop below 0.01 eV Å-1. For the work function calculations, 

the Heyd–Scuseria–Ernzerhof hybrid function (HSE06)[16] is 

used to explain the self-interaction and screen the carrier more 

appropriately.  

The computational model of the ꭓ3 borophene sheet 

contains 28 boron atoms, and the lattice constants are a = 9.307 

Å, b = 9.307 Å, respectively. Due to phonon instability, this 

phase is dynamically unstable in the autonomous state.[17,18] In 

addition, a model containing 7 boron atoms was made to form 

a heterogeneous structure with rutile TiO2 (001) containing 12 

Titanium atoms (Ti) and 24 atoms of Oxygen (O). The 

heterostructure model is shown in Fig. 1(a) before relaxation 

and interfacing, and Fig. 1(b) shows the interfaced structure 

created after binding and adsorption.  

The adsorption energy of ꭓ3 borophene sheet on Rutile 

TiO2 (001) substrate was calculated as follows[1,18,19], 

   𝐸𝑎𝑑𝑠 =  
𝐸𝑇 − 𝐸𝑇𝑖𝑂 − 𝑛𝐵𝐸

𝑋3

𝑛
                       (1) 

where 𝐸𝑇 is the total energy of the heterogeneous system, 𝑛𝐵  

is the number of B atoms in the system, 𝑛 is the total number 

of atoms in the system, 𝐸𝑋3 is the energy of a single isolated 

B atom in the system, and 𝐸𝑇𝑖𝑂  is the total energy of the 

substrate without adatoms. The application of first-principles 

calculations in condensed matter physics and materials science 

has grown significantly as phonon calculations have become 

routine over the past decade. 
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Fig. 1 (a) ꭓ3 borophene sheet before relaxation and interfacing with Rutile TiO2 (001) substrate (b) ꭓ3 borophene/ Rutile TiO2 (001) 

substrate Interfaced structure created after binding and adsorption. 

 

The binding energy (EB) of ꭓ3 borophene sheet on Rutile 

TiO2 (001) substrate  was used to determine their energetic 

stability.[20,21] 

 𝐸𝐵 =  𝐸𝑋3  +  𝐸𝑇𝑖𝑂  −  𝐸𝑇𝑖𝑂 + 𝑋3                    (2) 

Where 𝐸𝑇𝑖𝑂+𝜒3
 is the total energy of ꭓ3 borophene sheet 

absorbed on Rutile TiO2 (001) substrate, 𝐸𝜒3and 𝐸𝑇𝑖𝑂 are the 

total energies of the isolated ꭓ3 borophene sheet before 

absorption and the Rutile TiO2 (001) substrate before 

absorbing. An exothermic process correlates to a positive EB 

value. 

3. Results and discussion  

3.1 Electronic and structural properties 

The Optimal lattice parameters of ꭓ3 borophene sheet on TiO2 

(001) substrate are a = 4.45 Å , b = 4.32 Å , c = 9.56 Å  with 

corresponding angles of α = 86.07°, β = 88.70°, and γ = 83.51° 

gives a reasonable agreement with the value reported by 

Fazilaty et al.[18] ꭓ3 borophene monolayers phase has been 

reported in the literature to be dynamically unstable at rest due 

to its phono instability. This unstable phase is expected to be 

trapped in a metastable state and stabilized by charge transfer 

to the underlying TiO2 (001) substrate; thus, the dynamic 

instability will gradually decrease. Fig. 2(a) displayed the 

relaxed structure of the ꭓ3 borophene sheet on TiO2 (001) that 

remains planar on the substrate. The vertical distance between 

the ꭓ3 borophene sheet and TiO2 (001) surface is 1.38 Å, as 

shown in Fig. 2(b). The adsorption energy -1.67 eV or -0.24 

eV/Atom of ꭓ3 borophene sheet on TiO2 (001) was calculated 

using Eq. (1) indicated above. The negative adsorption energy 

values show favourably.  

 
Fig. 2 (a) the Interfacial coupling of ꭓ3 borophene to TiO2 (001) substrate. (b) ꭓ3 borophene planar Flow on TiO2 (001) substrate 

after adsorption. 
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One of the key properties used to describe the photophysics 

and photochemistry of interfacial materials on substrates is the 

nature of the electrically excited states. For the ꭓ3 borophene 

sheet on the TiO2 (001) substrate, the interaction between the 

2D metal sheet and the bulk TiO2 (001) substrate gives rise to 

a rich ꭓ3 borophene-to-TiO2 (001) substrate charge transfer 

state. For the ꭓ3 borophene sheet, the band dispersion shown 

in Fig. 3a reveals the perfect metallicity in both symmetry 

directions. The interfacing or adsorption of ꭓ3 borophene sheet 

on the TiO2 (001) substrate triggered the oxidation process and 

leached out the metallicity of the ꭓ3 borophene sheet in all 

directions (Fig. 3b). Therefore, in this structure, the ꭓ3 

borophene atoms, which tend to donate electrons, bind more 

strongly to the TiO2 (001) substrate surface and release more 

energy. 

The interaction of oxygen atoms and their strong 

electronegativity in the TiO2 (001) substrate with ꭓ3 

borophene sheet absorb charge density around the boron atoms 

(Figs. 4(a and b)), and the phase tends to exhibit 

semiconducting properties by introducing a small bandgap 

into the system.  

Figure 5a shows that the adsorption of the ꭓ3 borophene 

sheet on the TiO2 (001) substrate reduces the anisotropy; the 

band crossings are lifted up and induce a narrow bandgap of 

~0.238 – 0.369 eV. However, the presence of oxygen atoms 

and the formation of localized states were observed to reduce 

the electron mobility and electrical conductivity, whereas the 

presence of Ti should improve the mechanical properties.  

To check the energetic stability of the ꭓ3 borophene sheet 

on the substrate, we have calculated the binding energy using 

Eq. (2) to be 1.67 eV. Thus, the absorption is an exothermic 

process and is stable.  

 

3.2 Density of state 

The electronic structure was investigated to understand 

electron transfer and binding between each atom. Figs. 6(a) 

and 6(b, c and d) represent the total density of state (DOS) and 

partial density of state (PDOS) projected on each atomic 

species. The Fermi energy from the total density of state in Fig. 

6 is 11.54state/eV; the total density of state shows a lot of 

structure that can be better understood by looking at PDOS. 

From 0 eV to 3 eV, the Ti-s, O-p, and B-p all contribute to the 

DOS, indicating a bond between them, which is the highest 

banding energy. For states ranging from -2 eV to -6 eV, only 

O-p, B-s, and B-p contribute to the total DOS. At -35 eV Ti-p 

is a significant contribution to the DOS along with B-p and O-

s orbit, implying a bonding between them. 

 

3.3 Electrostatic potential and work function 

In order to understand the charge transfer mechanism at the

 
Fig. 3 (a) Band dispersion of conventional unit cell of the χ3-borophene monolayer in both symmetry directions (b) band dispersion 

of χ3-borophene monolayer interfaces with TiO2 (001) substrate in both symmetry directions. 
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Fig. 4 (a) χ3-borophene monolayer charge absorption around the Boron atoms (b) TiO2 (001) substrate charge density transfer. 

 

interface of the ꭓ3 borophene sheet on the TiO2 (001) substrate, 

the electrostatic potential plot was analyzed. Moreover, the 

work function is a useful tool for studying the optical 

properties of 2D nanostructures. Understanding the effects of 

adsorption and the electrical properties of the system requires 

analysis of the averaged electrostatic potential plots of 

adsorbed molecules. 

For instance, a gas sensor device composes of a receptor 

and a transducer. Immediately a gas molecule targets the 

receptor, and they induce a change in its properties such as 

mass, work function, dielectric constant, electrode potential, 

and so on.[22] Sosa et al.[21] show that the sensor work function 

depends on the chemical-physical surface processes.  

The minimum energy required to move an electron from a 

solid surface to a place in the vacuum just outside the solid 

surface is called the work function of the material. The work 

function is strongly influenced by the surface on which the gas 

is adsorbed and affects the electrical conductivity of the 

material surface. The work function (Ф) can be determined 

by[21,23] 

𝛷 = 𝐸𝑉𝑎𝑐𝑢𝑢𝑚 −  𝐸𝐹𝑒𝑟𝑚𝑖                           (3)  

Where Ф is the work function of the system, 𝐸𝑉𝑎𝑐𝑢𝑢𝑚 is the 

Electrostatic Potential in the vacuum region, and 𝐸𝐹𝑒𝑟𝑚𝑖is the 

Fermi energy. These values were obtained from first principle 

calculations.  

Figures 7(a-c) show the Electrostatic Potential of the TiO2 

monolayer before absorption, the electrostatic potential of ꭓ3 

borophene sheet before absorption, and the electrostatic 

potential of ꭓ3 borophene sheet absorbed on TiO2 (001) 

substrate to be 2.11 eV, 2.59 eV, and 3.83 eV respectively. It 

can be observed from the plot that the electrostatic potential 

value of the borophene sheet interfaced on the TiO2 substrate 

surfaces is higher than the TiO2 monolayer and borophene 

sheet before adsorption. The differences in the potential of the 

interfaced sheet/monolayer from Borophene sheet before 

absorption; and interfaced sheet/monolayer from TiO2 

monolayer before adsorption are 1.24 eV and 1.72 eV, 

respectively. The net potential difference values are positive. 

This indicates a significant potential drop between the ꭓ3 

borophene sheet and TiO2 (001) substrate interface, implying 

that there is a sufficient driving force for charge transfer from 

the borophene sheet to TiO2. Also, there is adequate driving 

power for electron injection from ꭓ3 borophene sheet to 

TiO2.
[24]

 

Comparing the estimated work function values to 

experimental data is not straightforward for various reasons. 

For starters might produce different findings. Firstly, different 

approaches for measuring the work function can sometimes 

lead to different results. It's worth noting that the work 

Function can be determined using both photoelectron 

spectroscopy and the Kelvin probe approach.[23,25] The first 

approach allows for absolute work function measurement, 

whereas the second simply provides a contact potential 

difference between the probe and the sample surface. However, 

utilizing a photoelectron spectroscopy calibration process, it is 

feasible to convert Kelvin probe findings into absolute values, 

allowing for a more consistent interpretation of the 

experimental data. Second, sample characteristics such as the 

existence of defects, doping and impurity concentration, and 

so on frequently impact experimental work function results. 

These factors influence experimental results but are difficult 

to include in ab-initio numerical models. Finally, the 

approximation inherent in the work function calculation 

method (in this case, the DFT-HSE06 approximation) is 

expected to give results very close to the experimental data. 

Experimental results of work function on annealed and 

oxidized clean TiO2 (001) surfaces reported by Shun et al.[26] 

range from 4.29 eV to 6.08 eV. The theoretically calculated 

work function value of TiO2 (001) in this work was 5.13 eV 

which is within the experimental range. This validates the 

numerical approach used.  

Table 1 shows the value of the work function of ꭓ3 

borophene, TiO2 (001) monolayer, and ꭓ3 borophene/ TiO2 

(001) interfaced. The work function value of ꭓ3 borophene, 

TiO2 (001) substrate and ꭓ3 borophene/ TiO2 (001) interfaced, 

given by Eq. 3, are 4.68 eV, 5.13 eV and 4.49 eV, respectively. 

This value changes significantly after the adsorption processes 

occur between the ꭓ3 borophene sheet and TiO2 (001)  

(b)(a)
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Fig. 5 (a) Band structure of the ꭓ3 borophene sheet interfaced on the TiO2 (001) substrate with a narrow band Gap (b) Band structure 

of the ꭓ3 borophene sheet with no Band Gap. 

 

monolayer. Interestingly, after the adsorption process, the 

corresponding work function of the interfaced materials is 

lower than the corresponding work function of both the ꭓ3 

borophene and the substrate. In summary, the work function 

for both materials in our study can be tuned through 

interfacing/adsorption processes, enabling their potential use 

as gas sensors and superconductors. 

 

3.4 Optical properties 

How light is reflected, absorbed, and transmitted depends on  
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Fig. 6 (a) Total density of state of TiO2B (The Fermi energy is set to 0eV) (b) Partial density of state of Ti in S-orbit and p-orbit (c) 

Partial density of state of O in s-orbit and p-orbit (d) Partial density of state for B in s-orbit and p-orbit. 

 

Table 1. The calculated work function, fermi energy and electrostatic potential of ꭓ3 borophene, TiO2 (001) Monolayer and ꭓ3 

borophene /TiO2 (001). 

 Work function,Ф 

(eV) 

Fermi energy  

(eV) 

Electrostatic 

Potential  

(eV) 

Ref. 

ꭓ3 borophene 4.68 -2.09096307 2.59 Present 

TiO2 (001) Monolayer 5.13 -3.02471217 2.11 Present 

ꭓ3 borophene /TiO2 (001) 4.49 -0.66130352 3.83 Present 

 

the optical properties of matter. Understanding a material's 

optical characteristics is essential for many applications, such 

as absorbers, optical coatings, reflectors, and other 

optoelectronic devices. In crystals, the dielectric function 𝜀 (𝜔) 

illustrates the connection between electric displacement and 

electric field in materials and shows how the medium interacts 

with incoming light of frequency. Understanding a solid's 

electrical structure is aided by studying its optical properties. 

The real and imaginary part 𝜀1 (𝜔)   and 𝜀2 (𝜔)  respectively, 

of complex dielectric function 𝜀 (𝜔) , 𝜀(𝜔) =  𝜀1 (𝜔) +
 𝑖𝜀2(𝜔) , is obtained from the momentum matrix elements 

between the occupied and the unoccupied electronic states. A 

direct approach is used to compute this[27,28] 

𝜀2 (𝜔) =  
2𝑒2𝜋

𝛺𝜀0
 ∑ |𝜓𝑘

𝑐
𝑘,𝑣,𝑐 |𝑢. 𝑟|𝜓𝑘

𝑣|2𝛿(𝐸𝑘
𝑐 − 𝐸𝑘

𝑣 − 𝐸)     (4) 

where 𝜓𝑘
𝑐  𝑎𝑛𝑑 𝜓𝑘

𝑣 are the conduction and valence band wave 

functions at 𝑘  (wave number), 𝜔  is the light frequency, 𝑢  is 

the vector defining the polarisation of the incident electric  

(c) (d)

(b)
(a)
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Fig. 7 (a) Electrostatic potential plot of TiO2 (001) substrate (b) Electrostatic Potential Plot of ꭓ3 borophene sheet. (c) Electrostatic 

Potential Plot of ꭓ3 borophene sheet on TiO2 (001) substrate. 

 

field, and 𝑒  is the electronic charge. The aforementioned 

property, along with a number of optical properties relating to 

photon energy, such as extinction coefficient 𝑘(𝜔), complex 

refractive index with real part 𝑛(𝜔) , reflectance 𝑅(𝜔) , real  

and imaginary optical conductivity 𝜎1(𝜔) and 𝜎2(𝜔) , 

respectively, absorption coefficient 𝛼(𝜔)  and electron loss 

(a)

(b)

(c)(c)
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function are used to measure the response to electromagnetic 

radiation. The electron excitation is linked to the peak value of 

the real component of the dielectric constant. The real 

component can be inferred from the imaginary part 𝜀2(𝜔) via 

the Kramers-Kronig connection.[27,29] 

Semiconductors and insulators, in contrast to metals, 

contain bonded valence electrons. This characteristic leads to 

interband transitions. When the semiconductor electrode is 

illuminated, excited electrons are created in the conduction 

band, and holes are created in the valence band. Some 

recombine via radiation to produce a luminescence emission 

known as photoluminescence (PL). Radiative recombination 

can occur directly between the conduction and valence bands 

(interband transitions) or at specific impurity or defect levels 

within the bandgap where trapped electrons, holes, or both 

exist.[30] Interband transitions, which are classified into direct 

and indirect transitions based on the transition mode, are the 

primary source of light emission (luminescence). This 

transition is direct when the electron jumps between VBM 

(valence band maximum) and CBM (conduction band 

minimum) at the same point. In contrast, indirect transitions 

occur. This prerequisite makes it evident that metals with free 

electrons have the highest optical effects and are thus the ideal 

materials for researching the electrical characteristics of 

resonant particle phonons. These metals have filled valence 

bands but only partially filled conduction bands. Although 

most metals display distinct inter-band transitions, the ideal 

free electron metals response is based on the conduction 

electrons.[31] When there is just one free electron in a metallic 

system, that electron is not entirely free to travel, and the 

optical transitions of that electron at deeper levels (like the 

nucleus) significantly impact the dielectric response. These 

interband excitations dramatically alter the dielectric function. 

Interband shifts, which are excluded from the Drude 

model[32,33], however, contribute to the imaginary component 

of 𝜎2(𝜔) , at high frequencies in actual metals, resulting in 

absorption losses.[34,35] 

At room temperature, we estimate the optical properties of 

ꭓ3 borophene sheet/TiO2 substrate. It is understandable from 

Fig. 8 that ꭓ3 borophene sheet/TiO2 substrate is optically 

anisotropic. When radiation is polarized in the z-plane, where 

the x, y, and z directions are aligned in the a, b, and c axes of 

the lattice system, it reflects differently than polarized 

radiation in the corresponding x or y plane.  

For photon energies up to 25 eV, the predicted optical 

functions of ꭓ3 borophene sheet/TiO2 substrate are shown in 

Fig. 8. Fig. 8(a) depicts the real and imaginary components of 

the complex dielectric constant (Permittivity)) of the ꭓ3 

borophene sheet on the TiO2 (001) substrate as a function of 

the photons. When an electric field is applied, the magnitude 

𝜀1 (𝜔)  indicates how much the material is polarised by the 

creation of electric dipoles within the material, whereas the 

quantity 𝜀2 (𝜔)  denotes absorption within the substance. 

When 𝜀2 (𝜔) =  0, it denotes transparency; when absorption 

occurs, 𝜀2 (𝜔) ≠  0. For the real part 𝜀1 (𝜔) of the dielectric 

function, the highest peak for ꭓ3 borophene sheet/TiO2 

substrate that appears within the visible light range appears 

around 2.07eV. In contrast, the imaginary part 𝜀2(𝜔) indicate 

that its maximum peak occurs in the visible light range at 

about 2.23eV, which is related to this study's estimated band 

gap. When the value 𝜀2 (𝜔)  at about 12eV hits zero, it was 

seen that the interfaced material becomes transparent. The 

static dielectric constant of ꭓ3 borophene sheet on the TiO 

(001) substrate is 5.61 (~6), suggesting that this material may 

be a suitable dielectric material. Furthermore, the bonded 

materials were shown to exhibit semiconducting properties in 

the energy region of 𝜀1  (𝜔) > 0.  

Absorption coefficients provide information about the 

maximum efficiency of solar energy conversion, indicating the 

distance that light of a particular wavelength can travel 

through the material before being absorbed. The approximate 

bandgap of the material, 0.22 eV, is where the absorption 

begins (Fig. 8(c)). The spectra's ultraviolet region observed 

firm absorption peaks of 5.10eV, 7.24ev, and 7.69ev, 

respectively. The presence of absorption peaks in the visible 

region confirms the partial transparency of the material. 

Although their peak values differ, the optical conductivity 

and absorption coefficient have comparable numbers. The 

photoelectronic characteristics of the material, whose 

electrical conductivity is as a result of the interband transitions 

along the x-axis and rises as a result of electromagnetic 

radiation absorption, are depicted in Fig. 8(b). The predicted 

bandgap of the study corresponds to the first peak detected at 

approximately 0.22 eV. The fact that the material has a very 

small bandgap, as seen from the band structure, can also be 

used to confirm that photoconduction starts at nearly zero 

photon energy.  Additionally, it was shown in this study that 

when the photon energy is higher than 12eV, there is no optical 

conductivity. 

The percentage reflectance as a function of photon energy 

is shown in Fig. 8(e). The materials` reflectivity is shown to 

increase in the infrared region, with an approximate 

percentage value of 40 in the y- plane, before declining. One 

could see that the ꭓ3 borophene sheet/TiO2 substrate had a 

high reflectivity in the Infrared Region (IR)- Visible Region- 

Ultraviolet Region (UV). This material did not exhibit 

reflectance above a photon energy of 12eV photon energy.  

The energy-dependent loss function and refractive index 

are displayed in Figs. 8(d) and (f). At photon energy of 21.66 

eV, the maximum energy loss function (𝜔𝑝 ) for fast electrons 

passing through the material was recorded. This Bulk Plasma 

frequency 𝜔𝑝  at its peak value occurs when 𝜀1 (𝜔)  = 0 and 

𝜀2  (𝜔)  < 0. The material become transparent when the 

incident photon frequency exceeds 𝜔𝑝 .  The complex 

refractive index in eV's is shown as an energy function in Fig. 

8(f). In this study, the Infrared Region has the highest static 

refractive index 𝑛 (0) , measuring 2.59 in the x-plane. A 

measure of the phase velocity of an electromagnetic wave in a 

medium and the attenuation of an electromagnetic wave as it 

passes through the material are described by the real and 
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Fig. 8 (a) Dielectric Function (b) Optical conductivity (c) Absorption Coefficient (d) Energy Loss Spectrum (e) Reflectance (f) 

Refractive Index. 

 

imaginary components of the refractive index, respectively.   

 

4. Conclusion 

Herein, the first principle approach was adopted to evaluate 

the structural, electronic, and optical properties of ꭓ3 

borophene sheet/TiO2 substrate using VASP simulation 

package. Also, the effect of substrate on the stability of 

borophene was studied. The structure of the ꭓ3 borophene 

sheet/TiO2 substrate changes upon contact with a binding 

energy of 1.67 eV, and the structure of the interfacial system 

is stable. These systems are capable of absorbing visible light 

as they have the earliest absorption peaks at visible and 
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ultraviolet frequencies. This supports partial transparency in 

materials. Significant photoconductivity was observed in the 

photon energy range below 12 eV. Our results show that the 

optoelectronic properties of the ꭓ3 borophene sheet/TiO2 

substrate are tunable, which may be useful for various 

applications. The interplanar distances and work function are 

equal to 1.38 Å, and 4.49eV, respectively. We concluded that 

the low interplanar distances and high adhesion energies 

indicate good interfacial interaction and stable bonding. 

However, the high work function determined by the study 

indicates suitable sensor property of the new material. The 

material exhibits good optical properties, thus becoming a 

good option for superconductors, coating, and sensors. It is 

possible to conclude that the study will play an essential role 

in developing current technologies based on the projected 

qualities. 
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