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ABSTRACT 

Two-dimensional prominent Janus materials have drawn massive interest to enable optoelectronic applications, 

owing to broken mirror symmetry and adjustable electronic characteristics. In this work, we systematically explore the 

structural, electronic, and optical properties of the Janus SbBrSe monolayer based on first-principles density functional 

theory (DFT). Calculated results suggest that the SbBrSe monolayer can be classified as a semiconductor with an effective 

direct band gap of 1.190 eV located at the Γ point and exhibits a large valley energy difference of ΔE =0.81 eV between 

the global minimum and secondary valley in conduction bands at Г and М points, respectively. The material exhibits 

excellent ultraviolet (UV) light absorption, with a maximum absorption coefficient of 12.2×10⁴ cm⁻¹ and characteristic 

peaks at 5.2 eV and 9.8 eV. Interestingly, the negative values of the real dielectric function indicate that the monolayer 

shows a metallic behavior in the energy range of 5.1-6.5 eV. The SbBrSe monolayer possesses remarkable properties, 

including a direct bandgap and high absorption in the UV region, rendering it a promising candidate for optoelectronic 

applications, particularly UV photodetectors. 

Keywords: SbBrSe monolayer, semiconductor, UV photodetectors, 

optoelectronic applications 

1. Introduction 

Since graphene was first isolated in 2004 [1], two-dimensional (2D) 

materials have attracted significant attention and are the subject of 

extensive research due to their remarkable physical, magnetic, optical, 

and electronic properties. These properties enable applications 

in optoelectronics [2], transistors [3], catalytic processes [4], gas sensing 

technologies [5], photodetectors [6], and electric power storage devices 
[7]. These materials offer superior flexibility and transparency 

compared to conventional materials. Given these unique traits, they are 

strong candidates for future fully transparent electronic and 

optoelectronic systems. These materials also possess a very high 

specific surface area due to their atomic thickness, making them 

beneficial for technologies that require high surface area because of 

their high surface-to-volume ratio [8,9]. Typically, 2D materials are 

fabricated by exfoliation from bulk multilayer crystals [10,11]. The TMD 

monolayers [12–14], the IIIA-group metal monochalcogenides [15, 16], and 

group-VA elements (e.g., phosphorene) [17, 18] are currently the most 

extensively studied 2D materials after graphene. 

Recent advances in exfoliation techniques for 2D materials have 

led to new paradigms in nanoelectronics. Graphene is challenging to 
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use in optoelectronic devices since it lacks a bandgap. On the other hand, layered metal 

chalcogenides represent an excellent strategic choice since they have tunable band gaps (from 0 to > 2.5 eV) 

and their electrical properties can be modified by compositional changes or mechanical strain [19]. 

However, monochalcogenide (MX) compounds have certain limitations. For example, they exhibit 

poor visible light absorption and possess an indirect band gap. Consequently, they are less effective as 

integrated charge separation systems, making it more difficult to employ them in practical devices like solar 

panels and optoelectronic devices. Thus, new materials are needed to overcome these issues. In response, a lot 

of individuals have suggested "Janus crystals," which are asymmetric monolayers of 2D materials. When 2D 

nanomaterials are exposed to external stimuli, such as chemical changes, external electric fields, mechanical 

strain, doping, or functionalization with other molecules or materials [20], their electrical characteristics can be 

significantly altered. 

Motivated by the superior properties of Janus architectures and the need for high-efficiency optoelectronic 

materials, we propose a novel design idea by strategically combining specific advantageous elements. 

Selenium (Se), a Group VI element, is a well-known chalcogenide semiconductor with a direct bandgap at 

room temperature [21,22], widely utilized in xerography, highly sensitive imaging, and robust optoelectronic 

films [23,24]. Bromine (Br) is a highly reactive halogen renowned for its exceptional light-sensitive compounds, 

such as those used in photographic films [25]. Antimony (Sb) is a stable semi-metal chalcophile element widely 

used in durable, heat-stable, and flame-retardant industrial applications [26]. 

 In this study, we use first-principles (DFT) simulations to thoroughly examine the physical properties 

of the two-dimensional SbBrSe monolayer. This work focuses on the material's unique crystal 

structure, characterized by a buckled arrangement and broken mirror symmetry. We are especially interested 

in its optical response, band gap, and electronic structure to assess its suitability for future optoelectronic 

systems. 

2. Computational method 

Theoretical study was done using DFT-based CASTEP code [27] to investigate the electronic, structural 

and optical properties of the SbBrSe monolayer. The energy of the exchange-correlation was determined by 

the PBE functionals combined with OTFG ultrasoft pseudopotentials [28], where the ion-electron interaction 

was taken into consideration. The relativistic correction was introduced by the Koelling-Harmon 

approximation. The Monkhorst-Pack mesh of 6×6×2 was adopted for Brillouin zone sampling, which 

facilitated geometry optimization, and DOS, band structure, and optical responses were predicted. 440 eV cut-

off energy of plane wave was considered. Structural relaxation of the SbBrSe monolayer was considered 

complete when the total energy and interatomic forces converged to 10⁻⁶ eV and 0.01 eV/Å, respectively. A 

vacuum slab of approximately 20 Å was introduced to avoid interactions between neighboring layers arising 

from periodic boundary conditions. To study light-matter interactions, we employed density functional 

perturbation theory (DFPT). This approach provides various optical parameters including absorption 

coefficient α(ω), refractive index n(ω), reflectivity R(ω), optical conductivity σ(ω), dielectric function ε(ω) 

and energy loss function L(ω), where ω denotes the photon frequency. Dielectric function plays a key role in 

describing a material's response to an external electromagnetic field, as it reveals radiation effects on the 

medium and the propagation behavior of electromagnetic waves. As presented in [29], the generalized dielectric 

function can be written as the total of its real and imaginary constituents. 

   ε(ω)=ε1(ω)+ iε2(ω)                                                                              （1） 

It is well known that there are connections between the real part ε₁(ω) and the imaginary part ε₂(ω) [28]. 

We may determine the real part by using the Kramers-Kronig transformation: 
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The integral's principal value is P. The imaginary part of the dielectric function describes the transitions 

that electrons make between bands. It is given by : 

 ε2(ω)=
2e2π

Ωε°
 |<ψ
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c |û×r|ψ

k
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Here, e is the electron charge, Ω  is the unit cell volume, ε0 is the vacuum permittivity, and  û is the 

polarization vector of the incident radiation. The indices c and v denote the conduction and valence band states, 

respectively, while ψ
k
c&ψ

k
v represent their corresponding wavefunctions. The integration is performed over the 

first Brillouin zone . 

Furthermore, the complex refractive index is strongly correlated with the dielectric function [29]: 

ñ(ω)= n(ω)+ik(ω)                                                                       （4） 

Where n(ω) is the real refractive index and  k(ω) is the extinction coefficient. These parameters are 

directly obtained from the components of the dielectric function: 
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1
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2
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（6） 

The absorption coefficient  α(ω) and the optical conductivity σ(ω) are calculated using the following 

relations [28]: 

α(ω)=
√2ω

c
 [√ε1

2(ω)+ε2
2(ω)−ε1(ω) ]

1

2

                                                          （7） 

σ(ω)=
ω

4π
ε2(ω)                                                                           （8） 

Where c stands for the speed of light in a vacuum. Finally, the normal-incidence reflectivity R(ω) and the 

energy loss function L(ω), which describes the energy lost by fast-moving electrons traversing the material, 

are evaluated as follows [29] : 

R(ω)=
[n(ω)−1]2+k²(ω)

 [n(ω)+1]2+ k²(ω)
                                                                    （9） 
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L(ω)=
ε2(ω)

ε1
2(ω)+ε2

2(ω)
                                                                      （10） 

3. Discussion and Conclusion 

3.1. Electronic Properties 

We were able to figure out the structural and geometric parameters of the SbBrSe monolayer after 

thoroughly relaxing the structure.  Figure 1 shows these traits. The geometry optimization reveal exactly how 

long and at what angles the bonds that make up the crystal structure are. The distance between antimony and 

bromine atoms (𝑑𝑆𝑏−𝐵𝑟) was 2.959 Å, whereas the distance between antimony and selenium atoms (𝑑𝑆𝑏−𝑆𝑒) 

was 3.045 Å. The distance between selenium and bromine atoms (𝑑𝑆𝑒−𝐵𝑟) was likewise found to be 4.209 Å. 

The calculations showed that the angle between Sb-Se-Sb is 89.290° and the angle between Se-Sb-Se is 

80.290°. The bond angles for both Sb-Br-Sb and Br-Sb-Br were also 92.647°. The angle between the Br-Se-

Br bonds was 61.118°. These numbers illustrate exactly what the crystal structure looks like and confirm its 

optimized configuration. 

 

Figure 1. Top and side views of a Janus SbBrSe monolayer's geometric crystal structure. 

 

The electronic properties of the SbBrSe monolayer are illustrated in Figure 2. Figure 2a presents the total 

density of states (TDOS) and orbital-projected partial density of states (PDOS), while Figure 2b shows the 

calculated electronic band structure. 

As seen in Fig. 2a, the valence band maximum (VBM) is primarily composed of p-orbitals, with minor 

contributions from s-orbitals. The conduction band minimum (CBM) is also dominated by p-orbitals. The 

PDOS analysis confirms that p-orbitals of the constituent elements (Sb, Br, and Se) are the main contributors 

to electronic states near the Fermi level, which is consistent with the semiconducting nature of the material. 

Regarding the band structure in Fig. 2b, this material has a direct band gap, as shown by the results. The 

band gap of the SbBrSe monolayer is 1.190 eV, which makes it behave like a semiconductor. Γ, the point of 

symmetry, is quite near to both the VBM and the CBM, the valence band maximum and conduction band 

minimum, respectively. Crucially, the energy difference between the global minimum at (Γ ) and the 

secondary local minimum at the M point is about 0.81 eV. Direct electron transitions usually occur near the 

(Γ) point because they do not require a change in momentum. Consequently, light may be absorbed far more 

easily. It should be noted that the calculated band gap from the PBE functional may be slightly underestimated 

compared to experimental values, which is a common limitation for DFT-based approaches. Nevertheless, the 

SbBrSe monolayer is well-suited for use in optoelectronics and photocatalysis since its band gap is direct and 

has been precisely adjusted through its Janus structure. 
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Figure 2. Calculated electronic band structure of the SbBrSe monolayer. 

 

3.2. Optical Properties 

Optical properties play a key role when selecting materials for photodetectors and optoelectronic devices. 

In this work, we examined the optical behavior of the SbBrSe monolayer across a photon energy range of up 

to 35 eV. The frequency-dependent complex dielectric function reveals several notable optical features. Figure 

3 presents the real and imaginary parts of the calculated dielectric function as a function of photon energy. 

It is evident from Figure 3 that there are distinct peaks in the dielectric function's real and imaginary 

components. Near 4.0 eV is the most significant peak in the real part, and around 4.9 eV is the most significant 

peak in the imaginary part. The large and distinct peak in the imaginary dielectric function indicates a 

significant electronic transition from the valence band to the conduction band. The low-energy region has the 

most prominent peaks of the dielectric constant; therefore, it stands to reason that the majority of the photons 

that reach the surface are reflected there. Approximately the same size as the real peak is the largest peak in 

the area of the SbBrSe monolayer that is envisioned. Similar to other 2D materials, the highest peak intensity 

of the SbBrSe monolayer's real part is comparable. We found that for zero photon energy, the static dielectric 

constant is about 3.0. This value indicates that the electronic polarizability of the monolayer is extremely high. 

This static dielectric constant should also be present in very tiny materials. Since the dielectric constant is an 

important factor in determining the amount of charge stored in a capacitor, this static value implies that it could 

be valuable for constructing capacitors.  

 

Figure 3. Dielectric Function of SbBrSe monolayer. 

Lastly, the data shows that the SbBrSe monolayer behaves like a metal in the energy range of 

approximately 5.1 eV to 6.5 eV. This region of the electromagnetic spectrum exhibits negative values for the 

real dielectric function, which explains the phenomenon. The material absorbs a large amount of light with 
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energies between 3 and 13 eV, as shown in Figure 4 of the optical absorption spectra. The most important 

factor is that the SbBrSe monolayer starts to absorb visible light at around 2.0 eV. Two peaks can be observed 

from the graph at energies of 5.2 eV and 9.8 eV, respectively. The above layer can effectively absorb a number 

of photons in the UV range. It can be inferred from the above peaks that the SbBrSe monolayer is appropriate 

for the operation of UV photoelectric and optoelectronic devices. The value of the absorption coefficient for 

the SbBrSe monolayer is approximately 12.2 × 10⁴ cm⁻¹. 

The optical conductivity of the SbBrSe monolayer changes with varying photon energy, as seen in Figure 

5. Spectroscopic analysis confirms that the material is a semiconductor. The optical conductivity begins at the 

band gap energy, which is around 2.0 eV. The real part shows a strong optical peak at 4.75 eV. The highest 

interaction between photons and electrons occurs in the ultraviolet (UV) spectrum, resulting in its highest 

optical conductivity. These features make the SbBrSe monolayer a great material for UV photodetectors. 

The energy loss function shifts in relation to the photon energy, as illustrated in Figure 6. The SbBrSe 

monolayer has a robust peak at 6.4 eV. The material's plasma frequency differentiates its dielectric and metallic 

characteristics. The bulk of the energy is lost at that point. The material displays dielectric characteristics at 

energies lower than the plasma frequency. Its behavior resembles that of a metal once it passes this point. The 

loss function peak for this monolayer is in the UV region. 

  

Figure 4. Absorption Coefficient of SbBrSe monolayer. 

 

Figure 5. Conductivity of SbBrSe monolayer 
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Figure 6. Loss function of SbBrSe monolayer 

The relationship between photon energy and the SbBrSe monolayer's refractive index is illustrated in 

Figure 7. The static refractive index is 1.75 at zero photon energy. The refractive index peaks at 2.10 at a 

photon energy of 3.6 eV. The refractive index gradually drops after this high, although it stays quite close to 

one at higher energies. At 5.2 eV, the imaginary part, which represents the extinction coefficient, reaches its 

maximum value of 1.46. This is confirmed by every other optical parameter. Our research proves that building 

optoelectronic devices from the SbBrSe monolayer is a promising endeavor.     

 

Figure 7. Refractive Index (n) of SbBrSe monolayer. 

The optical response of the SbBrSe monolayer can be understood in terms of its electronic band structure 

and density of states. The absorption peak observed at 5.2 eV corresponds to electronic transitions from the p-

orbitals in the valence band (located between -5 eV and the Fermi level) to the p-orbitals in the conduction 

band (between 0 and 5 eV), as confirmed by the PDOS analysis in Fig. 2a. The prominent peak in the imaginary 

part of the dielectric function at 4.9 eV originates from direct interband transitions near the Γ point, where 

both the VBM and CBM are located (Fig. 2b). The onset of optical absorption at approximately 2.0 eV 

coincides with the direct band gap energy of 1.190 eV, considering the typical underestimation of the PBE 

functional. The sharp peak in optical conductivity at 4.75 eV results from increased coupling of photons with 

electrons because of the high concentration of p-orbitals at the Fermi level. The metallic character seen in the 

5.1-6.5 eV range, evidenced by negative values of real parts of the dielectric function, is in accordance with 

no available electronic transitions in that region, according to the DOS. Therefore, the consistency between 
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the optical data and electronic structure of the material demonstrates that SbBrSe is a suitable choice for UV 

optoelectronic devices. 

4. Conclusion 

We studied the optical, electronic, and structural properties of the SbBrSe monolayer using first-principles 

simulations. Our calculations show that the SbBrSe monolayer acts like a semiconductor with a direct band 

gap of 1.190 eV at the Γ point, where we find the maximum of the valence band and the minimum of the 

conduction band. There is a large energy difference of about 0.81 eV between the secondary valley and the 

global minimum of the conduction band at the M-point. This indirect valley cannot be filled due to this 

significant energy gap. As a result, direct inter-band transitions are more common. This property improves 

optical absorption in phonon-free environments. The SbBrSe monolayer shows negative values for the real 

dielectric function, indicating metallic behavior in the 5.1–6.5 eV range of the electromagnetic spectrum. 

This suggests it may be suitable for capacitor applications. Furthermore, the material's strong absorption of 

ultraviolet light points to possible use as a photocatalyst or photodetector. We hope these findings will inspire 

researchers to further explore the development and use of functional optoelectronic devices based on SbBrSe 

monolayers. These results will also provide useful insights for future experimental and theoretical research. 
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