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We calculated the energy band structure and the optical absorption and reflectivity for each of the ultrathin 2D hexagonal materials MoS2, MoP2, NbS2, and NbP2. Our simulations included density functional theory, generalized gradient approximation (GGA), and the Quantum Espresso code. Other researchers already synthesized the first three materials. We obtained that NbP2 should be another hexagonal 2D material. In all cases in the infrared and visible ranges, the absorptions present much larger concerning graphene. However, the absorptions for MoP2, NbP2, and NbS2, are far more prominent concerning MoS2. In the ultraviolet region, the absorptions are like each other and differ from graphene. In all cases, the reflectivities are similar to each other and vary from graphene.
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INTRODUCTION
Graphite is a layered material with strong bonds between atoms of the same layer and a much weaker interaction between particles of different layers, basically Van der Waals type interactions among layers. The experimental obtention of a graphite monolayer (i.e., what we know today as graphene) was only theoretical speculation since 1968 when Mermin (1968) proved that one and two-dimensional materials could within the harmonic approximation not exist naturally. However, in 2004 Novoselov and Geim isolated the first 2D material, graphene (Novoselov et al., 2004). They deserved the Nobel Prize in 2010. Nevertheless, we must say that the careful investigation of graphene shows the presence of ruffles, ripples (Fasolino et al., 2007; Meyer et al., 2007) that make graphene strictly a 3D material. In this way, the theoretical theorem about 2D materials holds still.
Today, clearly layered compounds, i.e., materials that show a strong bonding in a plane and a weak van der Waals interaction between layers, are excellent candidates to produce 2D materials. As examples of these materials, we can mention chalcogenides, halides, nitrides, hydrides, clays, carbides, and layered oxides. We have, among them, metals, insulators, superconductors, semimetals, and semiconductors. Notice that the one-layer obtained from these materials is not atomically thin, so they are three-dimensional strictly speaking (Brivio et al., 2011; Miró et al., 2013). We may call them ultra-thin 2D materials.
The spectrum of design and applications of nanodevices has enlarged rapidly with the layered ultra-thin 2D materials. It is clear at present that graphene is only one of an expanding 2D materials Universe. In particular, the transition metal dichalcogenides attract much research today. The molecules of these materials form layers with weak interaction with each other by van der Walls-type forces. Their symmetry is hexagonal or rhombohedral (Ganatra and Zhang, 2014; Miró et al., 2014; Das et al., 2015).
The presence of these materials gives excellent support to the development of flexible devices, optoelectronics, and nanoelectronics. This fact is due to their electronic properties. Among these materials, we find insulators, semiconductors, metals, semimetals, and superconductors. Moreover, we see band gaps, direct and indirect, and imply radiation from infrared to ultraviolet. Therefore, investigating these materials’ electronic and optical properties is necessary to use them (Ganatra and Zhang, 2014; Miró et al., 2014; Das et al., 2015).
Ultra-thin 2D MoS2 is a semiconductor with various possible applications in optoelectronics, nanoelectronics, and flexible devices (Ganatra and Zhang, 2014; Miró et al., 2014; Pan, 2014; Schaak, 2014; Das et al., 2015). NbS2 is a metallic material, superconductor (Kačmarčík et al., 2010). Furthermore, ultrathin NbS2 is a nonlinear optical helpful material in optoelectronic devices (Maldonado et al., 2020). 2D MoP2 is a material used as an abrasive and possible catalyst in crude oil hydro-processing (Soto et al., 2004). Furthermore, it is utilized for efficient electrocatalytic hydrogen evolution (Gao et al., 2018). We know a report on the structure of bulk NbP2 from almost six decades ago (Hullinger, 1964) and work on its electronic properties (Elkana Kipkogei Rugut, 2017). However, to our knowledge, there is no empirical evidence of 2D NbP2.
MATERIALS AND METHODS
We used density functional theory, generalized gradient approximation (GGA), and the Quantum Espresso code to optimize the ultrathin materials MoS2, NbS2, MoP2, and NbP2. We calculated the band structure and the optical absorption and reflectivity of these 2D materials and compared them to each other and graphene.
We obtained the optimized configurations of graphene and each of the four ultra-thin 2D materials MoS2, MoP2, NbS2, NbP2. We employed density functional theory with the Quantum Espresso code (Giannozi et al., 2009). Given that the systems we are investigating are not magnetic, we did not perform relativistic nor spin-polarized simulations; we used the norm-conserving Troullier–Martins pseudopotentials (Troullier and Martins, 1991) and the Perdew-Burke-Ernzerhof (PBE) approximation for generalized gradient approximation (GGA) (Perdew et al., 1996). We considered 50 k points within the Monkhorst–Pack k point scheme (Monkhorst and Pack, 1976), and we took cut-off energy of 1,000 eV. For the threshold value for convergence, we chose 1.0 × 10-6 eV. We used periodic conditions and an initial hexagonal unit cell to perform our simulations with a = b = 3.189 Å, c = 25 Å. The magnitude of c is large enough to avoid inconvenient interactions between the surfaces of adjacent cells. There are 18 atoms in the unit cell (nine metallic and nine non-metallic). We validated our pseudopotentials for C, Mo, S, P, and Nb, from the optimized configurations, obtaining corresponding bond lengths. In this manner, we found for graphene a C-C bond size of 1.419 Å, which is in good agreement with an experimental value of 1.421 Å (Gmelin Handbuch Der Anorg, 1968). For MoS2, we got 2.4140 Å for the Mo-S bonding compared to 2.41 Å (Joensen et al., 1986). In the case of MoP2, we obtained the Mo-P bond length 2.4835 Å that compares well with the observed value of 2.5 Å (Wu et al., 2016). For NbS2, we calculated 2.4473 Å for the Nb-S bonding compared to 2.473 Å (Morosin, 1974). To visualize the calculated configurations, we used the XCrySDen software (Kokalj, 1999).
We employed the modified Bloch tetrahedron for integration in the first Brillouin zone (Blöch et al., 1994) and calculated the band energy structure. From this, we obtained the dielectric tensor and the optical absorption and reflectivity.
In the limit of the linear optics and using the random phase approximation (RPA) (Kumar et al., 2008), the imaginary part of the dielectric tensor[image: image] is
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Here ω is the photon frequency, n is the electron density, and m is the effective mass. The indices α and β are the cartesian components of p that is the vector defining the incident electric field’s polarization. The symbols ck and νk are the wave functions corresponding to the conduction, and the valence bands with crystal wave vector k;fc is the Fermi distribution function for the state c. The sum of the transitions from occupied to unoccupied states is over the first Brillouin zone. Finally, we weigh the probability of a change.
By the Kramers-Kronig relations (Kittel, 1966) and using Eq. 1
[image: image]
In Eq. 2, P denotes the principal value. We take a normal incidence of the electromagnetic wave; thus, the reflectivity and absorption Rii and Aii are (with n and k being the refractive index and extinction coefficient, respectively):
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And
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RESULTS
We performed our simulations with density functional theory to optimize the geometry of graphene and four ultra-thin 2D materials for comparison. We calculated the energy band structure and the optical absorption and reflectivity of each one of them.
In Figure 1, we show the optimized structures for graphene and the other materials. To our knowledge, there is not an empirical report of 2D NbP2. Thus, we tested the stability of this predicted material. We optimized this structure utilizing a first-principles molecular dynamics (FPMD) simulation at 300 K and atmospheric pressure. The calculation includes all the vibrations, rotations, velocities of each particle, and interactions in this method. Of course, this is for every particle of the whole system. See references (Payne et al., 1992; Marx and Grotendorst, 2000; Frenkel and Smit, 2001; Marx and Hutter, 2009) for more details of FPMD. We obtained the same final structure for 2D NbP2. Thus, we show that it is dynamically stable at 300 K and atmospheric pressure. We present in Figure 2 the evolution of the system towards equilibrium with time after 1,600 femtoseconds.
[image: Figure 1]FIGURE 1 | We present the result of our optimization for the structures we considered. For MoP2: (A); for MoS2: (B); for NbP2: (C), for NbS2: (D). In (E) we show top and side views for graphene and the side view of the other materials.
[image: Figure 2]FIGURE 2 | We present the evolution of the system towards equilibrium using FPMD at 300 K and atmospheric pressure.
In Figures 3, 4, we show the density of states (DOS) and the projected density of states (PDOS) of the four ultra-thin 2D materials we consider. In Figure 3A, we notice the hybridization of orbitals s from sulfur and p from molybdenum below the Fermi Energy. Notice in Figure 3B the hybridization of orbitals p from phosphorus and d from molybdenum around the Fermi energy. From Figure 4A, we notice the hybridization of orbitals s (with a small contribution) and p from sulfur, and orbitals p and d from niobium around the Fermi energy. In Figure 4B, we notice the hybridization of orbitals s and p from phosphorus and orbitals p and d from niobium around the Fermi energy.
[image: Figure 3]FIGURE 3 | We show the DOS and PDOS para MoS2 (A) and MoP2 (B).
[image: Figure 4]FIGURE 4 | We show the DOS and PDOS para NbS2 (A) NbP2 (B).
Energy Band Structures
In Figures 5–7, we show our calculations for the band structure for graphene, MoS2, MoP2, NbS2, and NbP2, respectively.
[image: Figure 5]FIGURE 5 | We present our calculated band structure for graphene. Our calculation agrees with other results reported in the literature (Novoselov et al., 2005; Wu et al., 2016). Notice the Dirac cones at the K points. Graphene is a non-typical semiconductor with a zero-gap.
[image: Figure 6]FIGURE 6 | We show our result for the band structure of MoS2(A) and MoP2(B). For MoS2, the gap is at the K point, and it has a value of 1.714 eV. This value and the general features of the band structure agree with reports from other authors (Novoselov et al., 2004; Ganatra and Zhang, 2014). In the case of MoP2, Notice the two bands that cross several times the Fermi energy, indicating that this is a metallic material. To our knowledge, there is no other calculation of the band structure for MoP2 reported in the literature.
[image: Figure 7]FIGURE 7 | We show our result for the band structure of NbS2(A) and NbP2(B). For NbS2, notice the band crossing several times at the Fermi level, indicating a metallic material. These results agree with the works of other authors (Mermin, 1968; Miró et al., 2014). In the case of NbP2, we can see several bands crossing the Fermi level, too, and thus, it is a metallic material.
Figure 5 shows our calculation of the energy band structure for graphene. We can notice the Dirac points at the K points. Our results agree with other author’s reports (Novoselov et al., 2005). Graphene is a strange semiconductor with a zero bandgap and interesting and peculiar electronic properties.
In Figure 6A, we present our calculated band structure for MoS2. This material has a typical semiconductor bandstructure; it shows a gap of 1.714 eV at the K point. The width of the opening and the general features of the band structure agree with reports from other authors (Ganatra and Zhang, 2014).
Figure 6B shows our calculation of the band structure for MoP2. Note that this is a metallic material since we have two bands crossing several times the Fermi energy. As far as we could know, there are no previous works on the band structure of MoP2 to compare with our results.
We present in Figure 7 our calculated band structures for NbS2 (c) and NbP2 (d). In the first case, we can see a band crossing the Fermi level several times, indicating the metallic nature of NbS2. These results agree with the works of other authors (Miró et al., 2014). For NbP2, we notice various bands crossing the Fermi energy. This fact shows that this is a metallic material. To our knowledge, there are only band structure calculations by other authors (Elkana Kipkogei Rugut, 2017) for three-dimensional NbP2, and they report on the metallic character of this material.
Optical Properties
Our results for the optical absorption and reflectivity are in Figures 8–15. We obtained the absorption and reflectivity for graphene for comparison, and our calculations agree with the reports from other authors (Morosin, 1974; Rani et al., 2014). Our results for the absorption and reflectivity for MoS2 agree with works from other authors (Fasolino et al., 2007; Pan, 2014). It is the same for NbS2; our work agrees with the results from other authors (Schaak, 2014; Elkana Kipkogei Rugut, 2017). Additionally, we could find no previous reports on optical absorption and reflectivity calculations for 2D MoP2 nor 2D NbP2.
[image: Figure 8]FIGURE 8 | We present the absorption in the infrared region. Results for MoS2 and graphene: (A); for graphene, MoS2 and MoP2: (B).
[image: Figure 9]FIGURE 9 | We present the absorption in the infrared region. Results for MoS2, NbP2, and graphene: (A); for graphene, MoS2 and NbS2: (B).
[image: Figure 10]FIGURE 10 | We present the absorption in the visible range. Results for MoS2 and graphene: (A); for graphene, MoS2 and MoP2: (B).
[image: Figure 11]FIGURE 11 | We present the absorption in the visible range. Results for graphene, MoS2 and NbP2: (A); for graphene, MoS2 and NbS2: (B).
[image: Figure 12]FIGURE 12 | We present the absorption in the ultraviolet region. Results for MoS2 and graphene: (A); for graphene, MoS2 and MoP2: (B).
[image: Figure 13]FIGURE 13 | We present the absorption in the ultraviolet range. Results for graphene, MoS2 and NbP2: (A); for graphene, MoS2 and NbS2: (B).
[image: Figure 14]FIGURE 14 | We present our calculations for the reflectivity. Results for MoS2 and graphene: (A); for graphene, MoS2 and MoP2: (B).
[image: Figure 15]FIGURE 15 | We present our results for reflectivity. Results for graphene, MoS2 and NbP2: (A); for graphene, MoS2 and NbS2: (B).
Absorption
We present our results in Figures 8–11. Figures 8, 9 show our results for the infrared region. We compare graphene’s absorption. We found absorptions of ultrathin 2D materials far more significant than that of graphene, from infrared to the spectrum’s visible ranges.
In the infrared, the optical absorption of graphene is near zero. The corresponding MoS2 is around one thousand times larger. The optical absorptions of MoP2, NbS2, and NP2 are about one million times larger than graphene. It is straightforward to understand these results from the energy band structure. The density of bands below the Fermi energy in graphene is much smaller than in the other materials. Thus, the energy required to pass from one allowed state to another above the Fermi energy may be smaller in the other four materials.
Furthermore, This density is more significant in MoP2, NbS2, and NbP2 than in MoS2; Besides, MoS2 presents a bandgap of 1.7 eV. In this manner, more allowed transitions for the electrons, using low energy in MoP2, NbS2, and NbP2 (which are metallic) than in MoS2; and more low energy transitions in MoS2 than in graphene. The absorption peak for MoP2 in Figure 8B at about 1.5 eV comes from the excitations shown with arrows labeled “inf” in Figure 6B. In the same way, we used the same label in Figures 7C,D to indicate transitions related to the absorption peaks for NbS2 at 1.25 eV and NbP2 at 1.0 eV.
Figures 10, 11 present our results for the visible range. Note that the values for graphene remain near zero. The values for MoS2 increase quickly. The absorption value of MoP2 augments, reaching a peak around 2.7 eV, begins to diminish; at around 3.3 eV, its value is close to the value for MoS2. The top for NbS2 is at 1.2 eV and NbP2 at 0.95 eV; the magnitudes for MoP2, NbS2, and NbP2 are similar. From the energy band structure features, it is easy to understand the differences in the absorption spectra. Notice that there are few bands, within this energy range (around 1.6–3.5 eV), in the band structure of graphene to allow these transitions. Thus, the absorption in graphene is deficient compared with the other four materials. We used the label “vis” in Figures 6B, 7A,B to indicate some transitions related to the absorption peaks of MoP2 at 2.75 eV, of NbP2 at 2.5 eV, and NbS2 at 2.8 eV.
Figures 10, 11 show our calculations for the ultraviolet range. The optical absorption for graphene has only two significant peaks, one is around 11.5 eV, and the other is around 16 eV. The four materials show two maxima, which are about one-half the size of the corresponding peak values of graphene. For the four materials, the peaks around 5 and 8 eV. In this energy range of the incident electromagnetic radiation, the absorption in graphene is more similar to the other four materials. The energy band structures show more possible transitions for this energy range (from around five to about 20 eV). In figures corresponding to the band structure (Figures 6A,B, 7A,B), we use the labels “uv1” and “uv2” to show some transitions associated with the two prominent peaks for the absorption for the four materials; MoS2 (at 5.8 and 8.8 eV); MoP2 (at 5 eV and 8 V); NbS2 (at 6.1 and 9.3 eV), and NbP2 (at 5 and 7.1 eV).
Reflectivity
We show in Figures 12, 13 our calculations for the reflectivity.
The reflectivity for graphene is nearly zero for the infrared and visible parts of the spectrum. It has two prominent peaks, around 11.5 and 16 eV. The four ultra-thin 2D materials have much larger reflectivity than graphene. However, all of them go to zero at around 15 eV. Graphene’s reflectivity has its most significant peak at about 16 eV, and then it goes to zero at approximately 24 eV.
Our results for the absorption and reflectivity for MoS2 agree with calculations from other authors (Pan, 2014). It is the same for NbS2; our work agrees with the results from other authors (Elkana Kipkogei Rugut, 2017). However, as far as we know, there are no other previous reports on calculations of the optical absorption and reflectivity for 2D MoP2 or 2D NbP2.
CONCLUSION
We performed numerical simulations with density functional theory to optimize the geometry of four ultra-thin 2D materials, MoS2, MoP2, NbS2, and NbP2. We obtained that NbP2 should be a new ultra-thin 2D material. To test the stability of this predicted 2D material, we optimized its structure using FPMD. We calculated the energy band structure and the optical absorption and reflectivity of each of the four ultra-thin materials and graphene for comparison.
We found that the absorptions of the four ultra-thin materials are far more significant than that of graphene, from infrared up to the visible region of the spectrum.
In the ultraviolet range, the absorptions of the four ultra-thin 2D materials are like each other and resemble graphene. The absorptions of all five materials show two peaks. However, the sizes of these peaks are about one-half of those of the corresponding peak values of graphene. The maxima are located between 5 and 8 eV for the four materials and displaced about 0.9 eV to the left compared with the graphene spectrum. The peaks for graphene are at 11.5 and 16 eV.
The reflectivity for graphene is nearly zero for both the infrared and visible parts of the spectrum. However, in the ultraviolet range, it shows two peaks around 12 and 16 eV. In contrast, the other four materials have much larger reflectivity than that of graphene below 11 eV. They all have their most significant values below 12 eV. These values are comparable to the maximum reflectivity of graphene. However, all of them decrease to zero at around 15 eV. Graphene’s reflectivity has its most prominent peak at about 16 eV, and it goes to zero around 24 eV.
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