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Insights into structural and dynamical characteristics of III-V Boron polytypes
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III-V boron materials are a class of semiconductors with a wide range of outstanding properties and applications. In this paper, the density functional theory is used to explore the structural phase stability, atomic structure, electron band structures and dynamics properties of cubic (3C) and hexagonal (2H) polytypes of boron III-V compounds. We show that polytypism has generally a weak impact on electronic and lattice dynamics properties of BP, BAs, BSb, and BBi.

We find small total energy difference between cubic and hexagonal boron-V compounds (∼18.7meV/atom, ∼15.8meV/atom, ∼6.9meV/atom, and ∼15.8meV/atom for BP, BAs, BSb and BBi respectively). Accurate quasiparticle (modified Becke-Johnson (mBJ) potential, and local density approximation-1/2) schemes predicted indirect bandgap for 3C and 2H phases of BP, BAs and BSb. Interestingly, BBi evidence narrower direct bandgap for both cubic (∼0.38eV) and hexagonal (∼0.19eV) crystal polytypes, which makes BBi compound a promising candidate for optoelectronic applications such as infrared sources and detectors.

The dynamical stability of 2H boron compounds has also been studied to unravel the possible feasibility of experimental realizations of these compounds. Moreover, we find that the phonon properties of boron III-V compounds contrast considerably with other III-V materials, such the overbending of the transverse optical branches, the bunching of the acoustic branches, the weak LO-TO splitting, and the atypical negative Born effective charges.
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I. Introduction

Boron based III-V semiconductors (BP, BAs, BSb, and BBi) and their alloys have recently become highly studied materials in the context of both fundamental investigations and their wide range of possible thermal [1][2][3], transport [4], and electronic properties .

BP, BAs, BSb, and BBi usually have the zinc-blende (ZB) crystal structure. Whereas boron nitride (BN), which posses exceptional properties, can stably exists in many polymorphs, such as hexagonal graphite like structure (h-BN), wurtzite-like phase (w-BN), and also cubic diamond-like phase (c-BN). BN share many of its electronic structure properties with group-III nitride compounds (GaN, AlN and InN). For example, BN shows wide gap energies [6,8,9,13,30,31], high bulk modulus and elastic constants [9], and a relatively high ionic bonding [32]. In contrast BP, BAs, BSb, and BBi show narrow band gap energies [8,13,15,19], strong covalent bonding [5,12,13,15] and unusual dynamical properties [16] compared to BN.

With the recent progress in nanowires (NWs) growth, a structural novelty was recently demonstrated in semiconductors-NWs based on various cubic-ZB III-V-compounds, which is their unexpected favored crystallization in the hexagonal-wurtzite (WZ) phase. The WZ crystal is not observable at ambient conditions in bulk of any III-V materials except for III-V nitrides.

For instance, a wide number of WZ III-V NWs such as GaAs [33], AlAs [34], GaP [35],

InP [36], InAs [37], InSb [38], InGaAs [39], and InAsSb [40] have been grown by modern epitaxial techniques including molecular beam epitaxy (MBE), chemical beam epitaxy, metal organic vapor phase epitaxy (MOVPE), and other techniques. Interestingly, the coexistence of different polytypes (i.e., different crystal phase such as WZ and ZB can coexist in a single NWs) can dramatically modifies the electronic structure properties. For instance indirect ZB semiconductors such as AlAs [34], GaP [35], and GaSbP [41] may evince drastic change of their electronic properties when transformed from the cubic to the wurtzite crystal phase with direct band-gap.

The phenomenon polytypism has been also observed in many II-VI [42][43] and oxide semiconductors such BeO [44] and CaO [45] which crystallizes in the wurtzite structure, unlike the other members of their family (i.e., alkaline-earth oxides: MgO, SrO, and BaO).

In the nanomaterial regime, BN show rich unusual crystalline phases, including, nanotube (1D, BNNTs) [46,47], hexagonal graphite-like (2D-, h-BN) [48], and 2D nanostructure (including nanosheets [49,50], nanoribbons [50], and nanomeshes [50]). Moreover, recent DFT calculations addressed the electronic structure properties of two-dimensional hexagonal structure of BN, BP, BAs, and BSb [51], and planar molecules of BN [52][53]. Because of the low dimensionality and the induced confinement effects, 2D B-V materials would offers a plethora of applications. First principles study [51] shows that 2D-h BN, BP, BAs and BSb are mechanically and dynamically stable, and are found semiconductor. Their band-gaps are reduced compared to their 3D-bulk forms, however BN(PB, BAs, BSb) still have wide(narrow) band-gaps. Moreover, 2D-h BN shows strong in-plane stiffness compared to 2D-h BP, BAs, and BSb.

The small ground-state total energy differences (< 25meV) between ZB (3C) and WZ (2H) phase found for III-V phosphides [54], arsenide and antimonide compounds, lead one to ask the question about the stability of boron III-V materials in the WZ phase. Knowledge on the materials properties of the bulk phase of boron compounds is the step towards the optimization of device performances and the design of new Nws-based devices. Moreover, the knowledge regarding WZ electronic structure properties of B-V materials is quite limited in the literature. To address these questions, we present here the detailed calculations of structural, energetic, electronic and dynamical properties of hexagonal WZ-2H polytype phase in comparison to the well-known unstrained ZB-3C structure of III-V boron compounds (BP, BAs, BSb and BBi), using state-of-the-art first-principles pseudopotential calculations.

II. Computational methods

The ab initio calculations based on density functional theory (DFT) [55] have been performed using the plane-wave pseudopotential approach as implemented in the Quantum ESPRESSO Package [56]. The exchange-correlation functional of the many-body electron-electron interaction is approximated by its local version, explicitly, the local density approximation (LDA) as parameterized by Perdew and Zunger [57]. Relativistic effects, including spin-orbit coupling (SO) were fully included in the present calculations using the all-electron projectoraugmented wave (PAW) scheme [58].

We used a plane-wave cutoff energy of80 Ry, and an energy cut-off of 600 Ry was included for charge density. The Brillouin zone (BZ) was sampled within a 8×8×8 (3C) and 8×8×6 (2H) k-points grid according to Monkhorst and Pack [59]. Structural optimizations for cell geometry and atomic positions were performed energy were converged to within 10 -5 Ry/cell, and the remaining force acting on the atoms are less than 5 10 -4 RyÅ -1 .

The phonon properties are performed using density functional perturbation theory (DFTP) [60]. A 4 × 4 × 4 (3C) and 4 × 4 × 3 (2H) q-points MP sampling were employed to perform inverse Fourier transformation.

III. Results and discussions

A. Structural properties

The equilibrium structural parameters of the 3C and 2H polytypes of boron III-V compounds are obtained by minimizing the total-energy with respect to the lattice constant a (3C) and the lattice constants a and c and the internal-cell parameter u for the WZ-2H phase. The crystalpolytype types are depicted in Figure 1. The resulting minimum energy surface E(c, a, u) is illustrated in Figure 2.

In Table I, we compare the calculated equilibrium structural parameters of 3C and 2H B-V compounds (V = P, As, Sb, and Bi) with available theoretical and experimental results. The theoretical 3Clattice constants a are in excellent agreement with experimental values, being within ∼1%, 0.6% and 1.7% of the measured value for BP, BAs and BSb respectively. To the best of our knowledge no experimental data are available for structural parameters of 3C-BBi and 2H boron III-V semiconductors. Nevertheless, the present work is in good agreement with previous calculations [19,65]. Interestingly, the bulk modulus B0 is indifferent with crystallographic phase that can adopt boron III-V materials.

The calculated ratio typically deviates from the ideal value of ~1.633 of III-V metastable WZ semiconductors ( ~1.645(GaAs), 1.64(InP), AlP(1.642)) [54]. These findings agree with the empirical rule of Lawartz [66], which states that materials compounds with ZB ground state should have ratios larger than the ideal value of their 'unstable' WZ phase.

This rule is also supported by earlier first-principles calculation [42][43]54] for metastable WZ III-V and II-VI compounds. In addition, the calculated cell-internal parameter u for 2H crystal departs from its ideal value = = 0.375. Stable WZ III-V and II-VI compounds show u>u0 [42,[66][67]; while metastable WZ III-V [54] and II-VI [42][43] materials have the opposite trend (i.e., u<u0). We conclude that there is a close correlation between ratio, internal cell parameter u and 3C-versus-2H ground-state-stability.

B. Energetic stabilities

The volume dependence of total energy of 3C and 2H polytypes are shown in Figure 3.

Clearly the ground state phase of III-V boron compounds is the zinc-blende crystal structure.

This means that the cubic (3C) polymorphs are the energetically lowest, agreeing with experimental observations and previous calculations. The stability of the polytype (ZB versus WZ) is described by the total energy difference ∆ between 2H and 3C phases (∆ = 2 -3 . ∆ is ∼18.7meV(BP), ∼15.8meV(BAs), ∼6.9meV(BSb), and ∼15.8meV(BBi). From an energetically point of view, the minimum found in ∆ for BSb, compared to BP/BAs/BSb, indicates that WZ BSb crystal can be grown close to equilibrium; whereas that would be relatively more difficult for BP, BAs and BBi. The calculated ∆ agrees well with previous DFT calculations [14] from which 20meV, 15.76meV, 6.74meV, and 15.56meV were derived for BP, BAs, BSb and BBi respectively. The total energy difference ∆ is quite small, thus it costs low energy to change the sequence of the stacking layers 3C→2H, which might be taken as a strong tendency of polytypism in boron III-V compounds. Consequently, under specific temperature and crystal growth conditions, we can expect (or not expect) that BP, BAs, BSb and BBi would have good chance to be synthesized in the wurtzite crystal structure.

C. Electronic structure It is well known that very often, DFT-LDA fails to predict correctly the energy gaps of semiconductors and insulators, and typically Kohn-Sham gaps underestimates excited states of solids by 50%-100%. The underestimation of the excitation energies is fundamentally attributed to the inherent lack of derivative discontinuity of the exchange-correlation functional. In the last years, an efficient method based on Hedin's GW approximation [68] has been developed [69]. Unfortunately, GW methods are rather computer-time consuming.

The electronic band structure is first performed using the full-potential linearized augmented plane-wave (FP-LAPW) as implemented in the Wien2k code [START_REF] Blaha | WIEN2k: An Augmented Plane wave plus Local Orbitals Program for Calculating Crystal Properties[END_REF] within the recent developed modified Becke-Johnson (mBJ) exchange potential [START_REF] Tran | [END_REF] within the LDA. The mBJ exchange potential has been applied to a large variety of solids and was able to deliver accurate excitations energies in close agreement with experiment. In addition, we also apply pseudopotential LDA-1/2 technique [72], which is less computationally expensive, compares well with the popular many-body GW quasiparticle (QP) approach [69] and have shown to work well for a variety of types of semiconductors and insulators [72,73].

The mBJ band structures, including spin-orbit coupling of B-V compounds in the ZB and WZ crystal structures are displayed respectively in Fig. 4 and Fig. 5 along the high-symmetry points of the BZ. The various band parameters such as direct and indirect band gaps and spinorbit coupling are given in Table II (3C) and Table III (2H). All 3C band structures of III-V boron compounds, except BBi, show a minimum of the lowest conduction band near the X point. Earlier QP-GW calculations [8] qualitatively support our findings with minimum indirect(direct) band gaps of 1.90eV (4.4eV) and 1.60eV (4.2eV) for BP and BAs respectively. The calculated fundamental (minimum) band-gaps of ∼1.8 eV (BP) and ∼1.7 eV (BAs) are in good agreement with the available experimental measurements of ∼2 eV for BP [74], and 1.46 ±0.02 eV for BAs [75]. The few existing experimental minimum band gapsfor BSb are probably not reliable, they yield values of 0.46-0.55eV [63] and ∼0.51eV [76] close to the earlier underestimated LDA-bandgap calculations of ∼0.53eV [11]. The calculated minimum band-gap for BSb is ∼0.94eV in good agreement with the recent FP-LAPW calculations [77] in which an indirect-gap of ∼1eV was obtained.

The trend concerning the indirect nature of the band-gap of 3C BP, BAs and BSb is violated for BBi. 3C-BBi has a direct band-gap semiconductor at Γ point. Interestingly, the calculated direct narrow energy band gap of 3C-boron bismuth (∼0.38eV) corresponds to mid-infrared spectral range of electronic spectrum (λ∼3.27µm), which makes BBi a good of choice for many optoelectronic applications such as infrared sources and detectors.

Clearly the band structures of BP, BAs and BSb compounds for 2H and 3C crystals reveal several similarities. All three compounds have indirect band gap. In contrast, all polytypes, the band structure of BBi exhibits a direct band-gap character. 2H-BBi also shows a narrower direct band-gap of ∼0.19eV; whereas the indirect gap is ∼0.7eV (Γ→M). For 2H polytypes BP, BAs and BSb are also indirect semiconductors, the conduction band minimum is found near the K point for BP and near the M point for BAs ad BSb.

Intriguingly, the indirect band gaps of 3C and 2H polytypes of PB, BAs and BSb are similar.

The calculated Eg(ZB)-Eg(WZ) difference is ∼0.15eV, ∼0.15eV and ∼-0.15eV for PB, BAs and BSb respectively. Whereas the direct band gap difference between WZ and ZB crystals highly differs (i.e., Eg(ZB)-Eg(WZ) ∼0.7eV(BP), ∼0.84eV(BAs) and ∼1.14eV(BSb)).

Note that without spin orbit coupling the VB maximum of ZB boron III-V compounds is a threefold degenerate state with Γ symmetry. In the presence of the SO coupling, the Γ states splits into fourfold-degenerates Γ and twofold-degenerate Γ . The corresponding ∆ ! = " Γ -" Γ is 0.038eV, 0.194eV, 0.324eV and 1.13eV for BP, BAs, BSb and BBi respectively; whereas ∆ # = " Γ $ -" Γ is 0.046eV(BP), 0.37eV(BAs), 0.36eV(BSb) and 1.23eV(BBi). The calculated ∆ ! are close to FLAPW-calculations [78] of 0.041eV, 0.216 eV and 0.366 eV for BP, BAs and BSb respectively. Clearly the strength of ∆ is rather insensitive with respect to polytype structure.

For all polytypes, the SO splitting increase monotonically when anion atomic number increases, i.e., along the anion row P→As→Sb→Bi. However, the SO coupling for B-V materials is significantly smaller than that for their corresponding common-anion compounds (∆ ! = 0.086 eV(GaP), 0.34 eV(GaAs), 0.73eV(GaSb), 2.15eV(GaBi)) [78], because boron III-V semiconductors show stronger covalent bonds compared to other III-V materials [5-6, 10-13, 15].

D. Dynamical properties

The phonon dispersion curves and phonon density of states (PhDoS) for boron compounds in the 3C and 2H crystal phases are illustrated respectively in Fig. 6 and Fig. 7. The phonon frequencies at high-symmetry points are displayed in Table IV (3C) and TableV (2H). The phonon spectra of boron-V compounds have atypical characteristics when compared to other III-V materials. This can be outlined as follows: (i) Longitudinal (LO) and transverse (LO) optical branches are not clearly separated, in particular for BP and BAs, which is typical for IV-IV semiconductors but not for III-V compounds. (ii) The TO-phonon branches overbend at the X (3C) and M(2H) points for BAs, BSb and BBi, i.e., region in the BZ where the LO mode has higher frequency than at zone-center Γ point. (iii) Bunching of the acoustic branches around K point, contrasting from what occurs for III-V group semiconductors, i.e., the acoustic branches are closer to each other. (4i) Unusual weak LO-TO (3C) splitting at Γ point, with gap-frequencies of ∼7cm -1 , 3.7cm -1 , ∼17cm -1 and ∼8cm -1 for BP, BAs, BSb and BBi respectively. These unusual features are related to the strong covalent bonding of boron-V family.

The phonon spectrum of c-BN [32] is very different from those of BP, BAs, BSb, and BBi due to nearly equal mass of B and N atoms. For c-BN, there is no clear gap between acoustic and optical phonon modes, moreover, there is no sharp peak in the PhDoS due to the LO phonon modes, and the transverse acoustic (TA) branches are not flat. For cubic BP, BAs, BSb, and BBi, the reverse is true.

The calculated (3C) TO (∼821cm -1 ) and LO (∼828cm -1 ) values for BP agree well with experimental values of ∼820cm -1 (TO) [79], ∼834cm -1 (LO) [79], and∼829cm -1 (LO) [80].

Moreover, Raman peaks located at ∼595 cm -1 [63] could be associated to LO phonon mode for 3C-BSb.

The calculated 2H phonon band structure of boron III-V semiconductors (Figure 7) have no soft imaginary phonon frequencies in the whole BZ, suggesting the dynamical stability of wurtzite crystal phase of B-V compounds. The Raman active E2(high), which can be used for distinguishing the two polytypes 3C and 2H, is about ∼777cm -1 , ∼673cm -1 , ∼595cm -1 and ∼517cm -1 for BP, BAs, BSb and BBi respectively. The L point in the BZ is folded onto the Γ point in the 3C BZ of the 2H, thus reducing the LO, TO, LA and TA phonon modes at L point of the BZ (3C) to respectively B1 H , E2 H , B1 L and E2 L at Γ point of the BZ in 2H phase.

According to the above, the estimated value of B1 H , E2 H , B1 L and E2 L are in close agreement with calculated modes of Table V, i.e., the deviation does not exceed ∼0.6% for B1 H ,∼1% for E2 H , ∼0.4% for B1 L , and ∼4% for E2 L . By considering the splitting at Γ point, ∆w(E1, A1) = w(LO)-w(TO) , we found for ∆w(E1(A1)) mode : ∼7cm -1 (∼8cm -1 ) for BP, ∼5cm -1 (∼4cm -1 ) for BAs, ∼17cm -1 (∼18cm -1 ) for BSb, and ∼9cm -1 (∼10cm -1 ) for BBi. 2H boron III-V compounds show rather weak LO-TO splitting compared to high ionic 2H III-V nitrides (∆w(E1)=∼232 cm -1 for AlN [81], ∆w(E1)=∼228 cm -1 for BN [32]) and metastable 2H III-V materials (∆w(E1) =51cm -1 (AlP) [82]). Once again the calculated weak ∆w(E1, A1) for 2Hborides may be related to the strong bonding behavior of these compounds.

As found for the cubic B-V compounds, lattice dynamics of h-BN and boron family differs considerably, in particular h-BN [32], and shows a considerable overlap between the acoustic and optical phonon branches, and flatness of the optical modes (i.e., there is only one clear peak in the PhDoS).

The ratio
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can be used as a measure of the strength of crystal anisotropy of WZ crystal, for which the obtained values are 0.012(BP), 0.008(BAs), 0.009(BSb) and 0.01(BBi). Therefore 2H boron III-V materials evidence weak crystal anisotropy.

To deal with the macroscopic electric field associated with atomic displacements in polar semiconductors, we report in Table VI, the Born effective charge (BEC) Z*and highfrequency dielectric ε(∞) tensors for B-V compounds. In the case of 3C polytype, ε(∞) (Z*) has a diagonal form and possesses only one independent component. For the 2H crystal phase, ε(∞) (Z*) is composed of two independent components: one corresponding to the direction parallel to the c axis (||), and the other being characteristic for the hexagonal plane perpendicular to the c axis (⊥). The average , ∞ = -., ∞ / * = -. * 1 is also reported.

The III-V boron exhibit rather striking and unusual properties, and appear to be very different from conventional III-V semiconductors. Several features of the data in Table VI confirm this statement. (i) B-V compounds display negative BEC value, unlike trends observed in III-V compounds (i.e., Z*(GaAs) =2) [82]. (ii) Although Z* have no rigorous relation to nominal ionicity, the ratio

|3 * | 3 456
(where 7 8 = 3 is the nominal ionic charge) is weak (0.2(BP), 0.17(BAs), 0.43(BSb), and 0.37 for BBi) compared to III-V compounds (∼0.66 (GaAs)) [82] and strong ( ∼0.94 (InN) [81], ∼0.64 (BN) [32]) ionic III-nitrides compounds. Note that these compounds 'violated' chemical intuition, instead to be the 'cation', boron atom plays the role of 'anion' with respect to the calculated effective charge in BP, BAs, BSb and BBi. . Z* is weakly sensitive to polytypism, since the Z* value of B-V compounds for both WZ and ZB structures are rather similar, and they differ by less than ∼0.1% for BP and BAs, and ∼6% for BSb, and BBi.

Finally, we calculate the spontaneous polarization Ps of 2H-crystal structures of B-V compounds within the modern Berry-phase approach [83]. Our calculations give Ps )) [84], and BN (-32 10 -3 C/m 2 )) [85], but reveal comparable spontaneous polarization with 'unstable' 2H III-V compounds (Ps = 7 10 -3 C/m 2 for AlP) [84]. The relatively large value of Ps found for BP can be related to volume effect [67], accounted by 1/a 2 . In particular, the lattice constant of BP is weaker than those of typical III-V compounds.

IV. Conclusion

To summarize, we have presented a first-principles study regarding structural phase stability, electronic, and lattice dynamics properties of boron III-V compounds in the cubic zinc-blende (3C) and hexagonal wurtzite (2H) crystal phases. There is a small total energy difference between 3C and 2H polytypes, suggestinga tendency of polytypism in boron III-V materials.

Accurate electronic band structures including spin-orbit coupling has been calculated using 
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 CaptionsI Calculated equilibrium structural parameters, bulk modulus(B0) and its pressure derivative (B'0)for the 3C and 2H polytypes of boron III-V compounds.
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 II Calculated minimum direct and indirect gaps, and spin-Orbit interaction (ΔSO) of 3C boron III-V compounds.
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 III Calculated minimum direct and indirect gaps, and spin-Orbit interaction (ΔSO) of

	2H boron III-V compounds

Table IV :

 IV Calculated phonon frequencies (cm -1 ) at high symmetry points of the BZ of 3C boron III-V compounds.

Table V :

 V Calculated phonon frequencies (cm -1 ) at high symmetry points of the BZ of 2H boron III-V compounds.

Table VI :

 VI Calculated Born effective charge Z* and high-frequency dielectric constant ε(∞) of 3C and 2H polytypes of boron III-V compounds