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The last past two decades have witnessed tremendous scientific and technological interest in zinc-oxide (ZnO), a wide-band gap II-VI semiconductor with unparalleled optoelectronic, piezoelectric, thermal and transport properties.

Herein, we present a clear view of the electronic structure properties of cubic (3C), hexagonal (2H, 4H, and 6H) and body-centered tetragonal polytypes of ZnO using stat-of-the-art first-principles pseudopotentials method.

All the crystal structures studied evince marked energetic stabilities, rivaling with the ground-state wurtzite 2H phase. Furthermore, the calculations of the elastic constants and phonon dispersion evidence the mechanical and dynamical stabilities of the four ZnO-polymorphs. In addition, the impact of the stacking order on the structural, energetic, electronic, piezoelectric, and dynamical properties is explored and examined.

I. Introduction

Tetrahedrally coordinated binary compounds A III B V and A II B VI crystallize in either the hexagonal wurtzite (WZ, B4, space group P63mc) or the cubic zincblende (ZB, B3, space group F-43m) structure. In the WZ and ZB crystal, each atom (A) has four nearest-neighbors bonds (A-B) (i.e., Atom A is tetrahedrally and covalently bonded in both crystals), they differ only in the third-nearestneighbor local tetrahedral environment. The rather subtitle structural and markedly small energetic differences E WZ -E ZB (≤ 25meV/atom) [1][2][3] found in various A(III)-B(V) and A(II)-B(VI) compounds are manifested in the frequent coexistence of the cubic and hexagonal phases, the well-known ZB-WZ polytypism, one of the most intriguing properties of semiconductors, which is a kind of polymorphism, where the polymorphs differ in the stacking sequence of the constituent layers.

Recently, a wide number of III-V and II-VI nanowires (NWs) demonstrating an intermixing of WZ(2H) and ZB(3C) phases and even highest order polytypes such 4H and 6H have been grown by several techniques, including metal organic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). The coexistence of different polytypes (ZB/WZ) has emerged as a significant aspect of investigations and can open up existing opportunities to control material properties enhancing the functionality. For certain device applications, one crystal is preferred over the other, for instance WZ-III-V phosphides (GaP, AlP) uncover surprisingly direct nature of the band gap [4], whereas their ZB crystal structure show an indirect band gap, which severely limits these optoelectronic efficiencies. The indirectdirect bang gap switching ZB-III-V/II-VI semiconductors do not reveal a spontaneous polarization; whereas WZ-III-V/II-VI exhibit a spontaneous polarization.

Among II-VI compounds, zinc oxide ZnO [5][6][7][START_REF] Litton | Zinc oxide materials for electronic and optoelectronic device applications[END_REF] is regarded as appealing wide band gap material for ultraviolet (UV) region optoelectronic devices, light emitting diodes LEDs, laser diodes, UV detectors, and solar-cells. This is due to its direct wide band gap and relatively deep excitonic binding energy of 60meV, which enables the possibility of low threshold lasers at room temperature. Furthermore, the mature technology for growing controlled ZnO nanowires [START_REF] Kim | [END_REF][10], makes ZnO potentially attractive for a rich variety of a new generations of a nanoscale devices. Zinc oxide can be considered as the most serious candidate to be an alternative to GaN for device applications if reliable p-type doping [11] in ZnO were to be achieved.

In the experiments performed so far, a phase transition was well established from the wurtzite-type to the rocksalt-type (RS) modification at a pressure of about ∼10 GPa [12]. In addition, a cubic sphalerite-type can be stabilized by growing ZnO on substrates with cubic lattice structure, resulting in a nanocrystalline ZnO thin film [13,14]. Further successful ZB phase core in ZnO tetrapod nanostructures was lately achieved [15], whereas, recently ZB/WZ poltypes were recently observed in nanocrystalline ZnO films [16].

From the theoretical point of view, the electronic structure properties of bulk polytypes of ZnO are abundant . Moreover, recent densityfunctional report a stabilization of a low density polymorph of ZnO [23] with a body-centered-tetragonal phase with four-atom rings (referred as BCT-4, space group P42/mnm), which occurs under uniaxial tensile loading along the [0001] crystalline axis of the WZ phase. Interestingly, this phase was found competitive for thermodynamic stability [24] In view of the above and to offer a better understanding on the relationship between polytypism and electronic structure properties of ZnO, we theoretically search for stable Zn-O compounds and their structures that may not have been possible to obtain experimentally, and we explore the impact of polytypism on the material properties of ZnO on the basis of density functional theory (DFT). Most importantly, instead of earlier works focusing mostly on known dense crystal phases exhibited in other compounds, we consider here only polytypes with viable energetic stabilities, rivaling with the stable bulk wurtzite-2H ZnO. Within these phases a deeper view and a more complete understanding of the polymorphism of ZnO is presented.

II. Computational details

Total energies, structures and electronic states are carried out using density functional theory (DFT) [43] as implemented in the Quantum ESPRESSO ab initio plane-wave pseudopotential code [44]. Two different levels of approximation in the exchangecorrelation functional were used: the generalized-gradient approximation (GGA) [45] and the local density approximation (LDA) [46] are used to describe the exchange and correlation potentials. Single-particle Kohn-Sham wave function was extended using the plane wave with cutoff energy of 60Ry and an energy of 500Ry was included for the charge density. The studied ZnO polytypes include five possible ZnO polymorphs (3C, 2H, 4H and 6H) and a body-centered-tetragonal phase (referred as BCT-4, space group P42/mnm, No.136). We used a 6×6×6 (3C), 6×6×4 (2H), 6×6×3 (4H), 6×6×2 (6H), and 5×5×6 (tetragonal) Monkhorst-Pack [MP] [47] k-point meshes. Phonon are calculated using the density functional perturbation theory (DFTP) [48] within a qpoint MP meshes of: 3C: 4×4×4, 2H:4×4×3, 4H:4×4×2,6H: 4×4×2, and BCT-4: 2×2×2. These settings ensure convergence of self-consistent total energy to within 10 - 4eV/cell, and the structure relaxation (for geometry optimization, we used constantcell relaxation as implemented in the Quantum ESPRESSO code) proceeded unless all forces on each atom were reduced to values below 5 10 -5 eV/Å.

III. Results

To find the equilibrium geometries of the structural parameters, we minimize the total energy E with respect to the atomic coordinates. For each hexagonal polytype pH (2H, 4H and 6H) and tetragonal BCT-4 phases, the lattice constants a and c together with the internal-cell parameters are optimized. The crystal structures types of the ZnO system are given in Figure1. The minimum of the total energy E=E(a, c) (Figure 2) is then derived for the equilibrium geometry a, c together with the corresponding internal-cell parameters. For the cubic 3C phase, only the cubic lattice constant a has to be varied.

The results of the minimization of total energy are given in Table 1 for the WZ-ZB polytypes and for the tetragonal phase, whereas, internal parameters u for WZ 2H, 4H, and 6H polytypes are given in Table 2. The cubic-WZ polytypes are ordered according to their hexagonality h, defined as the ratio of the hexagonal layers and the total number of bilayers per unit cells, which is 0%, for 3C, 33% for 6H, 50% for 4H and 100% for 2H polytypes.

The calculated equilibrium lattice parameters a and the axial ratio c/a are in excellent agreement with experimental measurements. This holds in particular for 3C polytype, the deviations do not exceed 0.05% (3C) and 0.95% (2H) for a, 0.4% for c/a, and 1% for 2H-WZ-internal parameter u, despite that such disparities are typical of well-converged DFT-GGA calculations. The calculated structural parameters of the ZnO BCT4-phase agree with recent theoretical studied [38].

Figure 3a displays the evolution of a versus h, the lattice constant a increases linearly with rising hexagonality (i.e., 3C→2H), whereas the ratio c/a manifests relative strong departure from linearity (Figure 3b).

The volume dependence of the cohesive energy is shown in Figure 4, whereas the ground-state energies of the ZnO polytypes are given in Table 3.

The calculated cohesive energies are ordered according to E(BCT-4)>E(3C)>E(6H)>E(4H)>E(2H),

in agreement with the present GGA and LDA calculations (Table 3), which predict correctly the ground-state-phase of ZnO. The WZ-2H phase is the energetically lowest and thermodynamically the most stable one, which agrees with experiments and previous calculations [19,26,34,36,37]. The GGA(LDA) excessively weak energy differences (per pair) between

E(2H)-E(4H) ∼ -0.53meV(-0.5meV), E(2H)-E(6H) ∼-0.71meV(-0.92meV) and E(2H)-E(3C) ∼ -1.12meV(-1.11meV
) polytypes are of the same order of magnitude of the systematic errors associated with GGA-DFT calculations, i.e., the characteristic scale of nonsystematic errors in most dispersion approximations. This point out expressly, strong possibility to grow higher order of hexagonal (4H, 6H) and cubic (3C) polytypes. The tetragonal BCT-4 phase exhibits space group P42/mnm and like the WZ type, is based on hexagonal close packing of the oxygen anion. The Zn atom is bonded to four equivalent O-atoms to form a mixture of edge and cornersharing ZnO4 tetrahedral. Remarkably, notwithstanding that the tetragonal phase is found higher in energy than the 2H-ground-state phase, the GGA(LDA) (-5.4meV) is also relatively very small, which indicates that this phase posses well thermodynamic stability. Our calculated ΔE agrees with ab-initio calculations (ΔE∼-7meV [25]). Whereas, the challenging WZ(4H and 6H) and cubic-3C phases posses relatively higher probabilities to be synthesized, It also seems likely that ZnO-P42/mnm crystal would be accessed via high temperature treatments and specific crystal growing conditions.

ΔE = E(2H)-E(BCT-4)∼-3meV
Considering the axial c/a ratio of 2H-ZnO, c/a is smaller than the ideal value of ∼1.633 such as WZ-stable II-V nitrides (c/a∼1.629(GaN), 1.601(AlN), and 1.616(InN)) [2] and stable II-VI compounds (c/a∼1.623, 1.631, and 1.623 for CdS, CdSe, and BeO respectively) [51]; while III-V (II-VI) ZB-stable materials display distinguishable c/a> (c/a∼1.646 (GaSb) [2], and 1.640(ZnS) [3]). It is obvious that there is a close correlation between c/a and the WZ(c/a< )-versus-ZB(c/a> )-stability.

Considering the internal cell parameter u for wurtzite crystal, u deviates from its ideal value WZ (2H, 4H, and 6H) polytypes of ZnO, stable 2H III-nitrides, and II-IV compounds show u>u0 , where as stable ZB III-V and II-VI materials have u<u0. The internal distortions described by and , which are in general very weak, characterize respectively the atomic geometry and the crystal-field. These minor deviations can nevertheless drastically alter the electronic properties and the spontaneous polarization via the internal electric field. In fact, there is a strong correlation between and , they behave similarly, i. e., they are of the same order of magnitude and their signs are systematically opposed. The simplest scaling between and is:

Where C is a constant, and acts as a bond-bending parameter [51]. The calculated The atomic relaxations representing the deviations of the atomic positions from the ideal tetrahedron structure are listed in Table 4. Although they are extremely small, they might be vital for the stabilization of WZ polytypes. The calculated relaxation induced deviation ε(1)(2H), is the same order of magnitude found for 2H III-V nitrides (AlN∼40 10 -4 , InN∼20 10 -4 ) [2], whereas stable ZB III-V compounds exhibit relative smaller values with an opposite sign (GaAs∼-4 10 -4 , AlP∼-10 -4 ) [2].

C
Point concerns whether the relaxation of the atomic structure is general or follow the rules of conservation of bond length ) and bond angles ( ) between the cell-internal parameters and the ratio (c/a) of the hexagonal lattice constants. From Table 4, one notices that all WZ-ZnO polytypes fulfilled both conservation of bond lengths and bond angles.

The four cubic wurtzite polytypes differ only in the stacking sequence of the tetrahedra along the [0001] direction. The one-dimensional character of the stacking differences suggests a one-dimensional Ising-type model description, the axial next-nearest-neighbour Ising (ANNNI) model [52], where the i th cubic (hexagonal) bilayer is represented by a pseudo-spin up σI = 1 (down σi = -1).

Neglecting interactions with more than two spin involved, the energy of a given polytype is parameterized as:

where the summations i runs are over the interactions bilayers. The parameters Ji (i=1, 2, 3… ) may be interpreted as the interaction energies of two bilayers, that are nearest-neighbors (J1), next-nearest neighbors (J2), and E0 is a reference energy. In the ANNNI model all Ji with i>3 are neglected because the corresponding interaction energies become negligibly small. The ANNNI parameters J1, J2 and J3 have been calculated according to ref. [53] as:

(

(

with tacking E(3C) as a reference energy (i.e.

, E'(2H)=E(2H)-E(3C),…).

The resulting layer-layer interaction energies (meV/pair) are J1=-7.364, J2= -0.184, J3=-0.248 and J1=-7.182, J2=-0.353, J3=-0.423 using GGA and LDA respectively.

The nearest-neighbor bilayer interaction J1 is the weakest (or the strongest in absolute value) among the layer-layer interaction energies whereas as the second (J2) and third nearest-neighbor interactions (J3) are typically two orders of magnitude greater.

Comparing J1, J2 and J3 of ZnO with those of III-V and II-VI compounds, the negative sign of J1 is opposite of those of stable cubic III-V and II-VI materials (i.e., J1=∼12meV (GaAs) [2], J1=∼6.6meV (ZnTe) [3]), whereas the magnitude of J1 The formation energies Ef of a stacking fault per two-dimensional unit cell perpendicular to the stacking direction with respect to the infinite stacking of the 3C polytype, is given within the ANNNI model by:

The stacking-fault formation energies γISF,γESF, andγTSF per unit area are deduced from Ef(ISF/ESF/TSF) by division with the area of one atom in a (111)

plane. The calculated energies are listed in Table 5. As is evident from expressions 6-8, the estimated fault energies are all negative, indeed the sign of Ef(ISF), and Ef(ESF) are also an indicator for the occurrence of polytypism. For instance, Ef(ESF) =∼-7.6meV, ∼-52meV, ∼-31meV for SiC [54], GaN [2] and ZnO (present work) respectively, which explain why such compounds evince strong propensity for polytypism. The large magnitude of stacking-fault energies ESF/ISF is closely related to the high density of stacking fault revealed experimentally in nanocrystalline ZnO films [16]. Moreover, this result helps to understand why ZB polytype of ZnO is not observed under ambient conditions (i.e., relative difficulty in growing zinc-blende films). Experimentally it is rather difficult to distinguish between extrinsic and intrinsic stacking faults. Suzuki et al. [55] used high-resolution electron microscopy (TEM) to observe lattice defects in III-V nitrides and II-VI oxide BeO and ZnO. The estimated stacking fault energies have been performed on WZ crystals, in which the formation of stacking faults with some cubic layers is energetically not favorable. Ergo, we keep the positive sign of the experimental formation energy in Table 6.

Turning now to the electronic properties of the ZnO-polytypes, it is well known that DF-GGA severely underestimates quasiparticles (QP) band-gap energies from the experimental ones of semiconductors and insulators. Hence, we apply the LDA-1/2 technique [56] which rivals well with the results of popular manybody GW quasiparticle approach [57]. The QP self-energy effects are simulated by a hole excitation whose extent is derived by maximizing the fundamental energy gap of WZ-2H ZnO.

The calculated quasiparticle band structures of all five bulk polytypes of ZnO are illustrated in Figure 5. and agrees with available GW-QP calculations (∼3.31 eV [38], ∼3.21 eV [27]).

Considering cubic 3C-ZnO, we obtained a direct band gap of about 3.381eV in excellent agreement with the strong and dominant peak observed by photoluminescence excitation experiments of 3.368eV [60], comparable with the GW results of 3.21eV [38] but slightly smaller than the GW value of 3.59eV [18].

The change of the fundamental band-gap Eg versus hexagonality h is given in Figure 6. Eg rises quasi linearly with h. Interestingly, this result offers a subtitle route to tune the band gap of ZnO by altering the stacking order using a single material, and thus avoiding conventional strategies such alloying or pressure.

The increase of Eg with hexagonality between cubic-3C and WZ-2H phases has been reported to be in the range of 60-100 meV [62] in outstanding agreement with the present calculation (∆Eg = Eg(2H)-Eg(3C) ∼100meV). This shows very weak difference ∆Eg stems from the fact that WZ(ZB) Γv-Γc energy levels repel weakly (i.e., , where the magnitude of the coupling matrix V is found small [ 63]).

The existence of internal electric fields in ionic materials induced effects of spontaneous polarization, which has a strong impact on many physical properties that determine the electronic structure of the material. WZ-ZnO (2H, 4H, and 6H polytypes) can exhibit spontaneous polarization, since WZ is the structure with the highest symmetry compatible with the existence of Ps. The polarizations were calculated using the modern Berry-phase approach [64]. [66], and-0.031 C/m 2 [30]). Ps has the same sign as 2HII-VI and III-nitrides compounds, but opposite to ZB III-V compounds [67] (i.e., Ps∼2 10 -3 C/m 2 for GaAs). The Ps versus hexagonality h is shown in Figure7.

The results point out a roughly linear dependence of Ps on h.

To gain some trends, concerning Ps in terms of physical and chemical effects, we consider the derived expression of Ps [67]:

Where g is the bond ionicity. The sign of Ps is related to ∆u, one of the most important structural parameter that characterizes the crystal field of the WZ crystal. We can now clearly understand why materials with ∆u<0 show Ps>0, such 2H III-V compounds (GaP (10 -3 C/m 2 [67]); while stable 2H WZ III-V and II-VI compounds (i.e., ∆u>0) have negative Ps such GaN (-40 10 -3 C/m 2 ) [67], and BeO (-0.045C/m 2 ) [65]. Moreover, since ∆u is weak, the magnitude of Ps is governed by chemical effect, i.e. the charge transfer effect via g, and structural effect via the lattice parameter a. Consequently, compounds having partially strong (weak) bonding evince relative strong(weak) Ps. The III-V nitrides and II-VI oxides are an extreme case of this trend, their piezoelectric response is far larger than those of ZB III-V and II-VI compounds. The other important issue about the magnitude of the Ps is the volume effect, accounted by 1/a 2 . This effect enhances Ps of 2H IIInitrides and II-oxides by a factor of ∼1.5-2 compared to III-V and II-VI materials (i.e., 1/a 2 ∼0.048 Å -2 (InSb),∼0.059Å -2 (InP), ∼0.048 Å -2 (InSb), ∼0.1Å -2 (AlN, and ZnO)).

The Born effective charges (BEC) are the fundamental quantities, which assess the macroscopic polarization involved by lattice displacements of A and B atoms.

In cubic phase the BEC tensors are isotropic, while in 2H, 4H, 6H and BCT-4 phases the born effective charge has two independents components Z|| and Z⊥ corresponding respectively to the direction parallel to the c axis and perpendicular to the c axis. The average BEC is Z*=(1/3)Tr(Z). We also consider the high-frequency dielectric tensor ε(∝), which has the two independent components ε⊥(∝), and ε||(∝) for the WZ structure. The average dielectric tensor is (1/3)Tr( ). The calculated Born effective charges Z* and dielectric tensor ε(∝) of 3C-WZ and BCT-4 crystal phases of ZnO are given in Table 7. For the calculated 2H-BEC, the agreement with experimental data [21], and with other theoretical values [21] is good. However the agreement is not as satisfactory for the dielectric tensor, our values for ε⊥(∝) (ε||(∝)) are about 1.3%(1.7%) larger than the experimental ones [68], as expected, since it is well known that the LDA approximation tends to overestimate the electronic screening.

The degree of the anisotropy of ε(∝) and Z* for WZ-polytypes and BCT-4 phase can be estimated as:

We found that ∆Z* increases with polytype hexagonality, besides, WZ-polytypes of ZnO display manifestly relative weak anisotropy in there Born effective charges and dielectric constants. However, BCT-4 ZnO-crystal manifests relative strong anisotropy in BEC and ε(∝) compared to 3C-WZ polytypes.

We focused now on the study of dynamic properties of the investigated ZnOpolytypes. Figure 8 and Raman spectroscopy [21,[START_REF] Landolt-Börnstein | Numerical Data and Functional Relationships in Science and Technology[END_REF][START_REF] Decremps | [END_REF][71] is excellent and with the typical accuracy of DFTP calculations, namely ∼1-7cm -1 . For example, our calculated E2(high) mode of 441 cm -1 is close to the Raman value of 439 cm -1 [71]. The latter absent in the spectra of ZB structure, can be used as a fingerprint for the WZ phase (i.e., ability of Raman spectroscopy to distinguish between WZ and ZB crystal of ZnO Nws).

We also find good agreement with previous ab initio calculations [21]. For example our calculated B1(high) inactive mode of 553cm -1 , which is invisible both in IR and Raman spectra, is close to the estimated value of 552 cm -1 [21].

Considering the 3C-cubic phase, only six modes are present, three of which are acoustic (one LA and two TA) and the other three are optical branches (one LO and two TO). The phonon frequencies resulting for the high-symmetry points Γ, X and L in the FCC BZ are listed in Table 9. The phonon dispersion of the hexagonal 2H-polytype along the [0001] (Γ→A) direction is approximated by folding the phonon dispersion for the cubic-3C structure along the [111] (Γ→L) direction. Consequently, the LO(L) and LA(L) can be identified as the upper and lower B1 modes and, respectively, TO(L), and TA(L) as the upper and lower E2 modes. Doing so, we can predict some of the 3C-phonon modes: L(LO)∼B1 h (∼553cm -1 ), L(LA)∼B1 l (∼261cm -1 ), L(TO)∼E2 h (∼442cm -1 ), and L(TA)∼E2 l (∼94cm -1 ).

Indeed, the calculated phonon frequencies at L point (Table 11) agree with those predicted by zone-folding arguments. No phonon experimental data are available for 3C-ZnO crystal. However, our DFTP calculations agree well with previous theoretical calculations [21].

Finally, we study the mechanical stability of the ZnO-polytypes. The elastic constants are listed in Table 10. The 2H crystal structure of ZnO, which have a stable structure at room temperature, meets the mechanical stability criteria.

Further, 4H, 6H, 3C and tetragonal structures also satisfy the Born-Huang stability criteria [START_REF] Born | Dynamical Theory of Crystal Lattice[END_REF].

IV. Conclusion

In summary, we have performed ab initio calculations, for the structural, energetic, electronic, piezoelectric and dynamical properties of cubic (3C), hexagonal (2H, 4H, and 6H) and tetragonal polytypes of zinc-oxide II-VI semiconductor. We found that all polytypes divulge strong energetic stabilities and competes with the known wurtzite-2H ground-state crystal phase of ZnO.

Furthermore, these four ZnO-polytypes are found mechanically and dynamically stable. In addition, structural parameters, energetic stabilities, stacking faultenergies, characteristic band structure energies, piezoelectric and dynamical properties were carefully examined in relation with ZnO-polypytism. 

  efforts, there remain sizable gaps in the collective understanding of the ground state properties of ZnO. There are a number of open questions regarding the electronic structure dependence in relation with crystalline modifications and the properties of polytypes of ZnO, and the possibility of intermediate structure along the WZ-RS transition. Quite generally, the existence of alternative (meta)stable modifications of ZnO is still an interesting open issue.

  is close to those of stable 2H III-Nitrides (∼-7meV and -9 meV for GaN and InN respectively)[2]. The ZB-WZ phase stability preference of III-V and II-VI compounds are then obviously correlated to the sign of J1, positive (negative) J1 favors ZB(WZ) phase. Moreover the sign of J1 can be traced over the electrostatic (via charge transfer between A(Zn) and B(O) atoms) and electronic energy contributions. The competition between these two effects drives the sign of J1 and hence decides the preference WZ-versus-ZB stability.Further, information can be deduced from the ANNNI model, regarding some of most important two-dimensional defects, the stacking fault. Given the layer-layer interaction energies J1, J2, and J3 we can also determine the energies of the ZB stacking faults. The most common stacking faults, are the intrinsic stacking fault (ISF), the extrinsic stacking fault (ESF) and the twin stacking fault (TSF). These faults have stacking sequences …ABCBCABC (intrinsic), ……ABCBAB… (extrinsic), and ….ABCABCBACBA… (twin).

  The calculated spontaneous polarization of various polytypes of ZnO are 0.0125C/m 2 (6H), 00181C/m 2 (4H) and 0.033C/m 2 (2H). The calculated value of Ps for the WZ 2H-Polytype differs slightly from the previous calculations of Dal Corso et al. (-0.05C/m 2 ) [17] and Bernardini et al. (-0.057C/m 2 )[65], but agrees with other theoretical findings (-0.029C/m 2
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  value for 2H-ZnO is 0.255. From the data of ref.[2,51], we get also relative significant values of C for BeO (∼0.35), III-V nitrides: AlN (∼0.30), and GaN

	(∼0.25), compared to instable 2H III-V compounds which show relative smaller
	values such as GaAs (∼0.03), and AlP (∼0.027). The rather large values of C may
	be the reason backs the outstanding piezoelectric constants (Ps) of III-nitrides
	and II-oxides compounds compared to those of instable WZ III-V and II-VI
	materials with evince relative smaller Ps.

Table 6

 6 

	fundamental gaps (Γ→Γ) of cubic-3C, WZ(2H, 4H and 6H) and P42/mnm crystal
	phases, despite density, structural parameters, coordination and bonding
	disparities. Moreover, the indirect band gap is found at the A point for WZ(2H,
	4H, and 6H) polytypes, and at the L and X points respectively for the 3C and
	BCT-4 crystal structures of ZnO. Our calculated 2H-band gap value of 3.479eV is
	notably in good agreement with the experimental values of 3.38-3.48 eV [58-60],

displays the QP direct (Γ→Γ) and indirect gap energies. Many qualitative characteristics of the QP band structure are similar for the cubic (3C), wurtzite (2H, 4H, and 6H), and tetragonal phases of ZnO. This especially holds for the nature of the character (direct versus indirect) nature of the band gap. Figure 5 evidences wide-gap semiconductor independent of the polytype, remarkably, all crystals have direct fundamental gaps at the Γ point in the BZ, with both valence band maximum and conduction band minimum located at BZ center at Γ point. We find, exceptionally, close values of ∼3.4eV for the

  reports phonon spectrum and phonon density of states (PhDoS) of cubic-WZ polytypes and BCT-4 phase of ZnO. We can see, that there are not imaginary phonon frequencies detected (i.e., all frequencies are positive) in the whole of the BZ, suggesting that these phases are dynamically stable. In the case of 2H-polytype, there is a total of 12 phonons modes, namely, 1 longitudinal acoustic (LA), 2 transverse acoustic (TA), 3 longitudinal optical (LO) and 6 transverse optical (TO) branches phonon. For the hexagonal-2H phase with symmetry, at the Γ point, group theory predicts eight modes, namely 2A1+2E1+2B1+2E2. Among them, one set of A1 and E1modes are both Raman and infrared active (IR), the E2 modes are only Raman active, whereas the B1 modes are silent, i.e., forbidden in Raman and infrared excitations modes. The values of the phonon modes at Γ point are given in Table8. A comparison with experiment is possible only at the zone center. The overall agreement between our results
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	Table 1			
	Polytype	a (Å)	c/a	B0 (GPa)
	3C			
	GGA	3.268	1.633	126.9
	LDA	3.179	1.633	159.3
	Expt[49]	3.668		
	6H			
	GGA	3.271	1.629	128.6
	LDA	3.182	1.627	162.5
	4H			
	GGA	3.273	1.626	128.4
	LDA	3.183	1.625	162.4
	2H			
	GGA	3.280	1.616	128.4
	LDA	3.189	1.616	162.1
	Expt.[50]	3.249	1.602	142.6
	BCT-4			
	GGA	5.617	0.584	120.7
	LDA	5.449	0.588	153.8
	Theo.[38]	5.62	0.583	115

Table 2 :

 2 

	Polytype		Internal parameters u
		GGA	LDA	Ideal value
	2H			
	u1	0.3793	0.3794	0.3750
	Expt.[50]	0.388		
	4H			
	u1	0.1877	0.1877	0.1875
	u2	0.2496	0.2495	0.2500
	u3	0.4379	0.4380	0.4375
	6H			
	u1	0.1250	0.1250	0.1250
	u2	0.1664	0.1663	0.1666
	u3	0.2917	0.2918	0.2916
	u4	0.3332	0.3331	0.3333
	u5	0.4585	0.4586	0.4583

Table 3 .

 3 

		3C	6H	4H	2H	BCT-4
	GGA	-178.93706	-178.93747	-178.93765	-178.93818	-178.93516
	LDA	-178.49693	-178.49712	-178.49754	-178.49804	-178.49261

Table 6

 6 

	Eg(eV)	3C	6H	4H	2H	BCT-4
	Direct	3.381	3.410	3.425	3.479	3.467
	Indirect	7.850(Γ→L)	3.719(Γ→A)	4.197(Γ→A)	5.633(Γ→A)	5.392(Γ→X)

Table 7

 7 

				3C	6H	4H	2H		BCT-4	
				2.102	2.266	2.256	2.337		2.103	
				2.102	2.312	2.322	2.465		2.763	
				2.102	2.281	2.278	2.379		2.323	
				0	0.012	0.029	0.036		0.155	
				-2.105 -2.036	-2.032	-1.996	-1.973	
				-2.105 -2.068	-2.074	-2.050	-2.096	
				-2.105 -2.047	-2.046	-2.014	-2.014	
				0	-0.015	-0.020	-0.027	0.061	
				5.150	4.844	4.813	4.716		4.931	
				5.150	5.012	4.998	4.799		6.029	
				5.150	4.900	4.874	4.744		5.297	
				0	0.034	0.038	0.019		0.207	
	Table 8									
	94.26	261.24 390.38 409.24 441.87 553.11	575.53 579.00
	Table 9									
	TO	LO	XTA	XLA	XTO	XLO	LTA		LLA	LTO	LLO
	401.1 552.9	130.4 269.0 487.47 549.6	89.3		264.6	441.7	558.9