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Abstract 

The electrical properties, the spontaneous polarization, and the piezoelectric 

response of ZnO can be tailored by alloying ZnO with BeO for applications such 

as electrodes in flat panel displays and solar cells, blue and ultra-violet (UV) light 

emitting devices, and highly sensitive UV detectors. We present here the results of 

a study that employs density functional theory to analyze the crystal structure, the 

band structure, spontaneous polarization, and piezoelectric properties of 

Zn1-xBexO solid solutions. Our findings indicate that Zn1-xBexO alloys may have a 

different crystal structure than the end components ZnO and BeO that crystallize 

in the prototypical wurtzite structure (P63mc). It is shown that orthorhombic 

lattices with Pmn21, Pna21, or P21 structures may have lower formation energies 

than the wurtzite lattice at a given Be composition. The band gap energies of 

Zn1-xBexO in the wurtzite and the orthorhombic structures are nearly identical and 

the bowing of the band gap energy increases with increasing Be concentration. 

                                                        
a Corresponding author, electronic mail: p.alpay@ims.uconn.edu 
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The spontaneous polarization of Zn1-xBexO in the orthorhombic lattice is 

markedly larger compared to the wurtzite structure while the piezoelectric 

polarization in the wurtzite and orthorhombic structures varies linearly with the 

Be concentration. 
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I. INTRODUCTION 

 

ZnO thin films and one-dimensional nanostructures have gained significant importance in 

recent years in electronic, electromechanical, optoelectronic and magnetic devices. 1-5 This 

interest stems from the electronic properties including a large direct band gap (Eg = 3.37 eV at 

300 K), a large exciton binding energy (~ 60 meV), strong spontaneous (PS = −0.57 C/m2) and 

piezoelectric (e33 = 1.20 C/m2, e31 = −0.56 C/m2) polarizations, as well as the relative ease of 

synthesis of ZnO powders, single-crystals, thin films, and nanostructures. 1, 2, 6 Due to these 

properties, ZnO is a key enabling material in sensors and actuators, transparent thin-film 

electronics, and optoelectronic and piezoelectric devices. 2, 7, 8  

Since the electronic properties of ZnO can be readily tuned by doping/alloying, it is 

possible to expand its applications by designing materials systems for specific conditions and/or 

restrictions. For example, doping ZnO with Al (1-2 %) or Ga (2-7 %) results in a solid solution 

with a high carrier concentration (~1021 cm-3) and a commensurate low electric resistivity (~10-5 

Ω·cm).9 Such materials have already been incorporated in flat panel displays and solar cells as 

transparent electrodes to replace the relatively expensive In-Sn oxide (ITO). 10 ZnO-based 

multiple quantum well structures such as ultra-thin ZnO/Zn1–xMgxO multilayers may provide 

better oscillation strength and enhanced exciton binding energy in blue and ultra-violet (UV) 

light emitting devices. 11 As a last example, wider band gap materials are desired in highly 

sensitive UV detectors whose cut-off energy falls into a solar-blind energy region from 4.40 to 

5.65 eV (220-280 nm), in which the sunlight is absent on earth because of strong atmospheric 
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absorption. 12 There are other materials suitable for this range of wavelength spectrum (e.g., 

diamond and AlGaN). 13 However, if ZnO-based solid solutions could be developed that would 

work in this range, this would significantly reduce cost since ZnO is compatible with IC and can 

be synthesized with good stoichiometric control via a number of deposition methods. 14  

Band gap engineering of ZnO can be achieved by alloying with MgO (Eg=7.70 eV) for 

UV applications and such alloys can also be used as barrier layers in ZnO/(Zn,Mg)O 

superlattices for quantum well devices. 15, 16 However, phase separation occurs in Zn1-xMgxO 

solid solutions when the Mg composition exceeds 33%. 1, 16 This is due to the differences in the 

crystal structures of ZnO [wurtzite (W), P63mc] and MgO (rocksalt, Fm 3 m). As such, the UV 

absorption range is limited to 3.37-3.90 eV in the Zn1-xMgxO system for x<0.33. 1, 12, 17 Therefore, 

BeO (Eg=10.60 eV) that also crystallizes in the W structure has been considered as an alloying 

system for ZnO for UV optoelectronic devices and sensors, despite the high degree of toxicity of 

elemental Be. 12, 17, 18 It was shown that Zn1-xBexO thin films can be deposited using hybrid beam 

deposition 19 with no phase separation over the entire composition range. 16 Furthermore, since in 

Zn1-xBexO the band gap can theoretically be tuned from 3.37 to 10.60 eV, this materials system 

may replace Zn1-xMgxO solid solutions that are being considered in applications such as field 

effect transistors, polymer-oxide hybrid solar cells, quantum Hall effect devices, high-k films on 

Si, and acoustic resonators. 20-24  

While there have been some efforts to understand, describe, and measure the lattice 

parameters, the band gap, and optical properties of Zn1-xBexO in thin films, 16, 17, 25-28 the potential 

of this materials system for applications described above has not been fully explored. Of 
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particular interest are: would there be any changes in crystal structures of these alloys in 

one-dimensional nanostructures, where there are only a limited number of anions and cations 

compared to bulk or thin film Zn1-xBexO? Furthermore, considering that these materials are 

piezoelectric and possess a spontaneous polarization, how does the polarization change with 

varying the Be composition in nanostructures where the electrostatics of free surfaces due to 

termination of atomic bonds plays a significant role? To answer these questions and to guide 

experimental studies, we have carried out first-principles calculations based on the density 

functional theory (DFT) 29 with a particular emphasis on the crystal structures, band gap bowing, 

spontaneous polarization, and piezoelectric response as a function of the Be composition x. We 

compare the relative stability and properties of Zn1-xBexO solid solutions in the prototypical W 

structure (P63mc) and two orthorhombic unit cells with Pmn21/Pna21/P21 structures. Our results 

show that depending on the composition, the alloys may have a different crystal structure than 

the end components ZnO and BeO. While the electronic structure, the band gap energy, and the 

piezoelectric properties are relatively unaffected by the variation in the crystallography of 

Zn1-xBexO, the spontaneous polarization shows significant deviations if the crystal structure of 

the alloy were assumed a priori to be the W structure. 

 

II. CRYSTAL STRUCTURES 

 

Both ZnO and BeO have the W structure which consists of alternating hexagonal 

closed-packed metal (Zn or Be) and oxygen layers [Fig. 1(a)]. Each metal (oxygen) is nearly 
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equi-distant to its four nearest oxygen (metal) atoms which form a tetrahedron. The structure is 

characterized by an in-plane lattice parameter a0, an out-of-plane lattice parameter c0, and an 

internal lattice parameter u0 measuring the interatomic distance, i.e., the bond length along the 

c-axis. 30 The atomic size of Zn and the size of the ZnO unit cell are larger than that of Be and 

BeO (Table I). The W structure and the primitive periodicity of the (0001) layers in the P63mc 

base (hexagonal 1×1 hereafter) are shown in Figs. 1(a) and (b), respectively. 

Previous DFT simulations assume that Zn1-xBexO solid solutions crystallize in the W 

structure for all x. 17, 27 This is based on limited θ-2θ X-ray Diffraction (XRD) experiments on 

epitaxial or highly oriented Zn1-xBexO films grown on the (0001) α-Al2O3 substrates. 16, 25, 31 

XRD results show that the out-of-plane lattice parameter of Zn1-xBexO films varies linearly with 

increasing x. 16 However, information regarding other structural or crystallographic properties, 

such as the relative atomic positions and symmetry in the basal plane, that are needed to 

completely characterize the crystal structure of these alloys is lacking. Such factors play a 

significant role on the growth morphology, band structure, spontaneous polarization, and 

piezoelectric properties of a material. Provided that the same interlayer distance along the c-axis 

is maintained, other crystal structures than the W lattice may indeed become possible, especially 

in one-dimensional nanostructures. As an example, we point to recent calculations in the 

(In,Ga)N system showing that certain orthorhombic lattices which are obtained by breaking the 

in-plane hexagonal symmetry of the (0001) layers of the W unit cell may become energetically 

favorable. 32, 33 We present in Figs. 1(c) and (d) the basal planes of two different unit cells for the 

Zn0.5Be0.5O composition, both of which can be constructed from Fig. 1(b). Fig. 1(c) corresponds 
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to a hexagonal 2×2 or a rectangular 1× 3  base that generates a W lattice but with Pmc21 

symmetry whereas Fig. 1(d) is a rectangular 2× 3  base that may produce a Pna21 unit cell. This 

way one can envision composition-dependent supercells that have orthorhombic symmetry, in 

addition to the prototypical W structure.  

In Fig. 2 we provide the possible crystal structures and space groups of the compositions 

that were considered in this study. These are: (i) the W structure (P63mc or Pmc21), (ii) 

orthorhombic O-16 structures (Pmn21 or Pna21), and (iii) orthorhombic O-32 structures (P21). 

The basal plane of the W, O-16, and O-32 are hexagonal 2×2, rectangular 2× 3 , rectangular 

4× 3 , respectively. All unit cells retain the same periodicity as ZnO or BeO along the c-axis. 

Since there are 8 atoms in the basal plane in O-32, this allows us to model several other 

compositions with x=0.125, 0.375, 0.625, and 0.875 (Fig. 3).   

 

III. COMPUTATIONAL METHODS 

 

Calculations were carried out at 0 K using the PW91 generalized gradient approximation 

(GGA) 34 of DFT as implemented in Vienna ab initio Simulation Package (VASP). 35 The 

plane-wave pseudopotentials based on the projector-augmented wave method were used 36 and 

the wave functions were expanded with an energy cut-off of 500 eV. We note that the Zn 3d 

electrons are explicitly included in the valence states. Previous DFT calculations on ZnXO 

(X=Cd, Mg, or Be) and GaZN (Z=Al or In) alloys 17, 27, 32, 33, 37, 38 show that each supercell of the 

alloy structure containing 16 (W and O-16) or 32 (O-32) atoms is sufficiently large to give the 
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ground state configurations. For pure ZnO and BeO, a 9×9×6 Γ-centered k-point mesh in the first 

Brillouin zone was found to yield well converged results. For the alloy supercells, 5×5×6, 5×6×6, 

3×6×6 Γ-centered k-point meshes were employed for the W, O-16 and O-32 lattices, respectively. 

The atomic positions in the supercells were optimized until all components of the force on each 

atom were reduced to values below 0.02 eV/Å. The polarizations were calculated using the 

Berry-phase approach 39 where a reference phase with zero net polarization is needed. This 

reference phase was taken to be the zinc-blende structure (F 4 3m) because it is centro-symmetric 

and has thus no net polarization. The polarization of the W, O-16, and O-32 phases were obtained 

by comparing these to the reference by employing the methodology described by Bernardini, 

Fiorentini, and Vanderbilt. 40   

 

IV. RESULTS AND DISCUSSION 

 

A. End Components ZnO and BeO 

The fundamental properties of ZnO and BeO in the W phase have been studied 

extensively via DFT. 41-44 We provide in Table I previously obtained experimental and theoretical 

values for the lattice parameters, band gap energy, and spontaneous polarization of ZnO and BeO. 

Table I shows that our calculated lattice parameters a0 and c0 for both ZnO and BeO are in good 

agreement with the data in the literature. The electronic structures of ZnO and BeO display a 

direct bang gap in the Γ point of the first Brillouin zone. Similar to other DFT results, theoretical 

band gap energies are lower than the experimental values (0.758 eV c.f. 3.37 eV for ZnO and 
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7.509 eV c.f. 10.6 eV for BeO). Although experimental Eg can be reproduced by more recent 

time-intensive beyond DFT calculations, 43, 45 the relatively simpler GGA is employed in our 

analysis. This is primarily done to focus on the relative variations in Eg of the alloys with respect 

to pure ZnO and BeO, noting that such changes in Eg can be predicted accurately via DFT.  

The positive direction of the spontaneous polarization PS is conventionally defined as 

pointing from the O atom to its nearest-neighboring Zn or Be atom along the [0001] direction. 

There are two distinct contributions from the W unit cells of ZnO and BeO to PS: the lack of 

centro-symmetry, and the deviation from the ideal W unit cell for which c/a ≅ 1.633 and u = 

0.375. Obviously, there is a strong correlation between u which is the bonding length between 

the Zn (Be) and O atoms along [0001] and PS (Table I). For ZnO our calculations yield u0 = 

0.379 which is closer to the ideal value of u (for which PS=0), resulting in PS= − 0.031 C/m2. 

This is in agreement with one theoretical finding (− 0.029 C/m2) 41 and significantly smaller than 

another calculation (− 0.057 C/m2) 42.  

B. Lattice Parameters and Formation Energies 

The lattice parameters of Zn1-xBexO as a function of x in the W, O-16, and O-32 structures 

are plotted in Fig. 4(a). For a more meaningful comparison of these crystal structures, we use the 

equivalent in-plane lattice parameter a0 in the hexagonal 1×1 format [(Fig. 1(b)]. Despite 

different in-plane symmetries and atomic arrangements, the lattice parameters a0 and c of the 

three structures have nearly identical values at a given Be composition x and obey Vegard’s law, 

      0 1 0 0(Zn Be O) (BeO) (1 ) (ZnO)x xa xa x a− = + −  ,       (1) 
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       1(Zn Be O) (BeO) (1 ) (ZnO)x xc xc x c− = + − ,        (2) 

where Eq. (2) is in agreement with the experimental measurements of Ryu et al.. 16  

The relative stability of the structure of a particular Zn1-xBexO composition is determined 

by its formation energy per cation-anion pair at 0 K given by: 17 

    1 1(Zn Be O) (Zn Be O) (BeO) (1 ) (ZnO)form x x x xE E xE x E− −= − − − ,     (3) 

which is essentially the difference between the total internal energies of formation of Zn1-xBexO 

and the weighed internal energies of formations of ZnO and BeO. Eform can be related to the 

lattice distortions arising from interatomic interactions in the W, O-16 and O-32 structures. Due 

to the different atomic sizes of Zn and Be, the position of each atom deviates slightly from that of 

a pure ZnO or BeO in the W, O-16, or O-32 lattice. As a consequence, the O tetrahedron 

surrounding each Zn (Be) atom is deformed, so that the four Zn-O (Be-O) bonding lengths 

within the tetrahedron are no longer equi-distance and their average value changes from that of 

pure ZnO (BeO). As such, Zn1-xBexO alloy requires additional bonding energy, which is 

qualitatively proportional to the square of the percent variation in the average Zn-O and Be-O 

bonding lengths compared to bulk ZnO and BeO (Table II). 

Furthermore, Be-O bonds are stronger than the Zn-O bonds, simply considering the fact 

that the bulk modulus of BeO is almost double that of ZnO. 1, 46 The reason for this is the larger 

number of electrons in Zn2+. For a given percent variation, the formation of Be-O bonds would 

require higher energy than the formation of Zn-O bonds. Thus, Eform in the alloys is mainly 

determined by the length variation of the Be-O bonds. The magnitude of percent variation of 

average Be-O bonding length in the W structure is almost twice as large as that in the O-16 and 
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O-32 structures for x=0.25, 0.5 and 0.75 (Table II). As seen in Fig. 4(b), this agrees well with the 

much larger Eform in W structures. 

As x varies from 0 to 1, Zn-O bonds are gradually replaced by Be-O bonds in Zn1-xBexO. 

Hence for a given alloy structure, if the length variation in Be-O and Zn-O bonds remains 

constant as a function of x, Eform would still increase from x=0.25 to x=0.75. This is the case in 

the W and O-16 structures. The slope of the increase in Eform in the O-16 structure is smaller 

compared to that in the W structure, due to a smaller value of bond length variation. However, 

Eform in the O-32 structure shows a slight decrease in the range 0.5<x<0.875, because the increase 

in the number of Be-O bonds is partially compensated by the reduction in the magnitude of 

variation in Be-O bonding lengths in this composition range. 

C. Electronic Structure  

The electronic band structures (not shown) and density of states of ZnO and BeO in our 

study agree well with previous experimental and theoretical studies (taking into account the 

underestimation in DFT). 43, 47 The band gap originates from the bonding-antibonding interaction 

between Zn 3s (Be 2s) electrons, which dominate the bottom of the conduction bands (CBs), and 

O 2p electrons, which dominate the top of the valence bands (VBs). Compared to that of BeO, 

VBs of ZnO have an additional (and relatively large) contribution from the Zn 3d electrons 

[Figure 5(a)]. The strong O 2p and Zn 3d hybridization in ZnO results in two major effects: (i) 

the top of VBs are shifted closer to the Zn 4s states, reducing the band gap energy; (ii) the 

original narrow Zn 3d bands are significantly dispersed (-3.9 eV − -6.2 eV) and separated into 

two groups of peaks around -4.3 eV and -5.4 eV. For the solid solutions, as x increases from 0 to 
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1, the Zn 3d contribution and hence the p-d repulsion is continuously weakened [Figure 5(b)-(d)]. 

The lower Zn 3d peak (-5.4 eV) gradually decreases and disappears completely for BeO. The 

density of states for the compositions analyzed in this study does not display a discernible 

change for the three different crystal structures considered here.  

The band gap energies of the alloys for the three structures as a function of x are plotted 

in Fig. 6(a). Similar to the lattice parameters, Eg is nearly the same for the W, O-16, and O-32 

configurations at a given x. Over the entire composition range, Eg displays a nonlinear 

dependence on x which can be described using a parabolic approximation: 

     1(Zn Be O) (BeO) (1 ) (ZnO) (1 )g x x g gE xE x E bx x− = + − − − ,     (4) 

where b is the bowing parameter. Average values of b (<b>) for the W, O-16, and O-32 structures 

are 6.17 eV, 5.54 eV, and 5.33 eV, respectively, which are consistent with the result in Ref. 27. 

Compared to the linear interpolation of Eg in Zn1-xMgxO alloys with 0 < x < 0.33, 48 <b> of 

Zn1-xBexO is significantly larger due to the large size difference between Zn2+ (0.74 Å) and Be2+ 

(0.45 Å). 49 However, further analysis of the data shown in Fig. 6(a) indicates that a single 

average bowing parameter over the whole composition range is not sufficient to describe the 

dependence of Eg as a function of x. In Fig. 6(b), we plot b(x) in the O-32 structure as a function 

of the Be concentration. b(x) is smaller than <b> and is relatively composition independent until 

x = 0.5 [b(x) ~ 4.5 eV]. It increases sharply with x from ~ 5.0 eV at x=0.5 to ~ 13.0 eV for 

x=0.875. The larger value of b(x) in Be-rich alloys is due to the additional interaction resulting 

from the 3d Zn2+ and 2p O2- repulsions that shift the valence band up. 28 Although Eg is typically 

underestimated in DFT calculations, the trend in the variation in b(x) is in good agreement with 
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experimental results [Fig. 6(b)] derived from the measured Eg of alloys in Ref. 16.  

D. Spontaneous Polarization and Piezoelectric Properties  

The particular shape of nanostructures of polarizable piezoelectric materials depends 

closely on the crystal structure and the magnitude and orientation of the spontaneous polarization. 

Several different nanostructures of ZnO (such as nano-helixes, nano-spirals and nano-rings) 2, 50 

have been synthesized using these principles. In this section, we calculate the spontaneous 

polarization of Zn1-xBexO alloys in the W, O-16, and O-32 lattices by comparing these with the 

reference zinc-blende structure [Fig. 7(a)]. Our results show that all three structures, PS deviates 

from the Vegard’s linear approximation.  

PS of Zn1-xBexO in the W structure as a function of Be composition x can be described via 

a parabolic function given by: 

     1(Zn Be O) (BeO) (1 ) (ZnO) (1 )S x x S S SP xP x P b x x− = + − − − ,      (5) 

where the polarization bowing parameter bS is −0.0916 C/m2. Fig. 7(a) shows that PS(x) in the W 

structure is significantly less in magnitude than the weighted averages of PS of ZnO and BeO; for 

x=0.5, PS = −0.011 C/m2 compared to the Vegard’s Law approximation of −0.033 C/m2. On the 

other hand, O-32 structures have higher polarization throughout the composition range that was 

investigated in this study. The largest difference occurs at x=0.5 for which PS are −0.011 C/m2 

and −0.083 C/m2 in the W and O-32 structures, respectively.      

Since PS (along the c-axis) arises from relative displacements of the anions and cations, it 

is closely related to the bonding length along this direction. In Fig. 7 (b), we plot the average 

value of bonding lengths along the c-axis (u ) in the W, O-16, and O-32 structures as a function 
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of x. The correlation between u and PS is obvious and can be attributed to an internal strain 

effect resulting from the variation of Zn-O and Be-O bond lengths in the alloys. 37 The 

fluctuation of PS agrees with that of u  in the O-16 structure. In W and O-16 structures, this 

internal strain is compressive so that the average bonds are shortened along the c-axis. As a 

comparison, the internal tensile strain in the O-32 structure results in a relatively large elongation 

of bonds in the same direction. The strength of this internal strain is proportional to the deviation 

of ( )u x from the Vegard’s law prediction: it is strongest in the O-32 structure and weakest in the 

O-16. 

Besides internal strains, there might be two other distinct effects resulting in non-linear 

interpolation of PS in the alloys: the volume deformation of the parent binaries which are 

compressed or stretched from their individual equilibrium lattices to the alloy values; and the 

chemical disorder effects due to the random distribution of metal on the cation sites. 37 The 

relative contribution of these can be estimated in O-16 Zn0.5Be0.5O for which the internal strain 

effect is negligible since u  is close to the linear approximation. Since the bowing of PS of it is 

small, one can conclude that in the Zn1-xBexO alloy system, the contributions of the volume 

deformation and chemical disorder on PS are not as significant as the internal stain effect. 

Furthermore, these two effects would not result in any discrepancy in PS of the W, O-16 or O-32 

alloys at a given Be concentration. This is a straightforward conclusion considering: (i) these 

structures have almost identical lattice parameters [Fig. 4(a)]; (ii) they have the same periodicity 

along the polarization direction (c- axis) despite different in-plane symmetries; and (iii) each O 

atom in the W and O-16 structures has to be surrounded by Zn and Be atoms commensurate with 
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its stoichiometry (Fig. 2). 

Piezoelectric polarization (PPZ) results from external strain εj which can be expressed as  

           PZ ij j
j

P e ε=∑ ,           (6) 

where eij are the components of the piezoelectric tensor in Voigt notation. 40 In the W structure, 

PPZ along the c-axis is reduced to: 40 

       W W W W W
31 1 2 33 3 // // 33 3( ) 2PZP e e e e= + + = +ε ε ε ε ε ,       (7) 

where ε//=ε1=ε2 is the equi-biaxial in-plane strain, ε3 is the strain along the c-axis, and W W
// 31e e= . 

The calculated piezoelectric coefficients of ZnO (e31=−0.58 C/m2, e33=1.20 C/m2) and BeO 

(e31=−0.14 C/m2, e33=0.22 C/m2) agree well with experimental and other DFT results.1, 41, 42, 51  

On the other hand, in the O-16 structures 52 

     O-16 O-16 O-16 O-16 O-16 O-16 O-16
31 1 32 2 33 3 31 32 // 33 3( )PZP e e e e e e= + + = + +ε ε ε ε ε .     (8) 

To compare the piezoelectric response of the W and O-16 structures, we use an effective 

coefficient O-16 O-16 O-16
// 31 32( ) 2e e e= +  in the O-16 structure such that: 

          O-16 O-16 O-16
// // 33 32PZP e e= +ε ε .         (9) 

The calculated piezoelectric coefficients e// and e33 for both the W and O-16 structures show a 

roughly linear interpolation with the Be concentration x (Fig. 8). 

V. CONCLUSIONS 

We have used DFT to study the crystal structure, band gap bowing, spontaneous 

polarization, and piezoelectric response of Zn1-xBexO solid solutions. Our results show Zn1-xBexO 

alloys have different crystal structures than the end components ZnO and BeO which have a W 



 Dong and Alpay, Phys. Rev. B, 16

unit cell with a 2×2 in-plane hexagonal symmetry. The calculations demonstrate that 

orthorhombic O-16 and O-32 structures with rectangular 2× 3 or 4× 3 in-plane symmetry, 

respectively, are energetically more favorable over the W structure at given Be composition. The 

band gap energies of Zn1-xBexO in the W, O-16, and O-32 structures are nearly identical and 

display strong bowing; the bowing parameter varies from 4.5 eV to 13.0 eV as x varies from 

0.125 to 0.875. The spontaneous polarization of Zn1-xBexO all three structures deviates 

significantly from the Vegard’s Law. This is related to the lengths of Zn-O and Be-O bonds along 

(0001)/(001) direction. The piezoelectric polarization coefficients e31 and e33 in both the W and 

the O-16 structures follow Vegard’s law. 
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Table I: Calculated and experimental values of the structural parameters a0, c0/a0 and u0, the 
band gap energy Eg, and the spontaneous polarization PS of ZnO and BeO in the W structure. 
 

  a0 [Å] c0/a0 u0        Eg [eV] PS [C/m2] 

ZnO 

This work 3.277  1.616  0.3787 0.758 -0.031 

Other DFT 3.183 a 1.620 a 0.379 a，0.383 b 0.804 c -0.029a, -0.057 b

Experimental 3.250 1.603 0.382 3.37  

BeO 

This work 2.710 1.626 0.3773 7.509 -0.035 

Other DFT 2.688 b 1.619 b 0.379 b 7.36 d -0.036 b  

Experimental 2.698 1.622 0.378 10.6  
a Ref. [41]           b Ref. [42]           c Ref. [43]           d Ref. [44] 
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Table II: Percent variation in the average Zn-O and Be-O bonding lengths in the W, O-16 and 
O-32 alloys compared to bulk ZnO and BeO.  
 

 
W  O-16 O-32 

Zn-O Be-O Zn-O Be-O Zn-O Be-O 

Zn0.875Be0.125O     0.07 1.89 

Zn0.75Be0.25O 0.19 1.86 0.11 1.06 0.09 1.33 

Zn0.625Be0.375O     0.1 1.13 

Zn0.5Be0.5O -0.71 2.08 0.00 1.00 -0.13 1.38 

Zn0.375Be0.625O     -0.28 1.13 

Zn0.25Be0.75O -2.73 1.86 -1.55 1.33 -0.65 0.95 

Zn0.125Be0.875O     -2.16 0.79 
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Figure Captions: 
 

Figure 1 (Color online) (a) The wurtzite (W) unit cell of ZnO; the planar view along the c- 

axis of (b) W ZnO, (c) W Zn0.5Be0.5O, and (d) O-16 Zn0.5Be0.5O. The base of each 

structure in (b), (c), and (d) is shown by dashed lines.  

Figure 2 (Color online)The supercells of Zn1-xBexO solid solutions in the W, O-16, and 

O-32 structures for Be compositions x=0.25, 0.50, and 0.75. Also shown are the 

space groups of each structure.  

Figure 3 (Color online) The P21 crystal structures of O-32 Zn1-xBexO alloys for (a) x=0.125, 

(b) x=0.375, (c) x=0.625, and (d) x=0.875. 

Figure 4 (Color online) (a) Equilibrium lattice parameters a0 and c of Zn1-xBexO solid 

solutions in the W 1×1 base and (b) the formation energy of the W, O-16, and O-32 

structures as a function of Be concentration. 

Figure 5 (Color online) The electronic density of states of Zn1-xBexO at (a) x=0, (b) x=0.25, 

(c) x=0.5, and (d) x=0.75. The maximum of the valence bands is set to be 0 eV for 

each concentration. 

Figure 6 (Color online) (a)The band gap energy (Eg) of Zn1-xBexO solutions from DFT 

calculations and (b) the theoretical band gap bowing parameter b(x) of the O-32 

structure as a function of the Be concentration derived from the theoretical Eg 

together with the experimental bowing parameter obtained from the measured Eg in 

Ref. [16]. 
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Figure 7     (Color online) (a) Spontaneous polarization and (b) the average internal lattice 

parameter of the W, O-16, and O-32 structures as a function of the Be 

concentration. 

Figure 8 (Color online) Piezoelectric polarization (a) e// and (b) e33 of the W and O-16 

structures as a function of the Be concentration. 
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