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A B S T R A C T   

We report structural, elastic, electronic, dynamical and optical properties of beryllium selenide in zinc blend and 
NiAs phases. The zinc blend structure is the most stable at room temperature and equilibrium hydrostatic 
pressure. The HSE hybrid functional underestimates the lattice parameters compared to the GGA-PBE and LDA, 
but gives a fundamental gap closer to its experiment value. We derive bulk modulus, shear modulus, Young’s 
modulus and Poisson’s ratio using Voigt, Reuss and Hill approximations. Computed elastic constants in NiAs 
structure are predictions. Waves velocities for beryllium selenide in zinc blend (NiAs) phase along [100], [110] 
([100], [110], [111]) directions are predictions. The indirect band gap Γ-X (2.852 eV) and Γ-K (0.536 eV) for 
BeSe in zinc blend and NiAs structures translates the semiconductor nature. Hybridization occurs between Se: p 
and Be: s states at the top of the valence band and traduces the covalent bonding character. The first conduction 
band is quite wide in both structures, where the contribution is due to Se: p, Se: s and Be: s sites. The electronic 
transition occurs from Se: p orbital of valence band to Be: s site of conduction band. Absorption peaks are 
attributed to the photo transition energies from the maximum valence band to the minimum conduction band 
under ultra violet light irradiation.   

1. Introduction 

Researchers are interested in studying binary II-VI semiconductors 
because of their technological applications. Beryllium selenide is semi-
conductor, where all properties depend on structure, pressure and 
temperature. The beryllium selenide takes the zinc blend structure at 
ambient temperature and equilibrium pressure. In this work, different 
functional such as GGA-PBE, LDA and HSE hybrid were used to obtain 
adequate structural, electronic and optical properties. The HSE hybrid 
functional underestimates the lattice parameters compared to the GGA- 
PBE and LDA, but gives a fundamental gap closer to its experiment 
value. Elastic constants for BeSe compound in NiAs phase are studied for 
the first time. Phonons dispersions curves for BeSe in zinc blend struc-
ture at various symmetry points show that optical (acoustical) phonons 
exhibit two couplets of longitudinal optical (LO) {longitudinal acous-
tical (LA)} and transverse optical (TO) {transverse acoustical (TA)} 
modes and confirm the dynamical stability of BeSe in zinc blend phase. 
The reflectivity in the ultra violet light domain (120–400 nm) is 63% 
(56%) in zinc blend (NiAs) structure. While in the visible light (400–800 

nm), it is 43% (23%) for zinc blend (NiAs) phase. We detailed in this 
work structural, elastic, electronic, dynamical and optical properties for 
BeSe semiconductor in zinc blend and NiAs phases. We used the plane 
wave pseudo-potential method of density functional theory (DFT) 
within the generalized gradient approximation (GGA), the local density 
approximation (LDA) and HSE hybrid functional. For works carried out 
by other researchers on BeSe, it is quoted that the pressure induces a 
transition from zinc blend phase to NiAs structure for beryllium selenide 
at 56 GPa [1]. González-Díaz et al. studied elastic constants and elec-
tronic structure for BeSe in zinc blend phase using the local density 
approximation [2]. An experimental study on the electronic structure for 
beryllium selenide in zinc blend phase conducted by W. Yim et al. gave a 
band gap located between 4 and 4.5 eV [3]. Srivastava et al. studied 
structural parameters for BeSe in zinc blend phase by employing the 
plane-wave pseudo-potential method within the density functional 
theory [4]. R. Khenata et al. studied BeSe in zinc blend structure where 
they conclude that it is characterized by a small ionic radius ratio and a 
high degree of covalent bonding [5]. The investigation of B. Bouhafs 
et al. on the electronic structure and structural parameters for BeSe in 
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zinc blend phase presents a large band gap (2.7–5.5 eV) and high bulk 
modulus, which increased its hardness and stability [6]. Appropriate 
electronic and optical properties for BeSe make it technologically 
important material for applications in the area of catalysis to micro-
electronics and luminescent devices [7–9]. 

The organization of the paper is as follows: We explain the compu-
tational method in section 2. The results are presented and discussed in 
section 3. We conclude this work in section 4. 

2. Computational method 

First-principles calculations are performed using Cambridge Serial 
Total Energy Package (CASTEP) code [10]. Kohn–Sham equations are 
solved within the frame-work of density functional theory [11,12]. The 
interaction of valence electrons with ions cores is represented by the 

pseudo potential ultra soft non local Vanderbilt-type [13]. The energy 
Ecut of 660 eV and k-points of 8 × 8 × 8 using Monkhorst–Pack scheme 
[14] ensure well convergence of computed structure and energy. The 
computation of optical properties requires the use of 20 × 20 × 20 
k-points. The exchange–correlation potential was treated within GGA, 
developed by Perdew, Burke and Ernzerhof [15], local density approx-
imation (LDA) with Teter and Pade parameterization [16] and HSE 
hybrid functional. Structural parameters were determined using the 
Broyden–Fletcher–Goldfarb–Shanno (BFGS) minimization technique 
[17]. The tolerance for geometry optimization was set as the difference 
of total energy 5 × 10− 6 eV/atom, maximum ionic Hellmann-Feynman 
force 0.01 eV/Å and maximum stress 0.02 eV/Å3. 

3. Results and discussions 

3.1. Ground state properties 

The electronic configuration of Be and Se atoms is Be:[He] 2s2 and 
Se:[Ar] 3d104s24p4. The position of Be atom is located at the corner (0, 0, 
0) in both phases. The Se atom takes place at (1/4, 1/4, 1/4) and (1/3, 
2/3, 1/4) for zinc blend and NiAs phases respectively. Fig. 1 shows zinc 
blend and NiAs structures for BeSe. The study of structural character-
istics requires the representation of total energy as a function of the 
volume of the elemental cell. Plots of total energy versus unit cell vol-
ume for BeSe in both phases are given in Fig. 2. The zinc blend phase is 
reported to be more stable than NiAs at room temperature and equi-
librium pressure. This result is consistent with experimental and other 
theoretical works. Lattice parameters, bulk modulus and its pressure 
derivative for BeSe calculated with GGA, LDA and HSE hybrid ap-
proaches are listed in Table 1. Our results agree well with available 
experiment measurements [18] and theoretical data [4,19–28]. The 
lattice constant in zinc blend phase is closer to the experiment with a 
deviation of 0.1%. The HSE hybrid functional underestimates the lattice 
parameters compared with GGA-PBE and LDA in zinc blend and NiAs 
phases. Fig. 3 visualizes the dependence of formation enthalpy on 
pressure for beryllium selenide in zinc blend and NiAs phases by using 
GGA approach. We note that the two enthalpy-pressure diagrams have a 
similar behavior and show a transition region around 55 GPa. This value 

Fig. 1. Zinc blend (a) and NiAs (b) structures for BeSe.  

Fig. 2. Plots of total energy versus unit cell volume in zinc blend (a) and NiAs 
(b) structures for BeSe. 
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is in good agreement with that quoted in the literature 56 GPa [1]. 

3.2. Elastic constants 

Elastic constants give information on binding between adjacent 
atomic planes, anisotropic character of bonds and elastically stability. 
Pressure is an important thermodynamic parameter in everyday life. 

Pressure measurement is a non-destructive test of metallurgical mate-
rials; and depends on the strength of the anvil material. The diamond has 
the highest Bulk Modulus ~440 GPa; among all known materials, so it is 
used as an anvil to achieve a very high pressure. Table 2 includes elastic 
moduli for beryllium selenide in both phases within GGA and LDA ap-
proaches. To date, no experiment elastic constants for NiAs phase are 
available to be compared with our results. Future experiment mea-
surements will test our prediction calculation. Our elastic constants for 

Table 1 
Lattice parameters, bulk modulus and its pressure derivative for BeSe in zinc blend and NiAs structures within GGA-PBE, LDA and HSE hybrid functional.   

Zinc blend GGA LDA HSE hybrid Exp other NiAs GGA LDA HSE hybrid Exp other 

a (Å) 5.129 5.083 4.976 5.139 [18] 5.137 [19] 5.037 [20] 
5.087 [22] 

3.513 3.456 3.415 3.524 [19] 3.421 [20] 
3.502 [23] 

c (Å)  5.459 5.461 5.347 5.462 [19] 
5.398 [20] 
5.529 [23] 

B0 (GPa) 74.50 87.35 99.484 92.20 [18] 74.97 [21] 80 [4] 
96.5 [24] 

89.20 100.30 112.76 94.7 [20] 
86 [26] 
109.6 [27] 

B’ 3.82 3.65 3.565  4.02 [21] 
3.58 [25] 
3.85 [23] 

3.94 3.826 3.749 3.852 [20] 
3.70 [28]  

Fig. 3. The formation enthalpy as a function of pressure in zinc blend (a) and 
NiAs (b) structures for BeSe. 

Table 2 
Elastic constants Cij, Debye temperature ΘD, bulk modulus B, shear modulus G, 
Young’s modulus EH, Poisson’s ratio σH, anisotropy factor AU and ratio BH/GH 
for BeSe in zinc blend and NiAs structures.   

Zinc blend GGA LDA other NiAs GGA LDA 

C11 (GPa) 120.06 137.22 117 [22] 
145 [ 27] 

140.27 167.04 

C12 (GPa) 30.73 55.94 45.5 [29] 
51 [ 27] 

71.51 80.20 

C44 (GPa) 66.2 74.35 73.39 [29] 
61 [27] 

8.48 14.57 

C13 (GPa)  36.45 46.51 
C33 (GPa) 178.40 202.79 
ΘD (K) 460.91 465.77 407 [29] 280.75 332.74 
B(GPa) BV 60.51 

60.51 
60.51 

83.08 
83.08 
83.08  

83.08 
83.08 
83.08 

98.15 
98.15 
98.14 

BR 

BH 

G (GPa) GV 131.16 
127.51 
129.34 

60.86 
55.83 
58.53 

66.24 [30] 
61.14 [30] 
63.78 [30] 

31.23 
16.22 
23.73 

60.86 
55.83 
58.53 

GR 

GH 

EH (GPa) 129.34 141.82 153.42 [30] 65.00 86.89 
σH 0.138 0.21 0.203 [30] 0.36 0.35 
AU 0.188 0.45  4.62 2.60 
BH/GH 0.46 1.41 1.349 [30] 3.5 3.05  

Fig. 4. Elastic moduli as a function of pressure for BeSe in zinc blend (a) and 
NiAs (b) structures. 
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zinc blend structure are in good agreement with those cited in the 
literature performing within generalized gradient approximation [22, 
27,29,30]. The key criterion for mechanical stability of a crystal is that 
the strain energy must be positive [31]. Elastic stability is ensured by 
checking the following relationships [32,33]: 

Zinc blend 0〈C11 + 2C12, 0〈C44, 0〈C11 − C12,C12〈B〈C11 (1)  

NiAs 0〈C11 − |C12|, 0〈C33(C11 +C12) − 2C2
13, 0〈C44 (2) 

We note that our elastic constants verify the stability criteria listed 
above, therefore, beryllium selenide is stable in both structures at 
ambient temperature and equilibrium pressure. Fig. 4 shows the 

Fig. 5. The directional dependent on shear modulus, Young’s modulus, linear compressibility and Poisson’s ratio for BeSe in B3 structure.  

Table 3 
Directional dependent on Young’s modulus E, linear compressibility β, shear modulus G and Poisson’s ratio σ for BeSe in zinc blend and NiAs structures.  

Parameters Young’s modulus 
Emin Emax 

Linear compressibility 
βmin βmax 

Shear modulus 
Gmin Gmax 

Poisson’s ratio 
σmin σmax 

Zinc blend GGA 107.54 145.55 5.5083 5.5083 44.665 44.665 0.00989 0.25347 
LDA 104.83 171.79 4.0142 4.0142 40.644 74.354 0.00386 0.40923 

NiAs GGA 42.108 163.56 4.5012 4.5012 13.201 47.33 0.11861 0.62324 
LDA 49.954 185.29 3.3662 3.3662 14.575 64.941 0.10227 0.71926  

Table 4 
Sound velocities for BeSe along main directions in zinc blend and NiAs 
structures.  

Material Directions [100] [110] [111] [001] 

Zinc blend vl (ms− 1) 5439 5898 6043 – 
– 
– 

vt1 (ms− 1) 3803 4305 3316 
vt2 (ms− 1) 3803 3803 3316 

NiAs vl (ms− 1) 5192 – 
– 
– 

6067 
vt1 (ms− 1) 2187 1243 
vt2 (ms− 1) 1243 1243  
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dependence of elastic moduli on pressure for beryllium selenide in zinc 
blend and NiAs phases. It was noted that all elastic moduli increase 
monotonously when the pressure is enhanced. The bulk modulus 
calculated from elastic constants is nearly the same as obtained from 
equation of state fitting. This is a sign of the exact calculation of our 
results. The bulk modulus B, shear modulus G, Young’s modulus EH, 
Poisson’s ratio σH, anisotropy factor AU and BH/GH ratio for BeSe 
calculated from elastic constants using Voigt [34], Reuss [35] and Hill 

[36] approximations are listed in Table 2. The Poisson’s ratio for BeSe in 
both phases is removed from the limit value 0.25, so the bonding is 
covalent. The factor anisotropy value in both phases using GGA and LDA 
indicates that BeSe has a strong anisotropy. The reported BH/GH value 
translates that zinc blend phase is brittle, while NiAs is ductile. The 
anisotropic elastic factor gives information about the material properties 
in specific directions. Fig. 5 visualizes the directional dependent of shear 
modulus, Young’s modulus, linear compressibility and Poisson’s ratio in 

Fig. 6. Band structures for BeSe at various symmetry points into Brillouin zone in zinc blend (a) and (b) NiAs phases.  
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3D using ELATE software [37] for BeSe in zinc blend phase. The mini-
mum and maximum of each parameter are visualized by green and blue 
colors. The shape is spherical for isotropic material and any distortion 
indicates anisotropy. Linear compressibility is isotropic, while Young’s 
modulus, shear modulus and Poisson’s ratio are anisotropic. The pre-
dicted maximum and minimum values of directional dependent of 
Young’s modulus, linear compressibility, shear modulus and Poisson’s 
ratio are listed in Table 3 in both phases within GGA and LDA. 

3.3. Debye temperature 

The Debye temperature depends on specific heat and melting tem-
perature. The Debye temperature calculated from elastic constants is the 
same as that determined from specific heat measurements at low tem-
perature. The formalism used in the calculation of Debye temperature 
and elastic wave velocities is in Refs. [38–40]. The GGA and LDA Debye 
temperature for both BeSe phases is reported in Table 2. LDA Debye 
temperature value is greater than that calculated by GGA. Our Debye 
temperature is in reasonable agreement with that quoted in the litera-
ture [29]. The predicted elastic wave velocities along [100], [110], 
[111] and [001] directions using GGA for both BeSe phases are listed in 
Table 4. Longitudinal waves are fastest according to [111] direction and 
shear waves are slowest along [001] direction. 

3.4. Electronic properties 

Fig. 6 shows the band structure for BeSe in both phases at various 
symmetry points in the Brillouin zone using GGA-PBE and HSE hybrid 
functional. It is noted that our results accurately give the indirect band 
gap Γ-X (Γ-K) in zinc blend (NiAs) structure and predict a semiconductor 
nature. Band gaps between various symmetry points in the Brillouin 
zone within HSE hybrid, GGA and LDA are reported in Table 5. Our band 
gaps for BeSe in zinc blend structure computed within GGA and LDA are 
in good agreement with other calculations [19,21,41]. The band gap in 
zinc blend structure calculated using GGA and LDA (HSE hybrid func-
tional) is lower than (closer to) the experiment value located between 4 
and 4.5 eV [3]. The HSE hybrid functional gives a fundamental gap 
closer to its experimental value. We can also see that the width of the 
valence band for BeSe in zinc blend structure consists of two zones 

Table 5 
Band gaps for BeSe at equilibrium between various symmetry points in zinc 
blend and NiAs structures.   

Zinc blend GGA LDA HSE hybrid Exp other NiAs GGA LDA HSE 
hybrid 

EΓ-Γ 

(eV) 
4.84 4.42 5.81 4.72 [3] 

5.5 [43]  
2.55 2.43 3.45 

EL-L 

(eV) 
5.65 5.52 7.40  4.64 4.88 6.02 

EX-X 

(eV) 
5.41 5.20 6.71  

EΓ-X 

(eV) 
2.85 2.408 3.45 4–4.5 

[3] 
2.41 
[41] 
3.12 
[19] 

EΓ-L 

(eV) 
4.60 4.39 6.05  4.33 

[21] 
2.38 2.27 6.23 

EΓ-K 

(eV) 
3.94 3.62 4.71 4.73 

[42]  
0.68 0.51 1.16 

EM-M 

(eV)  
3.28 2.98 3.94  

Fig. 7. Dependence on pressure of fundamental band gaps for BeSe in zinc 
blend (a) and NiAs (b) structures. 

Fig. 8. Total and partial densities of states (TDOS) and (PDOS) for BeSe in zinc 
blend (a) and NiAs (b) structures. 
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separated by a gap 5.9773 eV and 5.6681 eV for HSE hybrid functional 
and GGA-PBE respectively. Fig. 7 displays the dependence of indirect 
fundamental band gap on pressure using GGA-PBE, LDA and HSE hybrid 

functional for BeSe in zinc blend and NiAs phases. The fundamental 
indirect band gap decreases monotonously with increasing pressure in 
both structures. Our computed direct and indirect band gaps at equi-
librium for zinc blend phase calculated using HSE hybrid functional are 
in good agreement with experiment [3,42,43]. Plots of total and partial 
densities of states TDOS and PDOS for BeSe at equilibrium lattice con-
stant are shown in Fig. 8 in both structures. We distinguish two regions 
in the valence band. The lower valence band is located between − 13.75 
and − 11.09 eV (− 14.99 to − 11.34 eV) and the upper valence band 
position is EF to − 6.06 eV (EF to − 7.55 eV) for zinc blend (NiAs) phase. It 
is shown that Se: p and Be: s orbital are response for the upper valence 
band. The first conduction band consisting of Be: s and Se: p orbital, with 
small contribution of Se: s site is wider for both structures. The optical 
transition occurs from Se: p state to Be: s site. There is hybridization 
between Se: p and Be: s in the upper valence band, which translates their 
covalent bonding. 

3.5. Phonons frequencies 

Fig. 9 shows phonons dispersions curves for BeSe in zinc blend 
structure at various symmetry points. Optical (acoustical) phonons 
exhibit two couplets of longitudinal optical (LO) {longitudinal acous-
tical (LA)} and transverse optical (TO) {transverse acoustical (TA)} 
modes and confirm the dynamical stability of BeSe in zinc blend phase. 

Fig. 9. Phonons dispersions curves for BeSe in Zinc blend structure.  

Fig. 10. Dependence on pressure of phonons frequencies for BeSe at Γ point in 
zinc blend structure. 

Fig. 11. The loss function versus wavelength for BeSe in zinc blend and 
NiAs structures. 

Fig. 12. The absorption as a function of the wavelength for BeSe in zinc blend 
and NiAs structures. 

Fig. 13. The reflectivity as a function of wavelength for BeSe in zinc blend and 
NiAs structures. 
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Optical and acoustical phonons present the following characteristics:  

(i) Longitudinal and transversal optical (acoustical) branches are 
separated by a frequency gap 16.06 cm− 1 (198 cm− 1) in zinc 
blend structure.  

(ii) The maximum of longitudinal optical phonons branches is 
located at X point in zinc blend structure. 

Fig. 10 shows phonons frequencies ωLO and ωTO for BeSe at Γ point as 
a function of pressure in zinc blend structure. There is a monotonous 
increase in ωLO and ωTO when the pressure is enhanced. The values of 
ωLO and ωTO at Γ point at equilibrium are 537 cm− 1 and 471 cm− 1. 

3.6. Optical properties 

3.6.1. Loss function 
We plot in Fig. 11 the loss function spectra versus wavelength for 

BeSe in zinc blend and NiAs structures. There are high and low loss 
regions in the electronic loss function. The high loss region has wave-
length range located between 42 and 90 nm. It starts after the ionization 
edge and translates the oxidation of Se: p state. The low loss function 
wavelength range is less than 40 nm and greater than 90 nm, which 
provides information about composition and electronic structure. The 
maximum loss function reaches the value 4.84 (4.49) at 60.32 nm 
(57.25 nm) in zinc blend (NiAs) structure. There is no loss in the ultra 
violet and visible light domain. 

3.6.2. Optical absorption 
The polycrystalline polarization method is used in the calculation of 

the optical absorption. This method includes a medium and isotropic 
electric field vector. We applied a smearing value of 0.1 to obtain more 
distinguishable absorbance peaks. The obtained absorption peaks as 
depicted in Fig. 12 are attributed to the photo transition energies from 
the maximum valence band to the minimum conduction band under 
ultra violet light irradiation. This material can absorb photons of ultra 
violet light (140–120 nm). The high absorption value is 330,142 
(334,474) at wavelength of 163.6 nm (163 nm) for zinc blend (NiAs) 
phase. Indeed, to be a good candidate for photo catalysis in the ultra 
violet light domain (120–400 nm), a solid material must absorb 
maximum of ultra violet light 331,971 cm− 1 (335,643 cm− 1) in zinc 
blend (NiAs) structure, shows narrow and indirect band gap and also 
have an appropriate position in energy of their valence and conduction 
bands. The maximum of absorption corresponds to the maximum of 
reflectivity and no loss function. 

3.6.3. Optical reflectivity 
The amount of light that is incident on the surface of photo catalytic 

material can be estimated from the reflectivity, which is related to the 
absorbance of that material. The reflectivity for BeSe as shown in Fig. 13 
starts at 0.007 and corresponds to a wavelength around 33 nm. It rea-
ches a maximum value 0.63 (0.56) at 149 nm (136.5 nm) in zinc blend 
(NiAs) structure. It is reported that the lower reflectivity indicates higher 
light absorption [44]. The reflectivity in the ultra violet light domain 
(120–400 nm) is 63% (56%) in zinc blend (NiAs) structure. While in the 
visible light (400–800 nm), it is 43% (23%) for zinc blend (NiAs) phase. 

4. Conclusion 

The beryllium selenide in zinc blend and NiAs phases was studied 
using PP-PW method based on density functional theory within GGA- 
PBE, LDA and HSE hybrid functional. Equilibrium lattice parameters 
in both phases are in good agreement with available experiment and 
theoretical data. Shear modulus, Young’s modulus, Poisson’s ratio, 
average sound velocities and Debye temperature are estimated using 
Voigt-Reuss-Hill approximations in zinc blend and NiAs phases. The 
absorption of maximum ultra violet light 331,971 cm− 1 (335,643 cm− 1) 

in zinc blend (NiAs) structure, the narrow and indirect band gap and the 
appropriate position in energy of valence and conduction bands make 
BeSe as good candidate for photo catalysis. We performed transverse 
and longitudinal optical phonons frequencies ωTO and ωLO at Γ point in 
zinc blend phase for BeSe. BeSe in zinc blend phase shows an isotropic 
linear compressibility and anisotropic Young’s modulus, shear modulus 
and Poisson’s ratio. Elastic constants and bulk modulus follow practi-
cally the linear variation as a function of pressure. The high loss function 
translates the oxidation of Se: p state for BeSe in both phases. Longitu-
dinal and transversal optical (acoustical) branches are separated by a 
frequency gap 16.06 cm− 1 (198 cm− 1) in zinc blend structure. The 
reflectivity in the ultra violet light domain is 63% (56%) in zinc blend 
(NiAs) structure. While in the visible light, the reflectivity is 43% (23%) 
for zinc blend (NiAs) phase. 
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