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The electronic and spectroscopic properties of BeO wurtzoids structure were investigated by using ab-
initio density functional theory and generalized gradient approximation calculations combined with
many-body. All calculations were carried out using Gaussian 09 program. Electronic properties including
energy gap, density of state and bond length, as well as Spectroscopic properties of infrared and Raman
scattering, force constant, reduce mass and longitudinal optical patterns. The geometrical structure of
BeO molecules and wurtzoids nanostructure were studied with the help using Gauss view 05 program.
The energy gap of Wurtzoid, wurtzoid2c and triwurtzoid was found to be (6.813, 7.13499 and
7.02669 eV) respectively. Those values agreed with theoretical values for BeO wurtzite (8.57 eV), and
compare with the experimental value of BeO bulk (10.6 eV). The Spectroscopic study of IR and Raman
scattering, force constant, and reduced mass and longitudinal optical modes as a function of frequencies
are agreed with the experimental results.
� 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Beryllium oxide (BeO) is a white inorganic mineral that can be
grown in the laboratory and crystallizes in the form of hexagonal
wurtzite, but can also be contained at elevated temperatures in
the cubic zincblend structure. The hexagonal structure is more
stable by approximately (5.6) meV per pair of atoms than the cubic
structure, according to theoretical calculations [1]. Continenza
et al. [2], BeO has excellent physicochemical properties, such as
high band gap energy (10.6 eV) [3], melting point (2532 ± 10 �C)
[4], electrical resistivity (>1014 X.cm) [5], and dielectric constant
(6.9) [6]. BeO has high thermal conductivity (330 W/K.m), among
the well-known oxide materials (SiO2, Al2O3, HfO2, ZrO2), BeO
has the highest thermal conductivity [7]. The properties of BeO
make it the best practical candidate as a dielectric material gate
in SiC-based metal-oxide semiconductor field-effect-transistors
(MOSFETs). Based on Gibbs free configuration energy, BeO is the
most thermally stable dielectric. The high thermal conductivity
indicates less soft phonon modes compared to other high k dielec-
trics, according to the size, similarity between the Be and O atoms
[8,9]. Soft phonon modes in gate dielectrics interference with the
movement of channel carriers, degrading the carrier mobility in
Si and III-V metal oxide semiconductor field-effect transistors
(MOSFETs). Thus, a small number of soft phonons is preferred in
high-k gate dielectrics [10]. Therefore, BeO film as a gate insulator,
high channel mobility can be obtained, and at the same time, self-
heating problems can be alleviated. BeO is also a mechanically
strong material that can be used in transparent telescope mirror
coatings, because of its electromagnetic spectrum sensitivity and
radiation tolerance in the Schumann region. BeO can be used to
monitor global events from lightning activity and earthquake pre-
diction to changes in atmospheric water vapor that can affect glo-
bal temperatures for elect And applications in outer space [11].
Several researchers have worked on the theoretical analysis of
structural, electronic and optical properties for different molecules
to form nano-scale limited wurtziod molecules that emerge in the
hexagonal structures (a = b– c) of material and have the same of
its properties by using simulation by programs Gaussian 09 and
inverse the diamondoids that came from the cubic structure
(a = b = c) of material in bulk of solid materials [12–19].

In this study, geometrical, electronic and spectroscopic charac-
teristics of the molecular and nanostructures of BeO as nanotubes
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Fig. 2. The energy gap as a function of number of atoms for BeO molecule,
cyclohexane Be3O3, wurtzoid Be7O7, wurtzoid2c Be13O13 and triwurtzoid Be21O21.
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has investigated using Ab –initio approximation method that
depends on Density Functional Theory (DFT) method.

2. Theory

This paper employs one of the theoretical approximations
methods to simulate the features and nanostructures of BeO nan-
otubes includes all electrons in the molecules at generalized gradi-
ent approximation (GGA) and Density Functional Theory (DFT)
which is a powerful tool for ground-state properties, but not for
excited states. Also, due to an unjustified interpretation of the
Kohn–Sham (KS) eigenvalues as single-particle excitation energies
it [20]. By using B3LYP (Becke, three-parameters, Lee-Yang-Parr) as
basis set with 6-31G*, it sometimes written 6-31G(d) [21]. These
calculations have been performed by Gaussian 09 program [22].
The spectroscopic properties calculations have been completed
by using 0.960 as a scale factor to give the corrections on the fre-
quencies, this scale associated with 6-31G* [21].

In this study, the molecular- nanoscale limited of BeO is inves-
tigated. In the beginning, the BeO of wurtzite form can be used as
seeds for the present molecules.

Fig. 1 shows the structures wurtziods include the wurtziod
Be7O7 (one nanotube), wurtziod2c Be13O13 (two nanotubes along
c–lattice constant), and triwurtzoid Be21O21 (three nanotubes) at
nanoscale size.
Fig. 1. (a) BeO molecule, (b) cyclohexane Be3O3, (c) wurtzoid Be7O7, (d) wurtzoid
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3. Results and discussion

3.1. Electronic properties

3.1.1. Energy gap
The energy gap is one of the most important electronic proper-

ties of solids. The energy gap generally refers to the energy differ-
ence between the top of the valence band, which is called the
highest occupied molecular orbital (HOMO), and the bottom of
2c Be13O13, (e) triwurtzoid Be21O21, after geometrical optimization structure.
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Fig. 3. (a) The density of states as a function of energy levels for BeO molecule, (b) The density of states as a function of energy levels for Cyclohexane Be3O3, (c) The density of
states as a function of energy levels for wurtzoid Be7O7, (d) The density of states as a function of energy levels for wurtzoid2C Be13O13, (e) The density of states as a function of
energy levels for triwurtzoid Be21O21, and show the energy gap for every one.
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the conduction band, which is called the lowest unoccupied molec-
ular orbital (LUMO). It is found in insulators and semiconductors
[23]. The LUMO levels are more sensitive than HOMO levels for
surface effects, through small difference between two levels espe-
cially when the collections be large. Fig. 2 shows the energy gap in
(eV) as a function of number of atoms of BeO and compare with the
theoretical and experimental values of bulk.
2631
We notice that the energy gap increases with the number of
atoms, because of the existence of dangling bonds on the surface
of BeO. The energy gap is lower than the experimental value. Those
dangling bonds levels are inside the energy gap. As we increase the
size of BeO molecule the effect of the surface dangling bonds van-
ishes and the energy gap approaches the experimental value. The
energy gap of wurtzoid, wurtzoid2c and triwurtzoid is (6.813,
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Fig. 4. (a) The density of bond of BeO wurtzoid, (b) The density of bond of BeO wurtzoid2c, (c) The density of bond of BeO triwurtzoid, compare with experimental Be- O Bond
lengths.
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7.13499 and 7.02669 eV) respectively, agrees with the theoretical
values of BeO wurtzite (8.57 eV) [24] and approximated to the
experimental value of BeO bulk (10.6 eV) [3]. Therefore it can be
considered a good results.
3.1.2. Density of states:
Fig. 3(a,b,c,d and e) shows the densities of states of BeO mole-

cule, Cyclohexane Be3O3, wurtziod Be7O7, wurtzoid2c Be13O13

and triwurtzoid Be21O21 respectively, as a functions to energies
levels, the edges of the conduction and valence bands are generally
less degenerate than the states at the middle of these bands.
2632
We can see that the energy gap is small for small BeO mole-
cules, because of the large surface to volume ratio. As we increase
the size of the molecules of the surface to volume ratio decrease
and energy gap increase.
3.1.3. Density of bond length
Fig. 4(a,b and c) shows the distribution of bond length of BeO

wurtzoid, BeO wurtzoid2c and BeO triwurtzoid, respectively and
compare with experimental values of bond length of BeO bulk. It
found that the values of bond length of Be-O wurtzoid, wurtzoid2c
and triwurtzoid are (1.61, 1.59 and 1.52 A�) respectively. Those
results were agreed with theoretical values (1.57 Å) [25], (1.52,
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Fig. 5. (a) The intensity of IR of wurtzoid Be7O7, (b) The intensity of IR of wurtzoid2c Be13O13, (c) The intensity of IR of triwurtzoid Be21O21, compare with the experimental
longitudinal frequency of BeO bulk.
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1.58 Å) [26], and experimental value (1.62 A�) [27], so it can be
considered as reasonable results.

3.2. Spectroscopy properties

3.2.1. IR and Raman spectra
Fig. 5(a, b and c) shows the intensity of IR of BeO wurtzoid,

wurtzoid2c and triwurtzoid respectively, as a function of frequen-
cies. The results were compared with the experimental value of
longitudinal frequency (LO) of BeO bulk. Frome this figure,two
2633
regions (1006 and 1150) cm�1 are observed and the maximum
intensity is 4972 a.u at 1006 cm�1 for wurtzoid, while for wurt-
zoid2c (1015 and 1092) cm�1 and the maximum intensity is
10,181 a.u at 1092 cm�1, but four regions (940, 1111, 1159 and
1190) cm�1 are found in triwurtzoid and the maximum intensity
is 10,593 a.u at 1111 cm�1.we can observe from Fig. 6(a,b and c)
that these regions are very low intensity in Raman spectra. The
maximum intensity of Raman is (1.32 a.u at 894 cm�1 for wurtzoid,
1.87 a.u at 856 cm�1 for wurtzoid2c and 1.70 a.u at 761 cm�1 for
triwurtzoid). Therefore, we can say that the intensity of IR
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Fig. 6. (a) The intensity of Raman of wurtzoid Be7O7, (b) The intensity of Raman of wurtzoid2c Be13O13, (c) The intensity of Raman of triwurtzoid Be21O21, compare with the
experimental longitudinal frequency of BeO bulk.
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increases with increase size at nanoscale . The theoretical and
experimental values of longitudinal frequency (LO) of BeO bulk is
(1127.1 cm�1) [28] and (1081 cm�1) [9], respectively.
3.2.2. Reduced mass and force constant
Fig. 7(a,b and c) shows the reduced masses of the BeO at nanos-

cale limited (wurtziod, wurtzoid2c and triwurtzoid),respectively,
as a function of frequencies, and Fig. 8(a,b and c) shows the force
2634
constant of the BeO at nanoscale limited (wurtziod, wurtzoid2c
and triwurtzoid) respectively, as a function of frequencies.

t ¼ 1
2p

ffiffiffiffi
k
l

s

where k and l are force constant and reduced mass of molecules.
The frequencies were proportioned with force constant but inver-
sely with the reduced mass, and the value of both of them in this
paper corresponds with highest value of LO mode. The force con-
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stant represents the parabola shape as a function of frequencies as
shown in eq (1) [29].

The longitudinal mode frequencies (LO) represent the last point
in reducing mass and its value around (1102, 1106 and
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1151 cm�1), which is agreed with the theoretical and experimental
values of (LO) for BeO bulk (1127.1 cm�1) [28] and (1081 cm�1)
[9], respectively.
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4. Conclusion

In the current work, we have nanotubes were investigated the-
oretically to calculate electronic and spectroscopic properties of
BeO wurtzoid by using basis set of B3LYP-6-31G* and employed
the approximation methods (GGA) of the Density Functional The-
ory. The obtained results can be summarized as follows:

a- The energy gap depends on size, shape and surface condi-
tions, and it found that the energy gap increases when we increase
the size of BeO wurtzoids, because the effect of the surface dan-
gling bonds.

b- The density of state of BeO wurtzoids structure increases
with increasing of size.

c- The bond lengths have distribution in which the highest
peaks are close and agreed with bulk values.
2636
d- It can be noticed that the geometry of structures as wurtziod
and wurtzoid-2c as two tubes sharing along c - constant while tri-
wurtzoid (three tubes) which form a caped bundle (3,0) nanotube.

e- The longitudinal optical mode of BeO wurtzoid is agreed with
the experimental longitudinal optical of BeO bulk.
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