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Abstract

We report details of our ab-initio, self-consistent density functional theory
(DFT) calculations of electronic and related properties of wurtzite beryllium
oxide (w-BeO). Our calculations were performed using a local density ap-
proximation (LDA) potential and the linear combination of atomic orbitals
(LCAO) formalism. Unlike previous DFT studies of BeO, the implementation
of the Bagayoko, Zhao, and Williams (BZW) method, as enhanced by the
work of Ekuma and Franklin (BZW-EF), ensures the full physical content of
the results of our calculations, as per the derivation of DFT. We present our
computed band gap, total and partial densities of states, and effective masses.
Our direct band gap of 10.30 eV, reached by using the experimental lattice
constants of a = 2.6979 A and ¢ = 4.3772 A at room temperature, agrees very
well the experimental values of 10.28 eV and 10.3 eV. The hybridization of O
and Be p states in the upper valence bands, as per our calculated, partial den-
sities of states, are in agreement with corresponding, experimental findings.
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1. Introduction

Beryllium oxide, also known as beryllia, has attracted much interest due to its
current and potential applications. Second only to diamond among electrically
insulating materials, BeO is an excellent thermal conductor with a measured

room temperature band gap of as high as an estimated 10.63 eV [1] and as low as
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10.28 eV [2] and a relatively low dielectric constant. These properties make it an
ideal candidate for next generation dielectrics in high performance, semicon-
ductor devices. BeO is also a mechanically robust material that can be used in
transparent coatings for telescope mirrors. Owing to its sensitivity in the Schu-
mann region of the electromagnetic spectrum and resistance to radiation, BeO
can be used for electronics in low-earth orbiting (LEO) and outer space applica-
tions to monitor global events from lightning activity and earthquake prediction
to variations of water vapor in the atmosphere which may impact global tem-
peratures.

Several sources have reported results of experimental studies of w-BeO as in-
dicated in Table 1. C. Peterson et al. [3] measured the transmittance of a sin-
gle-crystal BeO at 300 K, they observed zero transmittance at 10.3 eV. Bellamy et
al. [4] used precise X-ray methods in their measurements. The lattice parameters
of the sample were determined, at 21°C, more accurately using a least squares
method; they reported values of a = 2.6979 + 0.001 A and c = 4.3772 + 0.0002 A.
The group led by Roessler [1] employed normal-incidence reflectance on a sin-
gle crystal of w-BeO. They made their reflectance measurements at 300 K and
near-normal incidence. They found that BeO has a wurtzite structure with a
hexagonal prismatic Brillouin zone and a direct band gap estimated to be 10.63 £
0.10 eV. Measurement of the polarization-dependent reflectance spectra of BeO
for phonon energies 0.6 < Aiw < 30 was performed by Freeouf [2] using a syn-
chrotron radiation and standard light sources and obtained a gap of 10.30 eV.
An energy gap of 10.28 eV was obtained for the electric field parallel and per-
pendicular to the ¢ axis. Grundler and co-workers [5] performed energy loss
measurements on amorphous and polycrystalline BeO thin films, applying 25
KeV electrons, and reported a band gap of 9.6 eV; we note that this result does
not pertain to a bulk, single crystal w-BeO, the system under study here. The
discrepancies between the experimental values reported for w-BeO, ranging
from 10.28 to 10.63 eV, are likely due to the differences in growth conditions
and the related quality of the samples and uncertainties associated with mea-
surement techniques.

While the band gap is somewhat established experimentally, previous theo-
retical calculations reported band gaps over a wide range. The calculated values

disagree among themselves and with experiment as can be seen in Table 2. For

Table 1. Measured band gaps (Eg in eV) of wurtzite beryllium oxide at room tempera-

ture.
Experimental works Eg (eV)

Optical absorption edge on single crystal BeO at 300 K 10.3°
Normal-incidence reflectance of wurtzite BeO at room L

. 10.63 +0.10

temperature (estimated band gap value)
Far-ultraviolet reflectance at room temperature 10.28° and 10.30?
Electron energy loss measurements for amorphous and 9.6
polycrystalline BeO thin films '
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Table 2. Previous calculated, band gaps (Eg in eV) of w-BeO reported in the literature.

Computational method Potentials (DFT and Other) Eg (eV)
Non local pseudopotential LDA 7.0*
LMTO-ASA and PAW LDA 7.23
Nonlocal, norm-conserving pseudopotential LDA 7.36¢
Plane wave pseudopotential LDA 7.36¢
SIC-pseudopotential LDA 7.41¢
Plane wave pseudopotential LDA 7.42¢
OLCAO LDA 7.548
Nonlocal empirical pseudopotential LDA 7.63"
Ab initio pseudopotential LDA 7.8
Plane wave basis method GGA 6.99
FP-LAPW + lo GGA 7.44%
FP-LAPW + lo GGA 7.47"
Pseudopotential-PAW GGA 7.48™
Plane wave pseudopotential GGA 7.50"
Plane wave pseudopotential GGA 7.66°
Nonlocal empirical pseudopotential GGA 7.70
PBE GGA 8.4°
FP + LAPW + lo GGA 8.44
FP-LAPW + lo EV-GGA 8.57%
LMTO-ASA GGA 9.50"
B3LYP GGA 10.39°

“Reference [6]; "Reference [7]; “Reference [8]; ‘Reference [9]; Reference [8]; ‘Reference [10]; ®Reference
[11]; *Reference [17]; Reference [12]; 'Reference [13]; “Reference [20]; ™Reference [14]; "Reference [15];
°Reference [16]; PReference [18]; Reference [19]; "Reference [21]; *Reference [22].

ab-initio LDA potential [6]-[12], the calculated band gap of w-BeO is between
7.0 eV and 7.63 eV. Baumeier et al [8] employed norm-conserving pseudopo-
tentials and self-interaction corrections (SIC) and reach a band gap of 10.5 eV.
Vydrov [13] executed self-consistently calculations employing the Perdew-Zunger
functional and self-interaction corrections (PZ-SIC) and carried out systematic
tests of the performance of PZ-SIC; he found that PZ-SIC overcorrects for the
band gap of many-electron systems. Previous, ab-initio generalized gradient ap-
proximations (GGA) calculations [14]-[21] have reported band gaps ranging
from 6.99 eV to 8.4 eV. Bouhalouane ef al [21] employed the full-potential li-
nearized augmented plane wave plus local orbitals (FP-LAPW-lo) formalism and
reached a band gap value of 8.57 eV. The group led by Groh used the Becke’s
three-parameter hybrid exchange functional (B3LYP) [22] in their DFT calcula-
tions and obtained a value of 10.39 eV. Makurin ef al [23] utilized the linear
muffin-tin orbital method in an atomic sphere approximation (LMTO-ASA)
and found 9.5 eV for the band gap of w-BeO. Results from calculation resorting

to SIC corrections [13] [14] or employing DFT potential that cannot be obtained
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as a functional derivative of an exchange-correlation energy [19] [21] [22] do
not elucidate the woeful underestimation by ab-initio LDA and GGA calcula-
tions, in light of the ad hoc nature of some corrections and the adjustable para-
meters in potentials.

Given the above theoretical results, listed in Table 2, our motivation in this
work is to contribute to the resolution of the long-standing underestimation of
the energy gap of BeO by ab-initio DFT calculations. The current and growing
potential applications of beryllium oxide add to this motivation. Indeed, BeO is a
special alkali earth oxide; it crystallizes in wurtzite structure at room tempera-
ture while other alkali earth oxides crystallize in rock salt structure at the same
temperature [23]-[38]. The ionic bonding in BeO is reported to have some cova-
lent features. Due to these unusual features, BeO has low electrical conductivity,
a high thermal conductivity, a high melting point and is the hardest material
among alkali earth oxides [26]. These characteristics make it interesting for elec-
tronic, nuclear, aerospace, and electro-technical applications [39]. We explain in

the subsequent section details of our computational method.

2. Method and Computational Details

More details about our computational approach are available in previous articles
[40]-[49]. We used the Ceperley and Alder LDA potential [50] with the parame-
terization of Vosko and his group [51], the LCAO and the BZW method, as en-
hanced by Ekuma and Franklin (BZW-EF) [52]. Both the BZW and BZW-EF
employ successive augmentation of the initial, small basis set, by one orbital at a
time, to execute several self-consistent calculations. The difference between the
BZW and BZW-EF methods is the methodical increase of the basis set. In the
BZW method, the basis set is increased by adding orbitals in the order of aug-
menting, unoccupied energies (in atomic or ionic species). As explained by Ba-
gayoko [41], in systems with two or more atoms, the polarization of p, d and f
orbitals has primacy over the spherical symmetry of s orbitals, for the valence
electrons. In the BZW-EF method, a basis set is increased in such a way that, for
any principal quantum number n, the p, d, and f orbitals, if applicable, are added
before the corresponding s orbital of that quantum number.

We used a computer program originated in the US Department of Energy’s
Ames Laboratory, in Iowa, to perform non-relativistic calculations. We first
performed the LCAO self-consistent calculations of the electronic energy at the
atomic or ionic level of the material being investigated. These species are Be®*
and O*". Our choice was based on the results of preliminary calculations for
w-BeO using neutral atoms. The preliminary results showed a transfer of ap-
proximately two electrons from Be to O. We subsequently performed ab-initio;
self-consistent calculations to determine the atomic basis set to be used in the
solid-state calculations for Be’* and O*".

As per by the BZW-EF method, our self-consistent calculations began with a
small basis set that contained the minimum basis set (MBS); the MBS is the one
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just big enough to encompass all the electrons in the system. The basis set of the
second calculation is composed of the basis set from Calculation I augmented
with an appropriate orbital that represents an excited energy level in the ionic
species of the system. Then, we compared numerically and graphically the occu-
pied energies from the first (I) and second (II) calculations, after setting the
Fermi level to zero. The comparison showed that some valence bands from Cal-
culation II were lower than their corresponding ones from Calculation I. This is
the indication that the basis set from Calculation I is not complete for the DFT
description of the system being studied. We performed a third self-consistent
calculation with the basis set from Calculation II augmented with an appropriate
orbital representing an excited level of the ionic species in the system. Again, the
occupied energies from Calculations II and III were compared numerically and
graphically. This process continued until a given calculation, i.e. N, was found to
have the same occupied energy as the two calculations following it, e, N + 1
and N + 2. The superposition of the occupied energies from three consecutive
calculations is the indication that one has reached the absolute minima of the
occupied energies (ie., the ground state), as required by DFT. A third calcula-
tion is needed to confirm the attainment of the absolute minima of the valence
bands, as opposed to local minima. The calculation with the smallest basis set of
the three calculations provided the DFT description of the material under study
and its basis set is called the optimal basis set. For w-BeO, the basis of Calcula-
tion II gives these absolute minima of the occupied energies and provides the
DFT description of the material.

When the ground state is reached, further calculations with basis sets larger
than the optimal basis set do not modify the occupied energies. In other words,
if the basis set of Calculation N is the optimal basis set, then Calculation N + 1,
N + 2, N + 3, etc. produce the same occupied energies. However, as per the Ray-
leigh theorem [53], calculations with basis sets much larger than the optimal ba-
sis set lead to an extra lowering of some unoccupied energies. The BZW-EF en-
sures the minimization of the occupied energies down to the ground state and
avoids this mathematical artifact consisting of unphysical lowering of unoccu-
pied energies.

Let an eigenvalue equation be is solved with two basis sets containing n and
n+1 basis functions, respectively, with the smaller basis set totally included in the
larger one. The Rayleigh theorem states that the ordered eigenvalues (from the
lowest to the highest) are generate in such a fashion that eigenvalues obtained
with (n + 1) functions are lower than or equal to their corresponding values ob-
tained with n functions. This theorem clearly explains the reason very large basis
sets containing the optimal one are over-complete for the DFT description of the
material being study; these very large basis sets do not change the charge density
and the Hamiltonian from their respective values generated with the optimal ba-
sis set. With no change in the Hamiltonian, the physics of the problem, a change

in eigenvalues (unoccupied ones) is a mathematical artifact and not the expres-
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sion of a physical interaction contained in the Hamiltonian.
Details of our computational method for a replication of our calculations fol-
low. BeO is an element of the space group P6,mc and have the hexagonal wurt-

zite structure [54]. There are two atoms of each kind in the unit cell and they are

12
assigned to the special position 2(b) so that Be atoms occupy the sites (g,E,OJ

and (—,5,%j while the oxygen atoms are at (%,%,Z) and (E,—,—+ Zj. In

our self-consistent calculations, we utilized the experimental lattice constants a =
2.6979 A, c = 4.3772 and z = 0.375 A at room temperature. Our calculations used
Gaussian functions. We employed even-tempered Gaussian functions, with
minimum and maximum exponents of 0.3 and 0.5585 x 10° for Be** and 0.22
and 0.5254 x 10° for O*". We utilized a 24 k point mesh, with proper weights, in
the irreducible Brillouin zone of the wurtzite structure. The computational error
for the valence charge was about 0.00479 for 20 electrons or 2 x 107 per elec-
tron. The self-consistent potentials converged to a difference of 107.

After the attainment of self-consistency with the optimal basis set, we pro-
duced the final bands using 141 k-points in the Brillouin zone. We subsequently
utilized 320 k points for the calculations of the total and partial densities of
states. We also obtained effectives masses using fits around the minimum and

maxima of the conduction and valence bands, respectively.

3. Results

Table 3 below shows the successive calculations performed with the goal of
reaching the absolute minima of the occupied energies. The band gap, generally,
can decrease or increase before one reaches the optimal basis set.

The DFT description of the electronic properties of w-BeO is provided by the
band structure in Figure 1 below. These bands were obtained from Calculation
II, the one for which the valence bands reach their absolute minima. The result-

ing, calculated band gap is 10.296 eV or 10.30 eV. The extra decreasing of some

Table 3. Successive calculations from the BZW-EF method for w-BeO (Calculations
I-IV). In these calculations, the lattice constants used are a = 2.6979 Aand c=43772 A,
at room temperature. Calculation II led to the absolute minima of the occupied energies.
The band gaps in Column 5 are direct ones, except the one in the last row, from Calcula-

tion 6.
Beryllium Be** Oxygen O* Wave functions Band gap (T-T)
(valence electrons) (valence electrons) 2Be*" & 20% ineV
1 15225°2p° 2s22p° 36 10.630
2 1s%25°2p°3p° 2s22p® 48 10.296
3 15%25°2p“3p°4p° 2s%2p® 60 10.300
4 15%25°2p°3p%4p°4s° 2s72p° 64 9.182
5 15%25°2p“3p°4p° 2s22p©3s° 64 7.58
6 15%25°2p“3p°4p° 2s%2p®3p° 72 9.388 (Indirect)
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unoccupied energies, obtained with basis sets containing the optimal one, is ex-
plained by the Raleigh theorem.

The total density (DOS) and partial density (pDOS) of states, obtained from
the bands from Calculation II (with the optimal basis set) are given in Figure 2
and Figure 3, respectively. The total valence bandwidth is 18.773 eV, as derived
from the band structure in Figure 1 and the eigenvalues in Table 3. The lower
and upper valence bandwidths are respectively 2.41 eV and 6.44 eV. For the par-
tial density of states (pDOS), we clearly observed a net predominance of the
oxygen p (O-p) in the upper valence, hybridized with a small contribution from
beryllium p (Be-p). The lowest valence band is entirely from O-s. Contributions

to the conduction band are from both Be p and s.

BeO Cal#2+3-minBS+Be3p+Be4p

20f I

N

12—
8 L J
% 4r ]
5 ORI
-8 _ ]
T ':
~20 A | M m A H K r

Figure 1. Calculated band structures of wurtzite BeO (w-BeO),
as obtained from Calculation II (full line) and III (dashed
line). The calculated energies gap is 10.30 eV. The Fermi
energy level is set to zero. We note the perfect superposition of
the bands from the two calculations +13 eV.

10_ T T T T !O.UbO T v||v|l|'\|||l||-
= 8 & i0.025 -
o i :

(8] L :
> ol
I 3 2 4 6 8 10 12
$ r Energy (eV) 4
"6 -
w Al
~—
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a 2r

O_ 1 1 1 1

-20-16-12 -8 -4 O 4 8 12 16 2C
Energy (eV)

Figure 2. Calculated total density of state (DOS) for w-BeO.
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Although we do not have experimental results for complete comparison, some
of our results agree with measurements by Sashin and coworkers [54]. They
found that the upper valence band is dominated by the 2p orbital of O with a
relatively small contribution from the p orbital of Be. However, the bandwidth of
their O-p is 4.8 £ 0.3 eV, 1.64 eV lower than our 6.44 eV. The bandwidth of their
O-sis 2.1 £ 0.2 eV, 0.31 eV lower than our value of 2.4 eV. Their total valence
bandwidth is 19.4 + 0.3 eV, 0.63 eV larger than our 18.773 eV bandwidth.

We provide, in Table 4 below, a listing of the valence and low-laying conduc-

tion band energies at high symmetry points. We expect this table to enable

o w
——

DOS (states/eV cell)
o o o
T T T
1

(0} AT I S I T A IR ! |

—-26-16-12-8—-4 0 4 8 1216 20
Energy (eV)

Figure 3. Calculated, partial density of states
(p-DOS) as derived from the bands from Calcu-
lation II.

Table 4. Electronic energies (in eV) of w-BeO at the high symmetry points in the Bril-
louin zone, as obtained from Calculation II. The zero represents the Fermi energy. The
calculated, direct band gap is 10.30 eV, at the I' point.

A-point L-point M-point I-point H-point K-point
16.391 18.583 19.456 18.743 16.391 19.335
16.391 18.583 18.526 16.979 16.391 19.335
15.608 18.105 18.309 16.979 15.608 18.187
15.608 18.105 17.429 15.253 15.608 18.187
15.608 17.114 16.449 14.441 15.608 14.577
15.608 17.114 15.723 14.441 15.608 14.577
11.646 10.815 13.250 12.515 11.646 13.667
11.646 10.815 11.474 10.296 11.646 13.667
-0.632 —1.998 -1.082 0 -0.632 -1.574
-0.632 -1.998 —2.242 0 -0.632 -1.574
-0.632 -2.107 —2.946 -1.187 -0.632 —4.646
-0.632 -2.107 -3.626 -1.187 -0.632 —4.646
-3.543 -5.700 —4.249 -1.187 -3.543 -4.674
-3.543 -5.700 —-6.039 —6.446 -3.543 -4.674

-17.951 -16.7 -16.424 -16.904 -17.951 -16.515

-17.951 -16.7 -16.956 -18.733 -17.951 -16.515
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further comparison of our findings with some future, experimental data. Such
experiments can include optical transitions. X-ray and UV spectroscopy mea-
surements can provide the widths of upper and lower groups of valence bands
and the total width of the entire valence band.

Effective masses are used in determining transport properties of a system, e,
the transport of electrons under the influence of electric fields or carrier gra-
dients. Agreements between measured and calculated electron effective masses
show the accuracy of the shape and curvature of the calculated band. Our calcu-
lated electron effective mass and those of the light hole and heavy holes 1 and 2,
from T’ to A, are respectively 1.298, —0.360, —2.107 to —2.685, and -2.107 to
—2.68 m,. We are not aware of measured values of these effective masses for
w-BeO.

4. Discussion

The content of Table 2, as opposed to our calculated band gap of 10.30 eV, rais-
es the question as to possible reasons for the serious underestimation by the pre-
vious ab-initio calculations. From the description of our method, it is apparent
that heeding the second DFT theorem requires an energy minimization far
beyond the linear minimization attainment with self-consistent iterations using
a single basis set. We have not seen any indication, in the pertinent articles, that
any of the nine (9) ab-initio LDA and eleven (11) ab-initio GGA calculations in
Table 2 employed successively larger basis sets to reach verifiably the ground
state of the system. Consequently, their respective results of 7.0 - 7.8 eV and
6.99 - 9.50 eV, for the band gap of wurtzite BeO, should not be expected to agree
with experiment, given that they do not possess the full, physical content of
DFT.

Previous ab-initio calculations, with single basis sets, led to stationary solu-
tions. There is an infinite number of stationary solutions. Some do not obtain
the ground state, due to deficiency in their basis sets. Others may produce the
absolute minima of the occupied energies (the ground state), however, practi-
cally all of them have over-complete basis sets that lead to unphysical lowering
of unoccupied energies, resulting in an underestimation of the band gaps. The
chances for a single basis set calculation to produce the absolute minima of the
occupied energies (ie, the ground state), without using a basis set that is
over-complete for the description of the ground state, are practically zero. The
use of successively larger basis sets in consecutive, self-consistent calculations is
the only way we know 1) to ensure the attainment of the absolute minima of the
occupied energies (the ground state) and 2) to avoid unnecessarily large basis
sets. Such large basis sets are over-complete and they unphysically lower unoc-
cupied energies to result in band gaps smaller than the actual DFT and experi-
mental ones.

The above points also explain the reason that our estimated band gap is in ex-

cellent agreement with experiment, 7e, our computations strictly adhered to
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conditions inherent to the validity of DFT. The successively larger basis sets led
to a minimization far beyond what is attainable with a single basis set following
self-consistency iterations. Even though the self-interaction correction (SIC)
calculation with a hybrid potential, in Table 2, led to agreement with experi-
ment, these efforts do not resolve the underestimation problem due to the ad
hoc nature of the implementation of SIC and of a hybrid functional potentials
[40]. In fact, the corresponding potentials are not entirely DFT potentials, as
they cannot be obtained, from first principle, as functional derivatives of

ab-initio exchange correlation energies.

5. Conclusions

We have described the ground state electronic and related properties of w-BeO
by using the BZW-EF method. It ensures the full physical content of calculated
quantities by adhering to the pertinent DFT theorem. Unlike previous ab-initio
calculations, our calculated energy gap of 10.30 eV is in agreement with experi-
ment. Our calculated density of states (DOS) and partial density of states
(p-DOS) are in good agreement with results from electron momentum spec-
troscopy (EMS). We expect future measurements to confirm our findings. To
the best of our knowledge, no measurements of the electron effective masses are
available for comparison with our calculated ones.

Our findings for w-BeO illustrate the effectiveness of the BZW-EF method to
describe accurately electronic and related properties of semiconductors and in-
sulators, using DFT potentials. We recall that the method: 1) searches and ob-
tains the absolute minima of the occupied energies, and 2) avoids very large ba-
sis sets that are over-complete for the description of the ground state. The
second DFT theorem requires this search. Hence, future DFT calculations
should search for and attain verifiably the absolute minima of the occupied
energies of systems under study, and avoid over-complete basis-sets, in order to
produce results with the full, physical content of DFT and that agree with expe-

riment.
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