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First principles calculations of the electronic band structures of zinc blende-type GaN and BN and
their 1: 1 mixture B sGag 5N were carried out within DFT using the augmented plane wave method
with both GGA and LDA approximations for the effects of exchange and correlation. Equilibrium
lattice constants were determined from the total-energy minimization method. The results are com-
pared with those of previous calculations and with experimental measurements. In agreement with
these data, ZB-BN is an indirect (I — X) wide-gap semiconductor (4.35 eV) while ZB-GaN has a
direct gap of 1.9 eV atI". For ZB B 5Gag 5N we predict a direct band gap of 3.35 eV. Electron charge
densities are computed for the unit cell, and ionicity factors are derived for all systems.
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Introduction

The lack of blue luminescent semi-conducting mate-
rials is still a problem for opto-electronic applications.
Many efforts have been made to produce a material
likely to overcome this difficulty. Wide-gap semicon-
ductors (GaN, AIN, and BN) and their mixtures are
currently actively investigated in view of their promis-
ing potential for short-wavelength electroluminescence
devices and high-temperature, high-power, and high-
frequency electronics. These semiconductors are of
great importance in micro-, and optoelectronics, and
as such they have received considerable attention both
experimentally and theoretically [1 - 10].

The major part of research on III-V nitrides was fo-
cused on the hexagonal wurtzite-type phases. Recently
prepared gallium nitride films with a metastable cubic
structure (of the zinc blende-type) have been widely
investigated.

However, there has been less work on B,Ga;_N
solid solutions, and little information on their band
structure exists. The investigation of electronic prop-
erties of solids using electronic charge densities is of
increasing importance. So far, this work has been con-
cerned with electronic charge densities, which were
found to be useful for understanding the chemical

bonding and the modification of the band structures by
interstitial impurities [11, 12].

The solid solutions of group III nitrides were studied
less, and few calculations have been reported on their
charge densities. This has prompted us to perform such
a calculation on zinc blende III-V semiconductors, par-
ticularly the By sGag sN solid solution.

The aim of this work is to prospect the electronic
charge densities of zinc blende-type GaN, BN and their
solutions. The calculations are based on the density-
functional theory [13] in the local density approxi-
mation LDA for exchange and correlation. The self-
consistent electronic structures are calculated by the
full potential linearized augmented plane wave (FP-
LAPW) method [14]. We also computed lattice con-
stants, bulk moduli and their first derivatives by fit-
ting the total energy vs. volume according to the Mur-
naghan’s equation of state. We have mainly focused on
the determination of the electronic states in such co-
valent solids and on how to assess their electron and
energy levels as well as the charge densities, especially
when mixtures are considered.

Method of Calculations

The foundation for modern electronic structure cal-
culations for solids is the density-functional theory
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based on the work by Hohenberg and Kohn [15] and
by Kohn and Sham [16]. Self-consistent calculations
of total energies and the electronic structure based
on the non-scalar-relativistic full potential ‘linearized
augmented plane wave’ method were carried out us-
ing the WIEN2K code [14]. This is a very accurate
and efficient scheme to solve the Kohn-Sham equations
of density functional theory (DFT) in which exchange
and correlation effects are treated, for example, by the
GGA [17] which often leads to better energetic and
equilibrium structures than the local density approxi-
mation (LDA) [13].

The electron density is obtained by summing up
over all occupied Kohn-Sham orbitals and plays the
key role in the formalism. For GaN we adopt the val-
ues of 1.8 and 1.6 Bohr (1 Bohr = 0.529 A) for gallium
and nitrogen, respectively, as the muffin tin (MT) radii
of the tangent spheres. In the case of BN we use 1.32
and 1.45 Bohr for boron and nitrogen MTs, respec-
tively.

For the B,Ga;_,N solid solutions, we have chosen
the MT radii values of 1.7, 1.5 and 1.4 Bohr, respec-
tively, for gallium, nitrogen and boron. In the linear
APW (LAPW) method, the relevant convergence pa-
rameter iS RyTKmax, Which is defined by the prod-
uct of the smallest atomic sphere radius times the
largest reciprocal lattice vector of the PW basis. We use
RyvrKmax = 8 for GaN, BN and the ternary B,Ga;_,N
system.

The GaN and BN binaries crystallize in the zinc
blende-type structure, and the disordered solid solution
at 50 % is modelled by using a supercell with 32 atoms
in the primitive (P) structure. The k integration over the
Brillouin zone is performed using the Monkhorst and
Pack mesh [18]. A mesh of 10 and 8 special k points
was taken in the irreducible wedge of the Brillouin
zone for the binary and ternary systems, respectively.

The iteration process was repeated until the calcu-
lated total energy of the structure converged to less
than 1 mRyd.

Calculations and Results

The structural properties in the strain-free case are
obtained by a minimization of the total energy depend-
ing on the volume for GaN, BN and the B 5GagsN
solid solution in the zinc blende type (see Fig. 1). We
compute the lattice constants, bulk modulus and its
derivative by fitting the total energy vs. volume accord-
ing to Murnaghan’s equation of states [19] according

-54307.75 -
| —e—GaNwith LDA a) |

54307.804
-54307.85 °
-54307.90 \

-54307.95 | \

Total energy (eV)

-54308.00 [ )

-54308.05

19 20 21 22 23 24

V(AY)
-2152.78

° ®— BN with LDA

\ b_|
-2152.80 \

-2152.82 \
\
-2152.84 °

-2152.86 \ g

Total energy (eV)
//

-2152.88

-2152.90
10.5

T T
115 12.0

V(AY)

T
11.0 125

-112915.6

—eBGaN x=05with LDA ¢)]
e

\
\

-112915.7 4
-112915.8 \
\
\
-112915.9 4 L] /

-112916.0 \ /

-112916.1

Total Energy (eV)
/
0\\

-112916.2 —T

V(A%

Fig. 1. Total energy as a function of the volume for zinc
blende-type GaN a), BN b) and B 5Gag 5N solid solution c)
with LDA calculations.
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Table 1. Equilibrium lattice constants, bulk moduli and their
derivatives of zinc blende-type GaN, BN and B 5Gag sN.

Compo- This work Other Experi-
sition theoretical mental
GGA LDA  studies data
GaN a, A 4.55 4461 4.45;4.461* 4.49°
B,GPa 176 201 184; 2022 190°
B',GPa 3.30 5.51 3.9;4.32%
BN a, A 3.630 3.585 3.584-3.623¢ 3.6154
B,GPa 371 402 401.7-368°¢
B',GPa 3.70 3.57 3.661-3.32¢
BosGagsN  a, A 438 431
B,GPa 198 228
B',GPa 4.19 3.57
a Refs. [19,20]; Pref. [21]; ©refs. [20—22]; ¢ ref. [23].

Table 2. Zinc blende-type GaN and BN energies (in eV) at
high-symmetry points in LDA and GGA approximations. All
values refer to the top of the valence band.

High-symmetry GaN BN

points LDA GGA LDA GGA
LY —16.11 —15.71 —20.38 —20.11
sV 0.02 0.00 0.00 —0.02
rc 1.88 1.51 8.77 8.71
I;s¢ 10.23 10.04 10.81 10.11
XV —11.45 —11.51 —14.56 —14.61
X3V —6.39 —6.02 -9.07 —8.88
X5V -29 —2.62 —5.06 —4.88
x,€ 3.2 3.29 434 4.40
X3¢ 6.58 6.44 9.26 9.11
X3¢ 11.69 11.51 18.10 17.73
LY —11.95 —13.14 —16.04 —18.66
LY —7.37 —3.83 —10.96 —5.46
L3V —1.04 —0.51 —2.00 —1.14
L€ 4.68 - 10.50 9.47
L;C 10.29 10.50 10.68 13.39
L€ 8.71 8.58 15.27 -

In Table 1 we compare the calculated with the ex-
perimental data and with results obtained from pre-
vious calculations. The LDA generally overestimates
bulk moduli. The values obtained in our work are in
agreement with theoretical [20,21] and experimental
data [22-24]. Compared to the experiment [21,23],
the LDA overestimates the bulk modulus, whereas
GGA underestimates it. The LDA values are therefore
in significantly better agreement with the experiment,
and it appears that GGA does not bring about signifi-
cant improvement over LDA for GaN and BN.

To provide a basis for understanding future energy
gap device concepts and applications based on zinc
blende III-V nitride semiconductors, we have com-
puted the electronic band structure of a zinc blende
B,Ga;_,N solid solution at x = 0.5. The energies cal-
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Fig. 2. Electronic band structures of zinc blende-type GaN.
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Fig. 3. Electronic band structures of zinc blende-type BN.

culated using the FP-LAPW method for zinc blende-
type GaN and BN are listed in Table 2 for the high-
symmetry points I', X and L in the Brillouin zone.
All energies are with reference to the top of the va-
lence band I3sV. The band structures of GaN, BN
and B,Ga;_,N are shown in Figs. 2—4.

For ZB-GaN, the magnitude of the gap and the cor-
rect ordering of the valence band at I" can immediately
be noticed. From Fig. 3, in the energy range —15 to
—10 eV, the d bands (Ga-d) are seen to be strongly
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Table 3. Calculated LDA and
GGA band gaps, and valence
bandwidths, of GaN, BN and
By 5Gag 5N in the zinc blende
structure compared to results of
other theoretical calculations
and of experiments.

b ref. [31];
d ref. [35].

4 Refs. [27,28];
¢ refs. [22,34];

Composition This work Other theoretical Experimental
GGA LDA studies data

GaN E¢(LsY — Ii°) 1.51 1.9 1.9, 1.9 3.20

Ey(Iis" — Xi°) 33 32 3.2,3.2%

Total valence bandwidth 14.8 16.0 16.3, 15.7%
BN Eq (I — Ii°) 8.71 8.77 8.61, 8.79¢

Ey(Iis" — X;°) 440 435 4.19, 4.45° 6.0¢

Total valence bandwidth 14.31 20.3 20.6, 20.35¢ 22.04
Bo.5Gag sN Eq(Iis¥ — Ii°) 3.23 3.35

Ey(Iis" — X1°) 3.94 4.03

Total valence bandwidth 16.06 15.95
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Fig. 4. The band structure of zinc blende-type B sGag 5N.

hybridized with the bottom s-like valence bands of ni-
trogen (N-2s). Also the hybridization of the N p-like
states with those of Ga d reduces the energy gap com-
pared to BN (Fig. 2). The interaction between the N
p and occupied Ga d states result in a level repulsion,
moving the VBM upwards.

It is known that cation d- and anion p-coupling re-
duces the band gaps in nitride compounds [25-27].
The p-d coupling increases with small p-d energy dif-
ferences and large overlap between the p-d orbitals.

In ZB-GaN we obtain direct band gaps of 1.90 eV,
in agreement with other LDA results (see Table 3
for comparison). The band gap of GaN is underesti-
mated in the LDA, when compared to the experimental
data [30—-31] (Table 3), which are 40 % smaller than
the experimental values, and this is an intrinsic feature
of the DFT-LDA.

The Ga 3d bands in both crystal structures overlap
in energy with the N 2s band. The N 2s band is split
thereby into two bands. This is an additional shortcom-
ing of LDA calculations. This result is in disagreement
with the experiment and can be overcome by SIC cal-
culations [20].

It is widely accepted that the LDA electronic band
structures are qualitatively in good agreement with the
experiments in what is concerning the ordering of the
energy levels and the shape of the bands. In many
cases it is even possible to superimpose LDA elec-
tronic bands to the GW or the experimental ones sim-
ply with an upwards shift of the theoretical conduction
bands [28].

For cubic BN, previous calculations used plane-
wave-Gaussian (PWG) [31] or non-local empirical
pseudo-potential (EPM) methods [32]. A direct gap
at I" was reported with the conduction state at this point
being I;5°¢.

In a more recent work we used augmented spheri-
cal waves within LDA, and an indirect gap has been
reported in agreement with the experiments [33 —34].

Likewise, in this work we obtain an indirect gap
(IisV — X,€) of 4.35 eV and a direct gap (Ij5s" —
Ii5€) of 8.77 eV. The total valence bandwidth is
equal to 20.38 eV and compares well with experi-
ments [36]. The electronic band structure calculated
for c-BN at the equilibrium lattice constant is shown in
Fig. 3.

Zinc blende-type B,Ga;_,N alloys should, there-
fore, have an direct gap. The calculated energy gaps
of GaN Egr and BN Egr of 1.90 and 4.35 eV, respec-
tively, are in good agreement with the theoretical val-
ues [28 —35] as listed in Table 3.

In comparison, the LDA underestimates the energy
band gap. As yet, in the literature, there is a lack of data
on zinc blende-type By 5sGag sN with a complex super-
structure regarding the band structures. To our knowl-
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Fig. 5. (color online) Total valence charge densities in GaN
in the (110) plane calculated with LDA.

Fig. 6. (color online) Total valence charge densities in zinc
blende BN in the plane (110) calculated with LDA.

edge no theoretical studies have been carried out by
other authors for a direct comparison.

The calculated band gaps exhibit strong compo-
sition dependence. The strongest contribution to the
gap is probably due to a structural effect, i.e. the
composition-induced disorder in the bond lengths. The
fundamental gap for B,Ga;_,N ranges from 1.90 eV
(x =0) to 2.73 eV (x = 0.25) to 3.26 eV (x = 0.5)
t03.67eV (x=0.75)t0 4.35eV (x=1).

Total charge densities

To visualize the nature of the bond character and to
explain the charge transfer and the bonding properties
of GaN, BN and their solution at x = 0.5 (Bg 5Gag 5N),
the total valence charge densities were calculated.

Fig. 7. (color online) Total valence charge densities in zinc
blende-type By 5Gag 5N in the (110) plane calculated with
LDA.

This is shown in Figs. 5 —7 along the (110) direction
for each material.

The calculated electron charge distribution indicates
that there is a strong ionic character as can be seen
along the Ga—N and B-N bonds.

The areas around the nitrogen atoms are larger than
for the gallium atoms for both cases. The driving force
behind the displacement of the bonding charge is the
greater ability of N to attract electrons towards it due
to the difference in the electronegativity of Ga and N
and of B and N.

Because of the large mixing of the wave func-
tions for By 5Gag sN, this solution has a charge den-
sity whose characteristic is intermediate between those
of GaN and BN.

The ionicity factor

Three different approaches have been used to calcu-
late the ionicity factor for GaN and BN:

(i) the model of Zaoui et al. based on valence
charge density calculations [37],

(i1) the Pauling definition based on electronegativity
values of the elements [38] and the
(iii) Garcia-Cohen approach based on valence charge

density calculation [39].

The Zaoui ionicity factor is defined as follows [37]
(Eq. 2):

fi=[Sa/(Sa+ASc)* )
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Table 4. The calculated ionicity factor f; of GaN and BN.

Nitride fi (calculated) fi (ref. [38]) fi (ref. [39])
GaN 0.48 0.50 0.78
BN 0.38 0.25 0.48

where S, is the area of the anion charge density, Sc
the area of the cation charge density and A = —1 for
compounds IV-IV and III-V.

Using the Pauling definition [38] of the ionicity of
a single bond and the Philips electro-negativity values
for N and Ga, a rough estimation of the ionicity factor
is obtained by using the Pauling equation (Eq. 3).

fF=1—exp[(xa —x8)]*/4 3)

where x4 and yp are the electronegativities of atoms A
and B, respectively.

The scaling law by Garcia and Cohen was success-
ful in predicting the f; behavior for a wide variety of
semiconductors. However, these authors calculated the
charge densities using the total-energy pseudo poten-
tial method, and the deduced ionicity factors exhibited
a large discrepancy with the Phillips ionicity scale for
all the group-III nitrides. The Garcia-Cohen ionicity
factor is defined according to Eq. 4

fi = (Ss/Sa)'? (4)

where S and S, are the measures of the strength of the
symmetric and asymmetric components of the charge
density, respectively, and are defined as in Eq. 5 [39]:

Ss/a = (I/VO)/ pzs/adsdr (5)
Vo

The calculated ionicity values for GaN and BN are
given in Table 4. We notice that the value of fi
for a same compound is different following the used
method of calculation. The calculated values of 0.53

for GaN and 0.46 for BN are close to those given by
Philips [39], but are very different from those found by
Garcia and Cohen [40].

Conclusion

We have presented a study of the electronic band
structures of GaN, BN and B 5Gag 5N. The results of
the FP-LAPW calculations have been confirmed by a
comparison with experimental data and theoretical re-
sults. GaN and B( 5Gag 5N were found to have a di-
rect gap, while zinc blende-type BN is an indirect gap
semiconductor from our calculations. We found that
for GaN and BN these bandgaps are about 0.39 eV
(~ 20 %) and 0.06 eV (0.68 %) smaller for GGA than
for LDA. This, as mentioned earlier, can be primarily
attributed to the larger GGA lattice constant. We pro-
vide information about the electron charge densities,
which allows us to evaluate the charge transfer in the
two binary compounds.

The ionicity factors for GaN and BN zinc blende
structures were calculated with three approaches.

From the investigation of the valence charge den-
sity, it has been found that in the GaN and BN zinc
blende structure there is a strong ionic character along
the Ga—N and B-N bonds. The nitrogen ions are larger
than the gallium and boron ions.

We have concluded also that the explicit treatment
of Ga 3d electrons as valence states is essential to have
an accurate description of the electronic properties of
the title materials compared to other non-nitride III-V
compounds.

The calculated ionicity shows that GaN is largely an
ionic compound while BN is more covalent. In con-
clusion, we hope that this analysis has contributed to
clarify many physical aspects of these interesting ma-
terials.

[1] W.C. Johnson, J.B. Parsons, M.C. Crew, J. Phys.
Chem. 1982, 36, 2561.

[2] V. Serin, C. Colliex, R. Brydson, S. Matar, F. Boucher,
Phys. Rev. B, 1998, 58, 5106.

[3] S. Matar, V. Gonnet, G. Demazeau, J. Phys. I France,
1994, 4, 335.

[4] T. Lei, M. Fanciulli, R.J. Molnar, T.D. Moustakas,
R.J. Graham, J. Scanlon, Appl. Phys, Lett. 1991, 95,
944,

[5] M.J. Paisley, Z. Sitar, J. B. Posthill, R. F. Davis, J. Vac.
Sci. Technol. A 1989, 7,701.

[6] Z. Sitar, M.J. Paisley, J. Rnan, J. W. Choyke, R.F.
Davis, J. Mater. Sci. Lett. 1992, 11, 261.

[71 S. Bloom, G. Harbeke, E. Meier, I. B. Ortenburger,
Phys. Solid State B 1974, 6, 161.

[8] P.E. van Camp, V.E. van Doren, J. T. Devresse, Phys.
Rev. B 1991, 44, 9056.

[9] A. Munoz, K. Kune, Phys. Rev. B 1991, 44, 10372.



R. Riane et al. - Ab initio Calculations of Electronic Band Structure and Charge Densities

1237

[10]

[11]
[12]
[13]

[14]

[15]
[16]
(17]
(18]
[19]
[20]

(21]

(22]
(23]

[24]

V.N. Bessolov, Y.V. Zhilyaev, M. E. Kompan, E. V.
Ko-Nenkova, S.A. Kukushkin, M.V. Mesh, S.D.
Racvskil, A. 1. Fradkov, Pis’ma Zh.Tekh. Fiz. 2002, 28,
45; Tech Phys. Lett. 2002, 28, 994.

S.L. Richardson, M. L. Cohen, Phys. Rev. B 1987, 35,
1388.

B. Khelifa, L. Hamerlaine, A. Belaidi, H. Belarbi,
Phys. Lett. A 1990, 145, 455.

J.P. Perdew, S. Burke, M. Ernzerhof, Phys. Rev. Lett.
1996, 77, 3865.

P. Blaha, K. Schwarz, G. K. H. Madser, D. Kvasnicka,
J. Luitz, WIEN2K, An Augmented Plane Wave plus
Local Orbital Program for Calculating Crystal Proper-
ties, Vienna University of Technology, Vienna (Aus-
tria) 2001.

P. Hohenberg, W. Kohn, Phys. Rev. B 1964, 136, 864.
W. Kohn, L.J. Sham, Phys. Rev. A 1965, 140, 1133.
J.P. Perdew, Y. Wang, Phys. Rev. B 1992, 45, 13244.
H.J. Monkhorst, J. D. Pack, Phys. Rev. 1976, 13, 5188.
F.D. Murnaghan, Proc. Natl. Acad. Sci. USA 1944, 30,
244,

D. Vogel, P. Kruger, J. Pollmann, Phys. Rev. B 1997,
55, 12836.

A. Trampert, O. Brandt, K. H. Ploog in Semiconduc-
tors and Semimetals, Vol. 50, (Eds.: J. L. Pankove, T. D.
Moustakas), Academic Press, San Diego 1998, p. 167.
M. B. Kanoun, A.E. Merad, J. Cibert, H. Aourag.
Solid-State Electronics 2004, 48, 1601.

A. Zaoui, F. El Haj Hassan, J. Phys.: Condens. Matter
2001, /3, 253.

V.L. Solozhenho in Properties of Group IIl Nitrides,
(Ed.: J.H. Edgar), INSPEC Publications, London,
1994, p. 43.

[25]
[26]
[27]
(28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]
[37]
[38]

[39]
[40]

V. Fiorentini, M. Methfessel, M. Scheffler, Phys. Rev.
B 1993, 47, 13353.

S.H. Wei, A. Zunger, Appl. Phys. Lett. 1996, 69, 2719.
W. R.L. Lambrecht, B. Segall in Properties of Group
111 Nitrides, (Ed.: J. H. Edgar), INSPEC Publications,
London, 1994, p. 125.

A. Rubio, J.L. Corkill, M.L. Cohen, E.L. Shirley,
S.G. Louie, Phys. Rev. B 1993, 48, 11810.

B. Bouhafs, F. Litimein, Z. Dridi, P. Ruterana, Phys.
Solid States 2003, 1, 61.

T. Lei, M. Fanciulli, R.J. Molnar, T.D. Moustakas,
R.J. Graham, J. Scanlon, J. Appl. Phys. Lett. 1991, 95,
944.

H. C. Hwang, J. Henkel, Phys. Rev. B 1978, 17, 4100.
L. A. Hemstreet Jr., C.Y. Fong, Phys. Rev. B 1972, 6,
1464.

V. A. Formichev, M. A. Rumsh, J. Phys. Chem. Solids
1968, 29, 1015.

A. Onodora, M. Nakatani, M. Kobayashi, Y. Nisida,
O. Mishima, Phys. Rev. B 1993, 48, 2777.

V. A. Fomichev, M. A. Rumsh, J. Chem. Phys. 1968,
48, 555; V. A. Fomichev, M. A. Rumsh, J. Phys Chem.
Solids 1968, 29, 1015.

V. A. Fomichev, M. A. Rumsh, J. Chem. Phys. 1968,
48, 555.

A. Zaoui, M. Ferhat, B. Khelifa, J.P. Dufour,
H. Aourag, Phys. Stat. Sol. B 1994, 185, 163.

L. Pauling, The Nature of the Chemical Bond, Cornell
University Press, New York, 1960.

J. C. Philips, Rev. Mod. Phys. 1970, 42, 317.

A. Garcia, M. L. Cohen, Phys. Rev. B 1993, 47, 4215.



