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Structural and electronic properties of group-III nitrides
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~Received 25 September 1996!

We present first-principles calculations of structural and electronic properties of group-III nitrides in wurtzite
and zinc-blende structure. For a most accurate treatment of these wide-band-gap semiconductors within local
density approximation we employ our self-interaction- and relaxation-corrected pseudopotentials together with
Gaussian-orbital basis sets. The results for BN, AlN, GaN, and InN are in good agreement with a host of
experimental data yielding a consistent theoretical description of this class of technologically important semi-
conductor compounds.@S0163-1829~97!05119-9#
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Group-III nitrides are currently investigated very inte
sively worldwide. The large interest originates from the
promising potential for short-wavelength light-emitting d
odes, semiconductor lasers and optical detectors, as we
for high-temperature, high-power, and high-frequen
devices.1,2 The very basis for these important applications
the specific electronic properties of the nitrides. A quant
tive description of their bulk electronic structure would
extremely useful, therefore, and would constitute a most
liable starting point for bulk defect, alloy, surface, and inte
face investigations, at the same time.

Large theoretical efforts to properly describe structu
and electronic properties of this important class of mater
have been made and considerable progress has been ach
in recent years. Yet, a fully consistent picture is still lacki
~see, e.g., the compilation of pertinent results in Ref.!.
Among the theoretical studies,ab initio local density ap-
proximation ~LDA ! calculations employing all electron lin
ear muffin-tin orbital,3–6 orthogonalized linear combinatio
of atomic orbitals,7 full-potential Korringa-Kohn-Rostocker8

and pseudopotential9–12 ~PP! methods,GW quasiparticle
calculations,10–12and Hartree-Fock~HF! calculations13 have
been reported. Some of them treat the Ga and In semi
d electrons as inert core electrons while others explic
include them in the valence shell. The calculations cor
spondingly find cationics andp conduction bands, as well a
lower N 2s and mostly N 2p derived upper valence band
In addition, semicored bands are obtained for GaN and InN
The importance of thesed bands for binding properties an
their influence on the band gaps has been addresse
well.3,4,7 But there remain a number of open questions
lated to ~a! the calculated band-gap energies,~b! the ener-
getic position of the semicored bands,~c! the width and
energetic position of the N 2s bands, as well as their hybrid
ization with the semicored bands, and~d! the width of the N
2p bands.

In this paper, we report the results of recent applicatio
of new pseudopotentials14,15 to group-III nitrides that allow
one to largely overcome the problems identified abo
These pseudopotentials incorporate self-interacti
corrections~SIC!, as well as self-interaction and relaxatio
corrections~SIRC! in an approximate but very efficient way
The justification and construction of this type of pseudop
tential has been discussed in depth in Ref. 15 and they w
550163-1829/97/55~19!/12836~4!/$10.00
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shown to be extremely useful for a quantitative descript
of II-VI compounds, as examples.

Standard LDA calculations, in general, fail to correct
describe energy gaps and semicored bands originating from
highly localized states. These shortcomings, although w
known, remain a nuisance after all. In the case of group
nitrides the band-gap underestimates range from some
for BN up to more than 100% for InN. As a matter of fac
for InN even a ‘‘negative gap’’~i.e., the energy of theG1c
state is below that of theG15v state! of up to 20.4 eV is
obtained~cf. Ref. 8!, as opposed to the measured gap ene
of 1.9 eV. Obviously, bulk defect calculations for InN wou
strongly be hampered when standard LDA were to be e
ployed. HF calculations,13 on the contrary, yield much too
large gaps. For wurtzite GaN, e.g., a gap energy of 10.5
was reported in marked contrast to the experimental valu
3.5 eV. Only theGW quasiparticle calculations~cf. Ref. 11!
yield gap energies in reasonable agreement with experim
But they did not yield semicored bands sinced electrons
have not explicitly been included in the valence shell.
addition, the width of the N 2p bands and the dispersion o
the N 2s bands resulting from these calculations may not
appropriate sincep-d and s-d hybridization has not been
taken into account. Standard LDA calculations retaining
d electrons in the valence shell3–7,9certainly obtain semicore
d bands but these results are roughly 3 eV too high in
ergy, as compared to experiment. As a matter of fact,
calculatedd bands in GaN, e.g., were obtained as fully res
nant with the N 2s valence bands, in marked contrast
experiment. As a consequence, the calculated energetic
sition and dispersion of the N 2s bands are not correctly
described. Only the HF calculations13 yield the energetic or-
der of the semicored bands and the N 2s bands in accord
with experiment~Ga 3d,N 2s) but the calculated absolut
energy positions of the respective bands deviate from exp
ment by as much as 6 eV.

Our SIC and SIRC pseudopotential approach14,15 is able
to overcome these obstacles to a large extent, as is sh
below. Its usefulness derives from the fact that group-III
trides are strongly ionic wide-band-gap semiconductors v
much like the II-VI compounds. Their main characteristic
namely, the dominance of strongly localized orbitals a
their large ionicities, are precisely of the same nature as
obstacles that had hampered accurate band-structure ca
12 836 © 1997 The American Physical Society
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tions for II-VI compounds for a long time.
In our PP reference calculations, we employ for N, B, a

Al the nonlocal, norm-conserving pseudopotentials
Bachelet, Hamann, and Schlu¨ter16 and respective PP’s for G
and In that have been constructed according to the pres
tion of Hamann.17 These PP’s enter, as well, the constructi
of the necessary SIC- and SIRC-PP’s~see Refs. 14,15!. All
pseudopotentials are transformed into the separ
Kleinman-Bylander form18 and we use the Ceperley-Alder19

exchange-correlation potential as parametrized by Per
and Zunger.20 As basis sets we employ 80 Gaussian orbit
per unit cell for the zinc-blende~ZB! and 160 Gaussian or
bitals per unit cell for the wurtzite (W) compounds, respec
tively, with appropriately determined decay constants. Th

FIG. 1. LDA bulk band structure of ZB GaN as calculated usi
standard PP’s~left panel! and SIRC-PP’s~right panel!. The hori-
zontal dotted lines indicate the measured gap, as well as the w
of the measured N 2s and Ga 3d bands.

TABLE I. Calculated structural parametersa,c ~in Å! and the
internal parameteru of ZB andW configurations of group-III ni-
trides in comparison with experimental data~see Ref. 3!.

PP SIC–PP Exp.

BNZB a 3.57 3.68 3.62

AlN ZB a 4.29 4.36 4.37

AlN W a 3.05 3.10 3.11
c 4.89 4.97 4.98
u 0.382 0.381 0.385

GaNZB a 4.45 4.56 4.50

GaNW a 3.15 3.22 3.18
c 5.13 5.26 5.17
u 0.372 0.371 ; 0.375

InNZB a 4.97 5.05 4.98

InNW a 3.53 3.59 3.53
c 5.72 5.81 5.69
u 0.378 0.378 ; 0.375
d
f

ip-

le

w
s

e

basis sets yield well-converged results. For cubic GaN, e
our standard PP calculations with 80 Gaussian orbitals
unit cell yield virtually the same band-structure energies
obtained by Wright and Nelson9 using 9400 plane waves pe
unit cell. Brillouin-zone sums are carried out at six or t
specialk points for theW or ZB compounds, respectively.

The structural parameters obtained from our SIC-PP
culations are compiled in Table I. As ground-state proper
they are not subject to relaxation corrections~cf. Ref. 15!.
We observe that the lattice constants resulting from
SIC-PP calculations are some 2% larger than those resu
from our standard PP calculations and they agree with
periment roughly within 1% in most cases.

Let us now discuss the results of our electronic struct
calculations employing the SIRC pseudopotentials. To all
for a more meaningful comparison with experiment and w
theoretical literature data they have been carried out at
experimental lattice constants. We first address the bulk b
structure of ZB GaN. The left panel of Fig. 1 shows o
standard PP results, revealing very clearly the abo
mentioned shortcomings. The band gap is underestimate
about 50% and the Ga 3d bands result at213.6 eV fully
resonant with the N 2s valence band. As a consequence,
inappropriately strongs-d hybridization splits the N 2s band

hs

FIG. 2. Bulk density of states of ZB GaN as calculated us
standard PP’s~dashed line! and SIRC-PP’s~full line! in comparison
with ARPES data~Ref. 21!. The data have been taken with 44-e
and 72-eV photon energy, respectively.

FIG. 3. Comparison of measured~Refs. 21 and 23! upper va-
lence bands of ZB~left panel! andW ~right panel! GaN with our
SIRC-PP band structures.
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into two sections, one above and one below the Ga 3d bands,
and falsifies its dispersion accordingly. The SIRC-PP ba
structure in the right panel, on the contrary, yields thed
bands around216.7 eV, in much better agreement with e
periment. They now reside below the N 2s band so that the
s-d hybridization is correctly described and the dispersion
the N 2s band is no longer falsified. Concomitantly with th
downward shift of the Ga 3d bands, the mostly N 2p derived
upper valence bands are no longer pushed up in energy
unphysical way and the gap opens up drastically, now be
in good accord with the measured gap.

To make the improvements in the description of the
3d and N 2s bands by our SIRC-PP approach more tra
parent, we show in Fig. 2 a direct comparison of our calcu
lated densities of states~DOS! for cubic GaN with the angle-
resolved photoelectron spectroscopy~ARPES! spectra of
Ding et al.21 Our DOS has been Lorentzian broadened by
eV to ease the comparison with the spectra. The latter w
recorded in normal emission with photon energies of 44
72 eV, respectively, showing differences in the N 2s and
2p valence-band regions that are clear indications of ma
element effects. We observe an almost perfect agreeme
our SIRC-PP DOS with the 72-eV spectrum, let alone
fact that the experimental spectra are observed some 1.
lower in energy. This rigid shift could be related to problem

TABLE II. Measured energy gapsEg ,d-band positionsEd and
N 2p valence-band widthsWp ~in eV! of some group-III nitrides in
comparison withGW results ~Refs. 10 and 11! and our PP and
SIRC-PP results.

PP GW SIRC–PP Expt.

BNZB Eg 4.4 6.3 6.1 6.1a

W p 10.8 12.1 11.5

AlN ZB Eg 3.2 4.9 5.2
Wp 5.9 6.7 5.9

AlN W Eg 4.2 5.8 6.7 6.3b

Wp 6.1 6.9 6.0 6.0b

GaNZB Eg 1.6 3.1 3.8 3.3b

Wp 7.3 7.8 7.1
Ed 213.6 216.7 217.7c

GaNW Eg 1.7 3.5 4.0 3.5d

Wp 7.3 8.0 7.1 7.4e

Ed 213.6 216.7 217.1f

InNW Eg 20.4 1.6 1.9d

Wp 6.1 6.0
Ed 213.4 215.2 216.7g

aReference 26.
bReference 3.
cReference 21.
dReference 24.
eReference 23.
fReference 6.
gReference 25.
d
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involved in the experimental determination of the valenc
band maximum, as discussed in Ref. 21. The Ga 3d bands in
Fig. 2 clearly reside below the N 2s band and the latter ha
a width of about 4 eV. In the mostly N 2p derived upper
valence-band region we find close agreement of our D
with the 72-eV spectrum. The 44-eV spectrum shows a th
peak in this energy region, in addition, which is in very go
accord with the weak shoulder in our SIRC-PP DOS. A co
parison of our respective DOS, as calculated with stand
PP’s, shown by the dashed line in Fig. 2, clearly reveals
inappropriateness of that calculation. The PP DOS sho
two weak features above and below thed-band peak stem-
ming from the split N 2s band that are not observed in e
periment. In addition, the respectived-band peak grossly de
viates from experiment by about 3 eV. Note that the up
valence bands are described almost equally well in both
culations. ForW GaN we find very gratifying agreement o
our results with the data reported by Lambrechtet al.6 and
by Stagarescuet al.22 In that case the calculatedd-band peak
in the DOS agrees with the spectra within 0.4 eV.

To compare the mostly N 2p derived upper valence band
of GaN in some more detail with ARPES data, we show
Fig. 3 small sections of our SIRC-PP band structures of
~left panel! andW ~right panel! GaN in direct comparison
with the data.21,23 The general agreement is very good i
deed.

We have obtained similar improvements in calculat
electronic properties for all group-III nitrides considere
These occur, as well, for BN and AlN although no semico
d bands are involved. This is due to the fact that the s
interaction and relaxation corrections incorporated in o
new pseudopotentials sensitively depend on the localiza
of the involved atomic states so that they are significan
different for s,p, andd electrons, respectively. For the sak
of brevity, we only address a few important key quantitie
In Table II we have compiled respective PP and SIRC-
results in comparison withGW results10,11 and with experi-
mental data.3,6,21–26Our SIRC-PP calculations yield gross
improvedd-band energies, which are now in reasonable
cord with experiment. The remaining deviations are m
pronounced for ZB GaN andW InN. It should be noted in
this context that the samples used in the respec
experiments21,25were thin films epitaxially grown on lattice
mismatched GaAs~100! and ~110! or Si~100!, respectively.
Furthermore, we recognize in Table II that the SIRC-PP
yield considerably improved gap energies. Zinc-blende
and AlN result as indirect while zinc-blende and wurtz

TABLE III. Electron effective masses~in m0) of some group-III
nitrides, as calculated using standard PP’s and SIRC-PP’s in c
parison with measured values~Ref. 24!. For theW compounds we
give the arithmetic average of the masses.

PP SIRC-PP Expt.

GaNZB 0.15 0.27

GaNW 0.16 0.28 0.22–0.28

InNW 0.06 0.16 0.11
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GaN and InN result as direct semiconductors from our c
culations in full accord with experiment. For wurtzite AlN
we find an indirect gap with a value ofEg56.7 eV while the
direct gap at theG point has a value of 7.0 eV. The SIRC-P
results clearly describe InN as a wide-band-gap semicon
tor. In addition, the band gap ofWGaN is found to be 0.2 eV
larger than that of ZB GaN, in agreement with experimen

Finally, we have calculated electron effective masses f
few nitrides. Those resulting from our SIRC-PP’s are in b
ter agreement with experiment than those that we have
tained from our standard PP calculations~see Table III!.

In summary, we have presented lattice parameters,
band structures, densities of states, and effective mass
group-III nitrides as calculated using standard PP’s, S
a

l,
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PP’s, and SIRC-PP’s. The SIC- and SIRC-PP results ar
good agreement with available experimental data. We h
thus arrived at a most quantitative description of structu
and electronic bulk properties of group-III nitrides on th
basis of effective one-particle Hamiltonians. Since our a
proach is not more involved than any standard LDA calc
lation it can readily be applied to investigations of bulk d
fects, alloys, surfaces, or interfaces of group-III nitrides.

It is our pleasure to acknowledge Dr. K. Horn for makin
available to us the experimental ARPES data on cubic
hexagonal GaN. In addition, we acknowledge financial s
port of this work by the Deutsche Forschungsgemeinsc
~Bonn, Germany! under Contract No. Po 215/9-2.
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