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Quasiparticle band structure of AlN and GaN
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The ab initio pseudopotential method within the local-density approximation and the quasiparti-
cle approach have been used to investigate the electronic properties of AlN and GaN in the wurtzite
and zinc-blende structures. The quasiparticle band-structure energies are calculated using a model
dielectric matrix for the evaluation of the electron self-energy. For this calculation, good agreement
with the experimental results for the minimum band gaps in the wurtzite structure is obtained. In
the zinc-blende structure we predict that AlN will be an indirect (I' to X) wide band-gap semicon-
ductor (4.9 eV) and that GaN will have a direct gap of 3.1 eV at I' in good agreement with recent
absorption experiments on cubic GaN (3.2—3.3 eV). A discussion of the direct versus indirect gap
as well as other difFerences in electronic structure between the wurtzite and zinc-blende phases is
presented. Other properties of quasiparticle excitations are predicted in this work and remain to be
confirmed by experiment.

I. INTRODUCTION

The III-V nitrides have attracted extensive experi-
mental and theoretical interest because of the
large magnitude of the forbidden gap (Eg ) 3 eV),
considerable hardness, and high thermal conductivity.
Nitride semiconductors are potentially useful as high-
frequency, microwave, and short-wavelength (green, blue,
and ultraviolet) electroluminescent devices. The specific
role of nitrogen is in the formation of short bonds which
leads to smaller lattice constants (by 20%) than for
other III-V semiconductors. Because these compounds
have small atomic volumes, many of their physical prop-
erties will be similar to other wide gap semiconductors
such as diamond or BN. At ambient conditions both AlN
and GaN crystallize in the hexagonal wurtzite structure,
but the zinc-blende structure is only slightly higher in en-
ergy (in BN the ordering of energy is reversed). i2 Under
high pressure these nitride compounds undergo a struc-
tural phase transformation to the rocksalt structure (A1N
at 12.9 GPa and GaN at 47 GPa) that is favored by
their high ionicity. ' No transition to the zinc-blende
structure is observed.

Experimental data on the microscopic parameters and
electronic properties of AlN and GaN have been scarce
due to the difFiculties in growing high-quality single crys-
tals. Recently, however, high quality single crystals of
GaN in the wurtzite and zinc-blende structures have been
epitaxially grown on Si(001) by electron cyclotron res-
onance microwave-plasma-assisted molecular-beam epi-
taxy (MBE), using a two-step growth process, in which a
GaN bufFer is grown at relatively low temperatures and
the rest of the film is grown at higher temperatures.
Films of GaN grown on a single crystalline GaN bufI'er

have the zinc-blende structure, while those grown on a
polycrystalline or amorphous bufFer have the wurtzite

structure. Also the wurtzite structure is favored when
grown on sapphire and Si(111). These and other sub-
strates have been used in growing high quality films of
GaN, A1N, and layered A1N/GaN films by MBE (Ref. 2)
but most favor the wurtzite phase. Cubic GaN is interest-
ing partly because of its potential for a higher saturated
electron drift velocity and a somewhat lower band gap
than wurtzite GaN. '

Calculations using the local density approximation
(LDA) to the density functional theoryis are very reliable
for structural parameters (few percent error in the lattice
constants, bulk moduli, and pressure-induced phase tran-
sitions) but this method lacks justification when applied
to excitation energies in a crystal. ' However, the LDA
ground state calculations constitute a very good starting
point for quasiparticle self-energy calculations because of
the closeness of LDA and quasiparticle wave functions. "
It is possible to calculate accurately &om first principles
the quasiparticle energies and band gaps of semiconduc-
tor and insulators and metal bulk systems as well
as surfaces, interfaces, and superlattices by using the
so-called GR' approximation for calculating the electron
self-energy E. The GW approach has resulted in calcu-
lated band gaps with 0.1 eV accuracy when a random-
phase approximation dielectric matrix is used, or within
0.1—0.3 eV when an appropriate model dielectric matrix
is used. ' This is a suitable method to predict the elec-
tronic excitations in the system that can be compared
with experiments.

In this paper we study the band structure and quasi-
particle excitation energies of AlN and GaN semiconduc-
tors in both the wurtzite and zinc-blende structures, fo-
cusing on the difFerences in electronic structure between
these crystalline phases as well as between the behavior
of Al and Ga in these compounds. The LDA results and
those from quasiparticle GTV calculations are compared
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with the existing experimental data. The full theoretical
data are tabulated for reference. The paper is organized
as follows. Section II outlines the theoretical method and
some numerical details. In Sec. III we present the calcu-
lated LDA and GW band structures for the two nitrides
in both the wurtzite and zinc-blende structures. A surn-
mary is given in Sec. IV.

II. THEORY' AND TECHNICAL DETAILS

First, we employ the standard plane-wave pseudopo-
tential total-energy scheme in the LDA approximation
to describe the ground state. Ab initio semirelativistic
pseudopotentials ' are used. The Al and Ga ionic
pseudopotentials have been generated by the Hamann-
Schluter-Chiang method and the soft-pseudopotential
method of TrouHier and Martins has been used to de-
scribe nitrogen in order to minimize the plane-wave basis
set needed to describe this deeper potential. In the case
of Ga the shallow 3d-core electrons overlap significantly
with the valence charge density. To describe this effect
without explicitly including the d electrons as part of
the valence complex we have included partial core cor-
rections for exchange and correlation. The importance
of this core correction in the structural properties of gal-
lium compounds has been shown in Ref. 27. The LDA
wave functions were expanded up to a 40-Ry cutoff where
good convergence in electronic eigenvalues was achieved.

To study the quasiparticle excitation energies we need
to go beyond the I DA approximation. (The one-particle
eigenvalues in the LDA theory have no formal justifi-
cation as quasiparticle energies although, in practice,
these eigenvalues have been used to discuss the spec-
tra of solids. ) Within the context of the one-particle
Green's function approach we have a rigorous formula-
tion of the quasiparticle properties. In this framework
the wave function and eigenvalue of a quasiparticle in a
crystal are obtained by solving the Dyson equation

(T + V,„t+ V~)@„i,(r) + dr'Z(r, r'; E„~)@„k(r)

= E„&@„&(r),(I)

In this work, the Hybertsen-Louie scheme is used
to calculate the electron self-energy. For the calculation
of the Green's function G we make two approximations:
first, an infinite lifetime for the quasiparticle is assumed
and, second, the LDA eigenfunctions are taken as a good
description of the quasiparticle wave functions. ' The
screened Coulomb interaction in Eq. (2) is given by
W = e V with V the bare Coulomb interaction. Typi-
cally the static dielectric response Inatrix is obtained by
either a model or a linear-response perturbation calcula-
tion in the random-phase approximation. Here we use
a generalized form of the static Levine-Louie model di-
electric function. ' This model incorporates the correct
limiting cases of the long-range and short-range behavior
of the response function. The static dielectric matrix is
extended to finite frequencies by a generalized plasmon-
pole model using exact sum rules to fix the frequen-
cies and strengths of the poles in the inverse dynamical
dielectric matrix elements s~~, (w). This method has
been successfully applied to the study of electronic ex-
citations in a large number of semiconductors. '2 The
model requires only the dielectric constant c of the ma-
terial as input. In principle this can be evaluated from ab
initio calculations, but we use the experimental values
in this work.

There are two effects included in the GW approxima-
tion that are absent in the LDA calculations: the non-
locality of the screened interaction (including the local
field effects of the dielectric matrix) and the energy de-
pendence of the self-energy operator. The quasiparticle
energy can be described as the LDA energy eigenvalue
plus a many-body correction,

E„i,= s„i, + (nk
~
Z(E„k)—V„."

~
nk),

where V, is LDA exchange-correlation potential and
~
nk) is the LDA wave function at k of band n. In writ-

ing Eq. (3) we have assumed again that the quasiparticle
wave function is very close to its LDA counterpart.
The self-consistent quasiparticle spectrum from Eq. (1)
is required in the calculation of the Green's function. In
practice, it is suKcient if only the input quasiparticle
energies are obtained from the conduction and valence

Z(r, r';E) = du) e ' G(r, r', E —w) W(r, r', (u),

(2)

where G is the dressed Green's function, W is the dy-
namical screened Coulomb interaction, and b is a positive
infinitesimal. Vertex corrections are not included in this
approximation.

where T is the kinetic energy operator, V t is the exter-
nal potential due to the ions, VH is the Hartree potential
of the electrons, and E is the electron self-energy opera-
tor which contains the many-body effects of exchange and
correlation between electrons and in general is a nonlo-
cal, energy dependent, and non-Hermitian operator. In
the GW approximation Z becomes AlN

GaN

awz (+)
3.110

(3.129)
3.160

(3.126)'

cwz (+)
4.980

(4.988)'
5.125

(5.119)'

&wz

0.382
(0.382)'

0.377
(0.377)

azn (A)
4.35

4.50
(4.42)'

&oo

4.84

5.20

Experimental data from Ref. 30.
This work: theoretical ab initio total energy LDA calcula-

tion.
Experimental data from Ref. 1.
From refractive index in Ref. 30.
Theoretical data from Refs. 6 and 7.

TABLE I. Experimental lattice constants for the wurtzite
(WZ) and zinc-blende (ZB) structures, and static dielectric
constants used in the quasiparticle calculations. The theoret-
ical LDA lattice parameters are given in parentheses.
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bands by linearly fitting the LDA spectrum to the calcu-
lated GW spectrum from a previous iteration.

In the calculation of the many-body contribution to E
several numerical cutouts are involved. ' The dielectric
matrix is truncated at

~
q + G ~= 4 a.u. We have in-

cluded 10 (14) k points in the irreducible wedge of the
Brillouin zone and 100 (150) bands in the calculation of
the matrix elements of Z in summing over the immediate
scattering states for the zinc-blende (wurtzite) structure.
This gives quasiparticle energies converged to about 0.1

22

III. R.ESULTS

The ground-state LDA calculations have been per-
formed at both the theoretical and experimental lattice
constants for the wurtzite structure of AlN and GaN
and for the zinc-blende structure of GaN. Since no exper-
imental lattice constant for zinc-blende A1N is available,
the theoretical lattice constant alone is used throughout
this study. The LDA band structures presented below are
calculated at the theoretical lattice constant representing
the LDA ground state. The GW approach, however,
should in principle be applied to the system at the ex-
perimental lattice constant. Thus all the GTV results are
quoted for the experimental unit cell volume. As the cal-

10 —.

~ I

AIN

TABLE II. AlN eigenvalues in eV for the valence bands
and four conduction bands at high-symmetry points in the
LDA and GTV calculations for the wurtzite structure. All
values are in reference to the valence-band maximum. The
L, H, and A points shown are doubly degenerate.

pv
pv
pv
pv
pv
pv
pv
pv
pc
pc
pc

r;

LDA GlV
-15.2 -17.4
-13.0 -15.2
-6.1
-0.9
-0.9
-0.3
-0.3
0.0
3.9
6.2

10.5
10.6

-6.9
-1.1
-1.1
-0.2
-0.2
0.0
5.8
8.3

13.4
12.9

K3
K3
K]
K3
K3
K2
K3
K3
K2
K1

K3

LDA
-12.7
-12.7
-4.9
-3.9
-3.9
-2.5
-2.5
-2.5
4.8
8.1
9.4
9.4

GTV
-14.8 M,v
-14.8 M3

-4.5 M3
-4.5 M,v
-3.0 M2
-2.9 M"
-2.9 M4
6.7 M

10.7 M3
12.0 M3
12.0 M

LDA GW
-13.2 -15.4
-12.5 -14.6
-5.6
-4.3
-3.4
-2.2
-1.8
-0.7
5.5
5.6
7.8

10.0

-6.3
-4.9
-4.0
-2.6
-2.1
-0.9
7.4
7.6

10.1
12.9

Li3
L", 3

L24
Li,3

Li3

-12.9 -15.0
-5.7
-1.5
-1.4
5.0
8.9

-6.5
-1.8
-1.7
6.9

11.1

H,v3

H3

H3
H3

-12.6 -14.8
-5.0
-4.0
-0.8
7.2
7.5

-5.6
-4.6
-1.0
9.5
9.6

Ai, 3

A~3
A~6

A~3
A5, 6

-14.3 -16.5
-3.4
-0.6
-0.6
6.1

10.0

-3.9
-0.7
-0 ' 7
8.3

12.5

culated and experimental volumes for these compounds
difFer at most by a few percent, the LDA eigenvalues
are very close for the two and the distinction is siinply
one of technical rigor. Table I gives the values for lat-
tice constants and static dielectric constants used in the
calculations. Comparisons to previous LDA theoretical
lattice constants ' and experimental ones show good

Q

tg
Q)

ig ~ ~

I ~

~ ~ g I ~

l
~, ', I

~ ~

I ~
'~ S ~

TABLE III. GaN eigenvalues in eV for the valence bands
and four conduction bands at high-symmetry points in the
LDA and GTV calculations for the wurtzite structure. All
values are in reference to the valence-band maximum. The
L, H, and A points shown are doubly degenerate.

10—
I
~ ~ ~

0

(D

GaN

~
~

~ I

~ ~

~ ~ I

—10—

A R L UM Z I hA S HPK T I KT'MHS'L pv

r
r,"
pv

r,v
pv
pv
pv
pc
I'3
pc

r;

-16.3
-13.8
-7.4
-1.1
-1.1
0.0
0.0
0.0
2.3
4.6
9.5

10.1

-18.2
-15.7
-8.0
-1 ~ 2
-1.2
0.0
0.0
0.0
3.5
5.9

12.1
11.9

LDA GW
K3
K3
Kl
K3
K3
K3
K3
K2
K2

K3
K'

LDA
-13~ 2
-13.2
-5.6
-5.5
-5.5
-3.2
-3.2
-3.0
4.9
8.3
8.3
8.6

GTV
-15.2 M,v
-15.2 M,
-6.1 M"
-6.1 M,"
-6.1 Mi
-3.5 M2
-3.5 M3
-3.2 M4
66 M,

106 M,
106 M,
108 M,

-13.0
-6.8
-5.6
-4.4
-2.8
-2.4
-1.0
5.1
5.7
6.2
9.1

-15.0
-7.4
-6.1
-4.9
-3.1
-2.6
-1.1
6.5
7.4
8.1

11.5

LDA GTV
-13.9 -15.8

— (b)

A R L UM 2 I AA S HPK T I KT'MHS'L

FIG. 1. LDA band-structure calculation for the wurtzite
phase at the theoretical lattice constant for (a) A1N and (b)
GaN.

L2,4

Li3
Li3
Li3

-7.0
-2.0
-2.0
4.4
8.0

-7.6
-2.2
-2.2
6.0
9.9

-13.4 -15.4 Hq3
H3
Hq2
H"
H3
H~2

-6.4
-4.6
-1.5
6.6
7.4

-7.1
-4.9
-1.6
8.3
9.4

-13.1 -15.1 Ai3
Ai, 3

A56
A5, 6

A~3
A5, 6

-4.1
-0.5
-0.5
4.6
8.7

-4.6
-0.6
-0.6
6.1

10.8

-15.4 -17.2
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agreement. Similar agreement will be expected for the
zinc-blende phase of AlN.

The LDA band structures for AlN and GaN in the
wurtzite phase are given in Figs. 1(a) and 1(b), respec-
tively. These results agree well with previous theoretical
calculations which use the full-potential linear-mufIin-tin
orbital (FLMTO) method and include the gallium d-core
electrons as part of the valence electrons. This shows
that by including the partial core corrections, we get a
fairly good description of the effect of the d-core elec-
trons on the valence complex within the context of den-
sity functional theory. Compared to other plane-wave
calculations which were done at a lower cutofF energy, we

rv

r15r"„
ri5
rc
res
r;,
ri5

LDA
-15.1

0.0
0.0
0.0
4.2

12.3
12.3
12.3

GW
-17.0

0.0
0.0
0.0
6.0

14.6
14.6
14.6

LDA GW
-12.9 -14.9 X,"

L~ -6.0 -6.7 X3
L," -o.5 -o.6 X,"

-0.5 -0.6 X5
L; 7.3 9.3 X,
L~ 100 126 X~
L3 11.0 13.2 Xa
L', 11.o

LDA GW
-12.3
-5.0
-1.8
-1.8
3.2
8.4

14.1
15.7

-14.3
-5.6
-2.1
-2.1
4.9

10.5
17.3
18.7

TABLE IV. AlN eigenvalues in eV at high-symmetry
points in the LDA and GW calculations for the zinc-blende
structure. All values are in reference to the valence-band max-
imum. The GW calculation here is done at the theoretical
lattice constant.

10—

0-
A1N

~ ~ I

—10—
~ ~ ~ ~

10—
I ~

~ ~
~ ~

0:.
GaN

~ l

r a x w L w r z KWU

systematically obtain larger gaps [the largest difFerences
are 0.9 eV at the I' point in AlN (Ref. 6) and 0.6 eV
at I' in GaN (Ref. 7)j. The larger cutofF used here is
needed to obtain converged eigenfunctions and eigenval-
ues to be used as input for the quasiparticle calculations.
No significant change is seen in our work by increasing
the cutofF further to 80 Ry. The order of the levels at the
top of the valence band, I 6 and I'~, is inverted in A1N
with respect to GaN. The difference between these levels
is 0.2 eV in A1N and 0.02 eV in GaN. Due to the hexago-
nal symmetry of these compounds, the top of the valence
band is split into two levels, in contrast to the zinc-blende
compounds where the top of the valence band is triply
degenerate.

The eigenvalues &om the LDA and GTV calculations
for AlN and GaN in the wurtzite structure are listed in
Tables II and III for six high symmetry points of the
Brillouin zone. All energies are in reference to the top
of the valence band (I'z), and their symmetries are in-
dicated following Ref. 32. The GW excitation energies
do not significantly alter the main physical effects given
by the LDA calculation, but the magnitude of the gaps
and the valence and conduction bandwidths are both in-
creased by 1—2 eV. As in the case of diaxnond and
other wide gap semiconductors like BN, the strong lo-
cal field efFect produces a k-directional dependence on
the many-body correction to the LDA eigenvalues for
AlN and GaN. That is, in the wurtzite structure the GR
band gap is larger than the LDA band gap at the exper-
imental lattice constant by 1.8 (1.4) eV at I', while the

—10—

~ ~ ~

I ~ ~~ ~

TABLE V. GaN eigenvalues in eV at high-symmetry points
in the LDA and GW calculations for the zinc-blende struc-
ture. All values are in reference to the valence-band maxi-
mum.

— (b).
0

~ ~ ~ ~ ~

I' 6 X w L A I Z K w U

FIG. 2. LDA band structure calculation for the zinc-blende
phase at the theoretical lattice constant for (a) A1N and (b)
GaN.

rv
r;,
ri5r"„
rc
ri5
r15
ri5

LDA
-16.3

0.0
0.0
0.0
2.1

10.6
10.6
10.6

GW
-17.8

0.0
0.0
0.0
3.1

12.2
12.2
12.2

LDA GW
Lx -13 8 -15 5 X
Li -7.4 -7.8 X3
L3 -1 0 -1 1 X5
L3 -10 -11 X5
Li 50 62 Xg
L~ 9.1 11.2 Xg
L3 106 123 X3
L3 10.6 12.3 X5

-6.5
-2.8
-2.8
3.2
6.9

12 ~ 2
14.6

-6.9
-3.0
-3.0
4.7
8.4

14.5
16.7

LDA GW
-13.0 -14.8
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gap at II is larger by 2.3 (1.8) eV for AlN (GaN).
In Figs. 2(a) and 2(b) the I DA band structures for

AlN and GaN in the zinc-blende phase are given. As
in the wurtzite band structures, the overall features of
these bands agree well with previous calculations using
localized basis functions. ' Again for cubic GaN a larger
band gap is found when compared to other plane-wave
calculations (an increase of 0.6 eV at I'). In Tables IV
and V the results of the LDA and GW calculations are
listed for the zinc-blende structure. The main difference
between the two materials is that A1N is an indirect semi-
conductor (F to X) similar to BN, 2s while GaN is direct
at I'. This effect is also observed in the widely used III-
V semiconductors AlAs and GaAs where the aluminum
compound is indirect while the gallium compound is di-
rect. In the zinc-blende structure the GR' many-body
correction has a k-directional dependence shown in an
increase of the gap in A1N (GaN) by 1.8 (1.4) eV at I'
and by 2.0 (1.6) eV at L, similar to the k-directional
dependence found in BN. As for the wurtzite struc-
ture, the main physical effects on the quasiparticle levels
are included in the LDA counterpart. It is important
to note that the assumption of infinite lifetimes for the
quasiparticles within the GTV framework generally leads
to a less reliable description of the higher-energy exci-
tations since it is invalid for excitation energies much
greater than the gap. At present, we treat core-valence
exchange and correlation at an LDA level only, and we
neglect core relaxation effects which could be important
for materials with shallow cores. Whereas we plan to
investigate these effects further in future work, we antici-
pate that the results in this work will not be significantly
changed (note that our pseudopotential band calculation
agrees well with FLMTO calculation including the core
electrons in the valence complex).

Comparing AlN and GaN in both wurtzite and zinc-
blende structures, we observe that, even though the lat-
tice mismatch is small, the electronic properties are quite
different. Namely, GaN has generally smaller band gaps
than AlN in both wurtzite and zinc-blende structures
and in the zinc-blende phase AlN is an indirect band gap
semiconductor whereas GaN is direct. Changes in the rel-
ative positions of the conduction band levels with respect
to the top of the valence band are large for conduction
band levels having some s character on the cation (as in

the case of the I' point). The difference in the Al and Ga
pseudopotentials can be used to explain these changes.

To understand these materials better, we have ana-
lyzed the difFerences in the band structure of the wurtzite
and zinc-blende phases. Using the projection of the sym-
metry points and lines zone of the zinc-blende structure
onto the hexagonal zone given in Ref. 32, we can com-
pare the two band structures. In Tables VI and VII this
comparison is made for AIN and GaN. Due to the sim-
ilarities in the atomic arrangement in the zinc-blende
and wurtzite structures (both have tetrahedral bonds,
contain six-membered rings of bonds, and only differ in
the second-nearest neighbors), their electronic properties,
in particular the width of the valence and conduction
complexes as well as the energy gaps at high symmetry
points, are quite similar (see also Figs. 1 and 2).

An important difference is that AlN changes from a di-
rect gap semiconductor to indirect in going &om wurtzite
to zinc-blende. This difference comes from a change in
the relative position of the X& point. To understand this
behavior we can look at the symmetry and the angu-
lar decomposition of the Xi point in the two structures.
In the zinc-blende this state has mainly s character at
the anion and p character at the cation and the only
state with the same symmetry is the Xj" which is far
away in energy. The corresponding point in the wurtzite
structure has a lower symmetry and thus can interact
with several closer lying states that will tend to push
this level upwards. In addition, the state now has less s
character on the anion and more on the cation. Because
the nitrogen has a more attractive atomic potential than
the corresponding cation and the larger the s character
on the anion the lower the energy of the level, we can
expect that the transfer of s character will also shift the
level upwards. These two effects together can qualita-
tively be used to explain why this level is at a higher
energy in the wurtzite structure than in the zinc-blende
for both AlN and GaN. Because the character at the top
of the valence band and bottom of the conduction band
(I point) is nearly the same in both structures we can
use the previous argument to explain why the gap at
I' doesn't change as much. The fact that the type of
gap differs in wurtzite and zinc-blende for AlN and not
for GaN is connected to the inherent size of the gap at
I' and is due to the differences in the nonlocal angular

TABLE VI. AlN gaps and bandwidths from LDA and GW methods for the wurtzite and
zinc-blende structures. The experimental gap for wurtzite is given for comparison.

z, (r", -+ r;)r" ~-x -'
1 1

Antisymmetric gap
Upper-valence
bandwidth
Total-valence
bandwidth

LDA
3.9
4.7
6.3

6.1

15.2

Wurtzite
GW

5.8
6.4
7.7

17.4

Expt.
6.2 r~5 m r~

Eg(I'"„mXf)

6.0 6.7

15.1 17.0

Zinc-blende
LDA GTV

4.2 6.0
3.2 4.9
6.3 7.6

Optical absorption from Ref. 30.
Here, 2C refers to the point in the wurtzite Brillouin zone equivalent to the X point in the zinc-

blende zone (Ref. 32).
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TABLE VII. GaN gaps and bandwidths from LDA and GW methods for the wurtzite and
zinc-blende structures. Experimental band gaps are given for comparison.

E,(r," ~ r;)
p& ~ ccXc)) d

6 1
Antisymmetric gap
Upper-valence
bandwidth
Total-valence
bandwidth

LDA
2.3
4.1
5.4

7.4

16.3

Wurtzite
GW

3.5
5.6
7.0

8.0

18.2

Expt.
3.5 E,(r"„~ r", )

I'~5 m X~

LDA
2.1
3.2
5.6

7.4

16.3

Expt.
32b33c

7.8

17.8

Zinc-blende
GW

3.1
4.7
7.0

Photoluminescence from Ref. 30.
Optical absorption from Ref. 1.

'Photoluminescence and cathodoluminescence from Ref. 2.
Here, X refers to the point in the wurtzite Brillouin zone equivalent to the X point in the zinc-

blende zone (Ref. 32).

components of the Al and Ga pseudopotentials.
As shown in Tables VI and VII the value of the an-

tisymmetric gap is larger in AlN than in GaN for both
structures. Since this gap is related to the ionicity of the
semiconductor, we obtain that AlN is a slightly more
ionic material than GaN in agreement with the ionicity
scale of Ref. 14. The fact that AlN has a lower pressure
phase transition to the rocksalt structure in spite of its
slightly higher ionicity is most likely related to the effect
of the Ga d-core electrons on the structural properties.
From the wurtzite and zinc-blende LDA band structures
we can estimate the average conduction-valence gap, Eg,
to be 7.8 eV for AlN and 7.1 eV for GaN.

There are several main efFects of the many-body GTV
quasiparticle corrections to the Kohn-Sham eigenvalue
band structure. First the minimum band gap is increased
by nearly 40% leading to good agreement with the avail-
able experimental data. The total valence bandwidth
is increased by 2 eV and the "upper" valence band-
width (bands 3—8) by 0.7 eV. Roughly speaking, the
LDA conduction band is rigidly shifted upwards and then
broadened by 20%. This will change the average gap
E~ to 11.2 eV for AlN and 10.1 eV for GaN. If we put
the experimental dielectric constant into the Phillips
dielectric model of the chemical bond, s = I+ (Ruz/E~)
where cuz is the theoretical bulk plasma frequency, we ob-
tain Eg=11.6 eV for AlN and 10.8 eV for GaN in good
agreement with our quasiparticle estimation and with the
empirical values of Phillips of 11 eV for AlN and 10.8 eV
for GaN

Due to the lack of experimental data for the zinc-
blende structure of AlN we have performed the calcu-
lation of the GW quasiparticle energies at the calculated
LDA lattice constant. We find that cubic AlN will be a
wide gap indirect (I' to X) semiconductor with a mini-
mum band gap of 4.9 eV. The use of the theoretical lat-
tice constant instead of the experimental one could lead
to an error of 0.3 eV (Ref. 36) in the predicted gap for
cubic AlN. We predict that cubic GaN has a direct gap
of 3.1 eV at I'.

IV. CONCLUSIONS

An accurate description of the band structure and ex-
citation energies of the wide gap nitrides, AlN and GaN,
has been obtained by calculating the self-energy operator
within the GR' approximation. Good agreement with
available experimental data has been found. We have
studied the difference in electronic properties between
these compounds in both the wurtzite and zinc-blende
structure. AlN and GaN in the zinc-blende structure are
found to have wide energy gaps comparable to the cor-
responding wurtzite gaps. However, in the zinc-blende
structure, AlN is predicted to be indirect with a gap of
about 4.9 eV, while cubic GaN is found to be direct with
a gap of about 3.1 eV. We have given a qualitative ex-
planation for these changes based on the symmetry and
angular character of the different conduction-band states
(at I' and X'). Furthermore, since there are no available
experimental excitation energies other than the minimum
band gap, the theoretical results contained in Tables II—
VII are presently the best available estimates known to
us for the electronic excitations of these wide gap nitride
semiconductors.
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