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Band-structure pseudopotential calculation of zinc-blende and wurtzite AlN, GaN, and InN
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The electronic properties of the zinc-blende and wurtzite group-III nitride compound semiconductors AlN,
GaN, and InN are studied within the empirical pseudopotential approach. Using ionic model potentials and the
static dielectric screening function derived by Levine and Louie@Z.H. Levine and St.G. Louie, Phys. Rev. B
25, 6310 ~1982!#, the cationic and anionic model potential parameters were obtained from zinc-blende AlN,
GaN, and InN experimental data. Exploiting the concept of transferable model potentials, we calculated the
band structure of group-III nitrides in zinc-blende and wurtzite phase using thesameionic model potential
parameters. Within this step we had to include the anisotropy of wurtzite crystals into the screening function.
From the empirical fits for the effective masses at theG point, also a complete set of Luttinger and Luttinger-
like k•p parameters has been extracted for zinc-blende and wurtzite nitrides, respectively.

DOI: 10.1103/PhysRevB.67.235205 PACS number~s!: 71.15.Ap, 71.15.Dx, 71.20.Nr
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I. INTRODUCTION

The great interest in the group-III nitride material syste
can be attributed to the promising electrical and optical pr
erties of the binary compounds AlN, GaN, InN, and th
alloys. These binary compounds usually crystallize in
wurtzite structure (a-nitrides!. While the low-temperature
direct band-gap energies ofa-AlN ~6.3 eV! ~Refs. 1,2! and
a-GaN ~3.5 eV! ~Refs. 3–5! are well known, various band
gaps for lower-qualitya-InN are projected in the broad en
ergy range from 1.9 eV to 2.1 eV.6–8 Measurements on
single-crystallinea-InN samples recently obtained with a
improved crystal-growth technique9 yield a smaller funda-
mental band gap in the energy range from 0.7 eV to
eV.10–12

While the hexagonal wurtzite structure is the thermod
namically more stable modification, group-III nitrides ca
also be grown in the metastable cubic zinc-blende struc
(b-nitrides!, which possesses technological advantages s
as easier doping, cleaving~for laser facets!, and contacting.

With the band gaps of binary and ternary group-III n
trides spanning the whole visible region of the electrom
netic spectrum and the contiguous part of the ultravio
~UV!, one can think of optoelectronic devices working in t
entire region from 200 nm to 1200 nm. Here the main foc
is the short-wavelength laser diode for application in opti
data storage systems and high-efficient light-emitting dio
working in the blue spectral region as the third primary co
in semiconductor-based full color displays. Results of th
researches are already to be seen in the availability of c
mercial blue laser diodes13 and the realization of lasers work
ing in the blue-violet spectral region for both pulsed13,14 and
continuous-wave15 operations.

A number of theoretical and experimental studies of
trides have been reported. In an early review Strite a
Morkoç16 discuss crystal-growth techniques as well as str
tural, optical, and electrical properties of AlN, GaN, InN, a
their alloys. The technological importance of the group-
nitride material system for short-wavelength light-emitti
devices was reviewed by Orton and Foxon.17 A more recent
0163-1829/2003/67~23!/235205~13!/$20.00 67 2352
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review containing growth, characterization, and related pr
erties was given by Jainet al.,18 whereas a recent compila
tion given by Vurgaftmanet al.19 focuses on band paramete
of III-V zinc-blende and wurtzite compound semiconducto
thereby including the nitrides as well.

Band-structure calculations ranging from phenomenolo
cal methods such as thek•p theory to atomisticab initio
methods, such as the self-consistent full-potential linear a
mented plane-wave method~FPLAPW! within local-density
approximation~LDA !, first-principles total-energy calcula
tions, linear combination of atomic orbitals~LCAO! and
pseudopotential methods, or more empirical methods suc
the empirical pseudopotential method~EPM! have been per-
formed. Being exactly in the description of the complete d
persion of the valence bands, first-principles methods h
some well-known disadvantages.20,21 On the other hand, the
EPM yields the complete band dispersion of valence a
conduction bands and reliably provides necessary ba
structure parameters such as effective masses or equiv
k•p parameters of the zinc-blende and wurtzite phase
trides for device modeling.

At present a majority of published works dealing wi
theoretically determined technologically important para
eters of the nitride systems are based on the EPM~see Sec.
II !.

The aim of the present paper is to report about our
tailed theoretical study of the electronic band structure
both zinc-blende and wurtzite group-III nitrides by means
the EPM approach. We make use of continuous ionic mo
potentials, which are screened by the model dielectric fu
tion «(q) derived for semiconductors by Levine and Louie22

We want to emphasize that this approach allows a continu
description in reciprocal space, the explicit inclusion of bo
charges, and the exploitation of the ionic model poten
transferability to other crystal structures, namely, the wur
ite crystal. Being capable of obtaining complete band disp
sions, EPM supported by the concept of transferable mo
potentials is presently used to describe the electronic st
ture of alloys, superlattices, and other complex systems,
quantum dots.23 It should be noted that the transferability o
©2003 The American Physical Society05-1
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pseudopotential form factors, i.e., in the end of atomic mo
potentials, has been successfully demonstrated by B
stresser and Cohen24 for the more ionic ZnS. Also the mos
important conditions to be met by pseudopotentials, i.e.,
transferability of the model potential and a continuous
scription in reciprocal space,23 are formulated with regard to
atomic model potentials without saying that the screenin
different in various environments.

In this work we demonstrate the transferability of contin
ous, ionic model potentials taking into account the vario
environments by the dielectric screening function from L
vine and Louie.22 Furthermore, we will show by way of an
example for wurtzite phase nitrides that crystal-spec
anisotropies can be taken into account via the scree
function «(q). Within this method we calculated a set
effective masses or Luttinger and Luttinger-likek•p param-
eters for zinc-blende nitrides and wurtzite nitrides, resp
tively. We find an overall agreement with other publish
results and show once more that the stated disadvantag
the initial EPM calculations of giving poor effectiv
masses23 does not apply to the model potential paramet
used in the present work.

This paper is organized as follows. In Sec. II the conc
of transferable model potentials is exploited for two differe
crystal structures, namely, for the zinc-blende and wurt
modification and the results of EPM electronic ban
structure calculations are given at high-symmetry points
Sec. III we review the use ofk•p theory and extract the
k•p parameters from the calculated band structures. A s
marizing conclusion will end this paper.

II. EPM CALCULATIONS

Numerous results of band-structure calculations on z
blende and wurtzite phase group-III nitrides can be found
the literature. There are self-consistent FPLAPW calculati
on b-nitrides,25 a-AlN,21 and a-GaN,21,26 LCAO calcula-
tions ona-AlN and a-GaN27 as well as full-potential linear
muffin-tin orbital ~LMTO! calculations on thea- and
b-phases of AlN and GaN.28 The majority of published
works dealing with technologically important parameters
the nitride systems are based on the EPM. For exam
pseudopotential calculations based on different model po
tials can be found for a-AlN,29–32 a-GaN,29–34

a-InN,30–32,34 b-AlN,20,29,35 b-GaN,20,29,33,35,36 and for
b-InN.36

The present work will provide the EPM electronic ban
structure as well as corresponding sets ofk•p parameters for
AlN, GaN, and InN, in both crystal modifications. To th
best of our knowledge there exist no other EPM investi
tions of group-III nitrides AlN, GaN, and InN where the A
Ga, In, and N model potentials are thesamefor both zinc-
blende and wurtzite crystals. The employed EPM approxim
tions will be briefly discussed in Sec. II A. In Secs. II B an
II C we report on the crystal-specific implementations of t
EPM and the results of our band-structure calculations
b-nitrides anda-nitrides, respectively.
23520
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A. Empirical pseudopotential method

The starting point for any pseudopotential calculation
the pseudo-wave-equation

F2
\2

2m0
D1Vpseudo~r !Gcn~k,r !5En~k!cn~k,r !, ~1!

which follows from simplifying the many-particle Schro¨-
dinger equation.Vpseudo(r ) is the pseudopotential that pos
sesses the crystal symmetry and fulfillsVpseudo(r )
5Vpseudo(r1R), whereR is a lattice vector.

The intuitive ansatz forVpseudo(r ) involves a sum over
spherically symmetric atomic model potentials:

Vpseudo~r !5(
rn

Van~r2r n!, ~2!

where a represents different types of atoms located at
atomic sitesr n . The valence electrons are assumed to mo
nearly free in the weak one-electron potential. Therefore,
pseudo-wave-function can be expanded in terms of a lin
combination of plane waves@PW(k,r )#:

c~k,r !5(
i

ci~k!PW~k1G,r !, ~3!

which satisfy Bloch’s theorem. HereG denotes a reciproca
lattice vector. The energy-band dispersionEn(k), and the
expansion coefficientsci(k) in Eq. ~3! are obtained from the
relevant secular equation:

I S \2

2m0
uk1Gu22ED dG,G81(

rn

e2 i (G2G8)rnVan~G2G8!I
50. ~4!

The Fourier transform of the atomic model potentialVan(G
2G8) in Eq. ~4! only contains information on the constitu
tive atoms and is known as the pseudopotential form fac
The terme2 i (G2G8)rn describes the structural arrangement
the atoms in the crystal and is known as the structure fac
which can be found for different crystal structures, e.g.,
Ref. 37.

B. Electronic properties of b-nitrides

Usually for the explicit form of the atomic model poten
tial adjustable parameters are used, either in anab initio or
atomic model potential approach.

In this work we make use of ionic empty-core potentia
for the local ionic cation (i 5c) and the local ionic anion
( i 5a), which are given in atomic units (\25e2/252m0
51) by

Vionic~r !5H 0 for r ,r i

2
2zi

r
for r .r i ,

~5!

where the adjustable parameterszi and r i correspond to an
effective charge and an effective core radius, respectiv
We obtain the expression for the atomic pseudopoten
5-2
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BAND-STRUCTURE PSEUDOPOTENTIAL CALCULATION . . . PHYSICAL REVIEW B67, 235205 ~2003!
V(q), where q5uG2G8u, by screening the Fourier trans
form of the ionic model potential:

V~q!5
Vionic~q!

«~q!
, ~6!

where«(q) is the static limit of the model dielectric func
tion, which has been derived for semiconductors by Lev
and Louie22 as follows:

TABLE I. Experimental values ofb-nitrides used in the fitting
procedure.

AlN GaN InN

a(nm) 0.438a 0.452b 0.498c

«0 9.56d 9.55e 12.45f

Egap (eV) 5.34g~X! 3.302h(G) 2.11i(G)
D0 (meV) 19j 17h 6j

aExperimental value from Ref. 39.
bExperimental value from Ref. 42.
cExperimental value from Ref. 45.
dAveraged from the values«0

'59.0 and«0
i 510.7 for a-AlN from

Ref. 40.
eAveraged from the values«0

'59.28 and«0
i 510.1 fora-GaN from

Ref. 43.
fAveraged from the values«0

'59.82 and«0
i 517.71 fora-InN from

Ref. 46.
gExperimental value from Ref. 41.
hExperimental value from Ref. 44.
iExperimental value from Ref. 8.
jRecommended value from Ref. 19.
23520
e

«~q!511
1

L2q2 H 1

2
2

l

4z F tan21S y1

l D1tan21S y2

l D G
1S l2

16z3
1

1

4z
2

z

16D lnS l21y1
2

l21y2
2 D J , ~7!

with z5q/kF andy65z(26z). kF is the Fermi wave vector
and L25p/4kF denotes the square of the Thomas-Fer
screening length in atomic units. The parameter

l5
2

A3L2kF
2~«021!

~8!

fulfills the boundary condition«(q50)5«0.
In order to obtain the adjustable parameterszi and r i of

the ionic model potentials for the Al, Ga, and In cations a
the N anion, we limited the expansion ofcn(k,r ) in plane
waves to reciprocal wave vectors withuGu,A20(2p/a),
wherea is the lattice constant of the zinc-blende lattice. T
cationic model potential parameters for Al, Ga, and In we
already known from an earlier work38 on arsenides and phos
phides and served as start parameters in a Levenb

TABLE II. Fitting parameters of the ionic model potential a
defined in Eq.~5!. The small variation in theN-potential parameters
r a andza is attributed to the approximatedb-nitride «0-values and
the fixed bond charge position midway between the atoms.

AlN GaN InN

r c 1.3143 1.0242 1.1009
r a 0.6569 0.6729 0.6698
zc 3.5198 3.5582 3.8674
za 6.0253 6.0015 5.9945
r to
n-orbit

3

TABLE III. Zinc-blende AlN, GaN, and InN energies at high-symmetry points in eV. All values refe
the top of the valence band. The labeling of the energy-bands is given for calculations where spi
effects are neglected~included!.

AlN GaN InN

Ref. This work a This work a b This work b

G15
c (G7

c) 12.579 13.406 10.098 10.300 10.248 9.722 10.19
G1

c (G6
c) 5.840 5.936 3.308 3.383 3.213 2.112 1.939

G15
v (G8

v) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
X3

c (X7
c) 8.794 10.661 6.010 6.805 6.265 6.416 7.392

X1
c (X6

c) 5.346 5.102 4.428 4.571 4.585 5.187 2.509
X5

v (X7
v) 22.315 22.337 22.459 22.693 22.086 21.555 21.408

X3
v (X6

v) 25.388 5.262 26.294 26.149 25.923 24.303 24.400
L3

c (L4,5
c ) 12.202 12.014 10.416 9.916 10.606 10.168 8.060

L1
c (L6

c) 8.264 9.423 5.149 5.636 5.510 4.733 5.818
L3

v (L4,5
v ) 20.718 20.728 20.834 20.931 20.772 20.480 20.456

L2
v (L6

v) 26.251 26.179 26.812 26.743 26.644 24.667 25.200

aEmpirical pseudopotential calculation from Ref. 20.
bEmpirical pseudopotential calculation from Ref. 36.
5-3
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Marquardt fitting procedure where the cationic and anio
potential parameters were varied in order to obtain clos
agreement between the calculated band-structures and
perimental low-temperature transition energies of AlN, Ga
and InN. The experimental values used in the fitting pro
dure (a,«0 ,Egap,D0) and in the band-structure calculatio
(a,«0 ,D0) are given in Table I. The«0 values forb-nitrides
are approximated from well-known experimentally det

mined a-nitride «0 values via«̃05 1
3 (2«0

'1«0
i ). The three

sets of model parameterszi andr i resulting from separate fit
of the binary nitrides AlN, GaN, and InN are given in Tab
II. As can be seen, the variation in the N-potential parame
is very small (;1%). However, we attribute this to the fac
that we had to approximate theb-nitride «0 values and that
we have kept the position of the bond charges fixed midw
between the atoms in our band-structure calculations, i.e.
different ionicities of b-nitrides have not been taken int
account by a shift of the bond charge position toward the
anion in more ionicb-nitrides.

Making use of the fitted parameters we calculated
energy-band dispersionEn(k) of AlN, GaN, and InN by
means of Eq.~4!. The resulting transition energies at hig

FIG. 1. Band structure ofb-AlN along high-symmetry lines in
the Brillouin zone.

FIG. 2. Band structure ofb-GaN along high-symmetry lines in
the Brillouin zone.
23520
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symmetry points in comparison to other published results
given in Table III. As can be seen, the fitted band-structu
well reproduce the known experimental band gaps~Table I!
within a few meV.

We compared our results with band-structure calculati
where the spin-orbit splitting was included~see Table III!
though the spin-orbit splitting energy is small forb-nitrides.
The corresponding labeling of the energy bands is giv
within parenthesis in Table III. Besides some higher tran
tion energies, our results compare well with the other p
lished results.

The corresponding band-structures along the main s
metry lines in the Brillouin zone are given in Figs. 1–3.

C. Electronic properties of a-nitrides

Making use of the model potential parameters obtain
from b-nitrides, we intend to determine the energy-band d
persion of the wurtzite phase nitrides as well. For this

FIG. 3. Band structure ofb-InN along high-symmetry lines in
the Brillouin zone.

FIG. 4. Direction dependent screening function«(q) calculated
by means of Eq.~7! using experimental data ofa-GaN («0

'59.28
and«0

i 510.1) ~Ref. 43!. The smallest reciprocal lattice vectorqs of
a-GaN and b-GaN lies at qs

a5(A3/2)(2p/azb) and qs
b

5A3(2p/azb), respectively.
5-4
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TABLE IV. Wurtzite AlN, GaN, and InN critical-point transition energies in eV. The mark aniso describes the values obtaine
band-structure calculation using anisotropically screened model potentials, whereas the mark iso describes a comparative ban
calculation based on isotropically screened model potentials using an averaged«0 value by taking the spur of the dielectric tensor.

AlN GaN InN

Ref. This work a b This work a c d This work e d

Aniso Iso Expt Aniso Iso Expt Aniso Iso Expt

M2
v2M1

c 9.56 9.54 10.0 7.67 7.67 8.26 7.05 7.30 7.23 6.65 7.3,4.95f

M4
v2M1

c 7.88 7.87 8.3 6.07 6.07 6.61 7.0g 5.94 5.88 5.05
M4

v2M3
c 8.81 8.83 8.5 7.68 7.68 7.69 7.05 6.71 6.70 5.80 7.3

G6
v2G1

c 6.11 6.11 6.0 6.29 3.47 3.47 3.50 3.0 3.6,3.44g,3.50g 2.58 2.59 2.04 2.11,2.0f,h

G3
v2G6

v 6.44 6.41 6.7 6.97 6.94 6.80 7.0 7.0g 5.63 5.50 5.77
G1

v2G6
v 0.13 0.16 0.2 0.043 0.023 0.021 0.0 0.022g 0.214 0.084 0.017

G5
v2G6

v 1.04 1.03 0.9 1.00 1.00 1.0 0.90 0.89 1.05
G5

v2G3
c 8.95 8.94 9.4 8.02 5.96 5.96 5.9 5.3 5.22 5.18 4.65 5.0,5.5,4f

G5
v2G6

c 12.99 12.97 14.0 14.00 10.74 10.74 11.1 9.4 10.16 10.12 8.74 8.8,8.f

H3
v2H3

c 10.10 10.91 10.5 10.39 8.06 8.07 9.0 7.9g 7.34 7.36 6.51 5.4f

K3
v2K2

c 9.43 9.43 9.6 8.54 8.55 9.43 8.3 7.65,9.0g 8.13 8.12 7.38 7.3,7.2f

K2
v2K2

c 9.59 9.57 9.7 8.68 8.68 10.10 7.9 8.60 8.50 7.20

aAb initio pseudopotential calculation within local-density approximation from Ref. 29.
bExperimental values taken from Ref. 2.
cLCAO within local-density approximation from Ref. 47.
dIf not quoted otherwise, the experimental values are taken from Ref. 48.
eEmpirical pseudopotential calculation from Ref. 34.
fExperimental values taken from Ref. 8.
gExperimental values taken from Ref. 34.
hFor a detailed discussion of the calculateda-InN fundamental band gap in comparison to the recently measured experimental band g
the energy range of 0.7–1.0 eV~Refs. 10–12! we refer to Sec. II C.
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exploit the concept of transferable model potentials. T
concept traces back to the work by Bergstresser and Coh24

They fitted the atomic potential form factorsV(q) at dis-
crete, allowed reciprocal lattice vectors to experimentally
termined excitation energies. Later on, by introducing c
tinuous atomic potentials and fitting the adjustable mo
potential parameters to reproduce experimental data, the

FIG. 5. Band structure ofa-AlN along high-symmetry lines in
the Brillouin zone.
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liability of such model potentials could be strongly e
hanced. In the present work we even go a step further
using continuous ionic model potentials that describe o
the core of the atoms. Within this concept, we take care
various environments via a direction-dependent screen
function, e.g., we are able to incorporate the wurtzite-ty
lattice anisotropies in our calculations.

FIG. 6. Band structure ofa-GaN along high-symmetry lines in
the Brillouin zone.
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The transferability in the present work is assured beca
the spherically symmetric model potentials used in
present work are independent of structural influences.
arrangement of the atoms in the wurtzite crystal is reflec
by the structure factors of the wurtzite lattice.37 A closer look
at the model dielectric screening function«(q) reveals an
implicit direction dependence of«(q) for screening ionic
model potentials, for example, in a wurtzite structure. T
direction dependence enters«(q) via parameterl, which
implies the finite dielectric constant«0 of the compound
semiconductor. In wurtzite crystals, two values«0

' and «0
i ,

i.e., the static dielectric constant in the (kx ,ky) plane perpen-
dicular and parallel to the main crystal axisc, respectively,
imply a small anisotropy of the wurtzite structure and, a
cording to Eq.~7!, two different screening functions«'(q)
and« i(q).

As can be seen in Fig. 4, the difference between«'(q)
and « i(q) is the largest for smallq values. This will be of
great importance for modeling the properties of crystals w
large unit cells because the magnitude of the smallest
lowed reciprocal lattice vector decreases with increas
unit-cell size.

To correctly screen the ionic model potential, we use
vector representation of the reciprocal lattice vectorq enter-
ing Eq. ~6!. Taking the vector componentq' in the (kx ,ky)
plane andqi parallel to thec axis, we obtain a direction
dependent vector notation ofq (q5q'1qi). With it, the

FIG. 7. Band structure ofa-InN along high-symmetry lines in
the Brillouin zone.
23520
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screening of the ionic model potential now depends not o
on the absolute valueq but also on the direction-depende
«(q):

«~q!5
«0

'q'
2 1«0

i qi
2

q2
. ~9!

The resulting transition energies at high-symmetry points
comparison to other published results are given in Table
Keeping in mind that we used the model potential parame
obtained from a fit to the scarce experimental data availa
for b-nitrides, the agreement between our band-structure
culation and both, other theoretical as well as available
perimental data fora-nitrides is quite good.

One exception we would like to make in the case
a-InN. Making use of the model potential parameters o
tained from theb-InN experimental data and calculating th
a-InN band-structure by exploiting the transferability of th
pseudopotential form factors, we reproduce the experime
value of 2.11 eV, which is accepted as the InN fundamen
energy gap. Recalling recent works that place thea-InN
band gap in the energy range below 1 eV,10–12 and the
a-nitride band gaps being at most 20% larger than the c
respondingb-nitride band gaps, we predict that theb-InN
fundamental energy gap has to be corrected to an en
value below 0.8 eV. This assumption is supported by the
that the band-structures fora-AlN and a-GaN calculated
using the same method give reliable results in agreem
with other calculations and experimental data.

The corresponding band-structures along the main s
metry lines in the Brillouin zone are given in Figs. 5–7. A
will be shown in Sec. III B in detail, the anisotropy influ
ences the transition energies and the effective masses m
at theG point.

The explicit consideration of structural anisotropies via
direction-dependent screening function is the great adv
tage of the ionic model potential used in this work compa
to plain atomic model potentials and will also be very use
for modeling crystals with large unit cells.

III. DERIVATION OF EFFECTIVE-MASS PARAMETERS

A. Effective-mass approximation ofb-nitrides

As we are interested in extracting the Luttinger para
eters g i and the conduction- and valence-band effect
7
6
3

TABLE V. Luttinger parametersg1 , g2, andg3 for zinc-blende AlN, GaN, and InN obtained from a fit along the@110# direction and
literature data.

AlN GaN InN

Ref. This work a b c d This work a b c d This work d

g1 1.85 1.54 1.50 1.91 1.92 2.89 2.96 2.70 3.07 2.67 2.78 3.2
g2 0.43 0.42 0.39 0.48 0.47 0.85 0.90 0.76 0.86 0.75 0.97 1.2
g3 0.74 0.64 0.62 0.74 0.85 1.20 1.20 1.07 1.26 1.10 1.22 1.6

aSelf-consistent FPLAPW method within local-density approximation from Ref. 25.
bFirst-principles band-structure calculations from Ref. 50.
cEmpirical pseudopotential calculation from Ref. 35.
dRecommended values taken from Ref. 19.
5-6



th
as
b
o
r

in

ing
ond-
n-

-
e
mil-

e

BAND-STRUCTURE PSEUDOPOTENTIAL CALCULATION . . . PHYSICAL REVIEW B67, 235205 ~2003!
masses of the zinc-blende nitrides, we have to couple
results of our band-structure calculations with effective-m
theory. Thes-like conduction-band effective mass can be o
tained through a simple parabolic fit using the definition
the effective mass as the second derivative of the ene
band with respect to wave vectork via

S m0

m*
D 5S 2

m0

\2 D S ]2E

]k2 D . ~10!

The valence-band states of theG point are derived from
p-bonding states due to the tetrahedral coordination in z
in

23520
e
s
-
f
gy

c-

blende crystals. Taking into account the three highest-ly
valence bands, the basis of Bloch states for the corresp
ing k•p model consists of the six angular momentum eige
statesu jmj&, where j 5 3

2 , m56 3
2 ,6 1

2 corresponds to the
four G8 heavy- and light-hole valence-band states andj
5 1

2 , m56 1
2 corresponds to the twoG7 spin-orbit split-off

valence-band states. TheG8 and G7 eigenvalues are sepa
rated byDso due to spin-orbit interaction. To describe th
valence-band-structure, we adopt the effective-mass Ha
tonian derived by Luttinger and Kohn usingk•p theory.49

The resultingk•p matrix with zinc-blende symmetry can b
written as25
¨

Q S R 0
i

A2
S 2 iA2R

S* T 0 R 2
i

A2
~Q2T! iA3

2
S

R* 0 T 2S 2 iA3

2
S* 2

i

A2
~Q2T!

0 R* 2S* Q 2 iA2R* 2
i

A2
S*

2
i

A2
S*

i

A2
~Q2T! iA3

2
S iA2R

1

2
~Q1T!2Dso 0

iA2R* 2 iA3

2
S*

i

A2
~Q2T!

i

A2
S 0

1

2
~Q1T!2Dso

©
, ~11!
-
ese

we

ol-
ec-
where

Q52
\2

2m0
@~g11g2!~kx

21ky
2!1~g122g2!kz

2#,

T52
\2

2m0
@~g12g2!~kx

21ky
2!1~g112g2!kz

2#,

S5 i
\2

m0
A3g3~kx2 iky!kz ,

R52
\2

2m0
A3@g2~kx

22ky
2!22ig3kxky#, ~12!

m0 denotes the free electron mass, andg1 , g2, andg3 are
the Luttinger parameters.

Solving for the eigenvalues of thek•p matrix without
spin-orbit interaction (Dso50) along the @110# direction
yields analytical expressions for the three highest sp
degenerate valence bandsE1 , E2, andE3 in dependence on
the Luttinger parametersg i :
-

E152
\2

2m0
~2g12g213g3!k2,

E252
\2

2m0
~2g112g2!k2,

E352
\2

2m0
~2g12g223g3!k2. ~13!

Calculating the@110# band dispersion near theG point with a
high k-point density, we are able to fit the Luttinger param
eters directly to the three valence bands. The results of th
fits by means of Eq.~13! are given in Table V.

In order to obtain the valence-band effective masses,
have solved for the eigenvalues of thek•p matrix taking
spin-orbit interaction into account. We have obtained the f
lowing analytical expressions for direction-dependent eff
tive masses in dependence on the Luttinger parameters:
5-7
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TABLE VI. Effective masses for electrons (e), heavy-holes~hh!, light-holes~lh!, and spin-orbit split-
off-holes~so! in units of the free electron massm0 along the@100#, @111#, and@110# directions for zinc-blende
AlN, GaN, and InN.

Ref. me mhh
[100] mlh

[100] mhh
[111] mlh

[111] mhh
[110] mlh

[110] mso

AlN
This work 0.23 1.02 0.37 2.64 0.30 1.89 0.32 0.54

a 0.28 1.44 0.42 4.24 0.36 3.03 0.37 0.63
b 0.21 1.05 0.35 2.73 0.30 2.16 0.31 0.51
c 0.30 1.39 0.44 3.85 0.36 2.67 0.38 0.67
d 0.25 1.02 0.35 4.55 0.28 2.44 0.29 0.47

GaN
This work 0.14 0.84 0.22 2.07 0.19 1.52 0.20 0.35

a 0.14 0.86 0.21 2.09 0.19 1.65 0.19 0.30
b 0.13 0.76 0.21 1.93 0.18 1.51 0.19 0.32
c 0.17 0.85 0.24 1.79 0.21 1.40 0.21 0.37
d 0.15 0.85 0.24 2.13 0.21 1.55 0.21 0.29
e 0.12 1.34 0.70 1.06 0.63 1.44 0.58 0.20

InN
This work 0.13 1.18 0.21 2.89 0.19 2.12 0.20 0.36

d 0.12 0.83 0.16 0.83 0.16 1.55 0.15 0.30
e 0.10 2.18 0.89 2.29 0.93 3.10 0.79 0.30

aSelf-consistent FPLAPW method within local-density approximation from Ref. 25.
bEmpirical pseudopotential calculation from Ref. 35.
cCalculated from Luttinger parameters from Ref. 50 using Eqs.~14! and ~15!.
dCalculated from recommended Luttinger parameters from Ref. 19 using Eqs.~14! and ~15!.
eEmpirical pseudopotential calculation from Ref. 36.
o
ol
n

d

e

zite
mil-
ki
S m0

mhh/lh* D [100]

5g172g2 ,

S m0

mhh/lh* D [111]

5g172g3 ,

S m0

mhh/lh* D [110]

5
1

2
~2g17g273g3!, ~14!

where indices hh and lh denote the heavy-hole and light-h
effective masses, respectively. The spin-orbit split-off-h
~so! effective mass is isotropically in the three directions a
is given by

S m0

mso*
D 5g1 . ~15!

The fitted hh, lh, so, ande effective masses and publishe
results from other groups are given in Table VI.

As can be seen, the electron effective mass forb-GaN is
in agreement with the experimental value of 0.1560.01 as
given by Fanciulliet al.51 The calculated electron effectiv
masses ofb-AlN ( b-InN! 0.23 ~0.13! are in agreement with
the recommended values of 0.25~0.12! as given in the re-
view by Vurgaftmanet al.19
23520
le
e
d

B. Effective-mass approximation ofa-nitrides

To derive the Luttinger-like parametersAi and the
valence- and conduction-band effective masses of wurt
phase nitrides, we make use of the effective-mass Ha
tonian in the cubic approximation as given by Suzu
et al.:21

H5S F 0 2H* 0 K* 0

0 G D 2H* 0 K*

2H D l 0 I * 0

0 2H 0 l D I *

K 0 I D G 0

0 K 0 I 0 F

D , ~16!

whereF, G, H, I, K, D, l, andu are defined as

F5D11D21l1u,

G5D12D21l1u,

H5 iA6kz~kx1 iky!2A7~kx1 iky!,

I 5 iA6kz~kx1 iky!1A7~kx1 iky!,

K5A5~kx1 iky!
2,

D5A2D3 ,
5-8
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l5A1kz
21A2~kx

21ky
2!,

u5A3kz
21A4~kx

21ky
2!. ~17!

Here D1 corresponds to the crystal-field splitting energ
D2 and D3 account for the spin-orbit interaction vi

FIG. 8. Valence-band structure ofa-GaN near theG point cal-
culated by means of anisotropically screened model potentials.
valence bandsE1 , E2, and E3 in the kx and kz directions can
exactly be fitted using Eq.~18!.
23520
,

D25D35 1
3 Dso. ki represents the wave vector andAi are the

Luttinger-like parameters.
Without spin-orbit interaction, the energy-band dispers

of thek•p Hamiltonian (D25D350,F5G,D50) simplifies
to

E15F82K8,

he
FIG. 9. Valence-band structure ofa-GaN near theG point cal-

culated by means of isotropically screened model potentials. N
the smaller crystal-field splitting in comparison to anisotropica
screened model potentials~Fig. 8!.
fitting

line fit.
asses

8.
TABLE VII. Effective masses in units of free electron massm0, Luttinger-like parameters
Ai ( i 51, . . . ,6) in units of \2/2m0, and A7 in units of eV Å for wurtzite phase AlN. The crystal-field
splitting energyD1 is given in units of meV.

Ref. This work a b c d e f

Aniso Iso

me
i 0.231 0.232 0.33 0.33 0.24 0.24 0.35 0.33

me
' 0.242 0.242 0.25 0.25 0.25 0.25

mhh
i 2.370 2.382 3.68 3.53 1.949 1.869 3.53 4.41

mlh
i 2.370 2.382 3.68 3.53 1.949 1.869 3.53 4.41

mch
i 0.209 0.209 0.25 0.25 0.229 0.212 0.26 0.27

mhh
' 3.058 3.040 6.33 10.42 2.584 2.421 11.14 2.18

mlh
' 0.285 0.287 0.25 0.24 0.350 0.252 0.33 0.29

mch
' 1.204 1.157 3.68 3.81 0.709 1.484 4.05 4.41

A1 24.789 24.794 23.95 24.06 24.367 24.711 23.86 23.74
A2 20.550 20.571 20.27 20.26 20.518 20.476 20.25 20.23
A3 4.368 4.374 3.68 3.78 3.854 4.176 3.58 3.51
A4 21.511 21.484 21.84 21.86 21.549 21.816 21.32 21.76
A5 21.734 21.726 21.95 22.02 21.680 21.879 1.47 1.52
A6 21.816 21.788 22.91 22.103 22.355 1.64 1.83
A7 0.134 0.153 0 0 0.204 0.096 0
D1 20.128 20.160 20.059 20.059 20.093 20.093 20.215

aFPLAPW band-structure calculations from Ref. 50. Effective-mass parameters obtained through a 3D
procedure within cubic approximation.

bFPLAPW band-structure calculations from Ref. 50. Effective-mass parameters obtained by a direct
cAi from Ref. 31 obtained through a Monte Carlo fitting procedure to the band structure and effective m
calculated using Eqs.~20! and ~21!.

dDirect k•p calculations forAi from Ref. 31 and effective masses obtained fromAi using Eqs.~20! and~21!.
eDirect fit of Ai to first-principles band-structures from Ref. 28.
fAi and effective masses obtained in the quasicubic model from zinc-blende parameters from Ref. 2
5-9
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TABLE VIII. Effective masses in units of free electron massm0, Luttinger-like parameters
Ai ( i 51, . . . ,6) in units of \2/2m0 , and A7 in units of eV Å for wurtzite phase GaN. The crystal-fie
splitting energyD1 is given in units of meV.

Ref. This work a c d e f g h i j

aniso iso

me
i 0.138 0.138 0.20 0.20 0.14 0.14 0.19 0.19 0.19 0.1

me
' 0.151 0.151 0.18 0.18 0.15 0.15 0.17 0.17 0.23 0.1

mhh
i 2.000 2.007 1.10 1.76 1.479 1.453 1.76 1.96 1.89 2.00 1.

mlh
i 2.000 2.007 1.10 1.76 1.479 1.453 1.76 1.96 1.89 2.00 1.

mch
i 0.130 0.130 0.15 0.16 0.130 0.125 0.14 0.14 0.12 0.16 0.

mhh
' 2.255 2.249 1.65 1.61 1.592 1.595 1.69 1.87 2.00 2.04 1.

mlh
' 0.191 0.261 0.15 0.14 0.299 0.236 0.14 0.14 0.15 0.18 0.

mch
' 0.567 0.317 1.10 1.04 0.252 0.289 1.76 1.96 0.59 1.49 1.

A1 27.692 27.698 26.56 26.27 27.706 27.979 27.14 27.24 27.21 26.4 26.36
A2 20.575 20.600 20.91 20.96 20.597 20.581 20.57 20.51 20.44 20.50 20.51
A3 7.192 7.200 5.65 5.70 7.030 7.291 6.57 6.73 6.68 5.9 5.8
A4 22.855 22.816 22.83 22.84 23.076 23.289 23.30 23.36 23.46 22.55 22.92
A5 22.986 22.971 23.13 23.18 23.045 23.243 23.28 23.35 23.40 2.56 2.60
A6 23.360 23.312 24.86 24.000 24.281 24.72 24.9 3.06 3.21
A7 0.160 0.171 b b 0.194 0.179 0 0 0.094 0.108 0
D1 0.043 0.023 0.039 0.038 0.022 0.022 0.021 0.021 0.021 0.036

aFPLAPW band-structure calculations from Ref. 21. Effective-mass parameters obtained through a 3D
procedure within cubic approximation.

bA7 in the range of 0.136 eV Å has been set to zero.
cFPLAPW band-structure calculations from Ref. 21. Effective-mass parameters obtained by direct lin
dAi from Ref. 31 obtained through a Monte Carlo fitting procedure to the band structure and effective m
calculated using Eqs.~20! and ~21!.

eDirect k•p calculations forAi from Ref. 31 and effective masses calculated using Eqs.~20! and ~21!.
fEffective-masses andAi from Ref. 34 obtained through a line fit to the band structure.
gDirect k•p calculation in a 3D fit from Ref. 34.
hAi obtained through a direct fit from Ref. 52 and effective masses calculated using Eqs.~20! and ~21!.
iDirect fit of Ai to first-principles band-structure calculations from Ref. 28.
jAi and effective masses obtained in the quasicubic model from zinc-blende parameters from Ref. 28
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E2,35
1
2 ~F81K81l!6 1

2 A~F81K82l!218H82, ~18!

where ‘‘1 ’’ and ‘‘ 2 ’’ correspond to theE2 andE3 valence
bands, respectively.F8, K8, and H8 from Eq. ~18! are de-
fined byAi as follows:

F85D11~A11A3!kz
21~A21A4!~kx

21ky
2!,

K85A5~kx
21ky

2!,

H85A~A6
2kz

21A7
2!~kx

21ky
2!. ~19!

As pointed out by Kimet al.,28 assuming theA7 parameter to
be zero leads to a crossing of the crystal-field split-off ba
and the light-hole band near theG point in wurtzite crystals.
However, the interaction of these two bands, which is
scribed by theA7 parameter and lifts the degeneracy at t
crossing point, is allowed by symmetry and has absolutel
be included. Figure 8 shows the three highest-lying vale
bands exemplary for thea-GaN band-structure calculatio
23520
d

-

to
e

obtained via anisotropically screened model potentia
which can only be correctly fitted by means of Eq.~18! in-
cluding theA7 parameter.

The crystal-field splittingD1 of GaN and InN is positive
and therefore the effective masses of the three valence b
E1 , E2, and E3 correspond to heavy-hole, light-hole, an
spin-orbit split-off-hole masses, respectively. On the ot
hand, for AlN,D1,0 and the effective masses ofE2 andE3
correspond to the spin-orbit split-off-hole and light-ho
mass, respectively. The hole massesmi andm' are given in
dependence on the Luttinger-like parametersAi as follows.
mi along thekz-direction (kx5ky50):

m0 /mhh
i 52~A11A3!,

m0 /mlh
i 52~A11A3!,

m0 /mso
i 52A1 . ~20!

m' in the (kx ,ky) plane (kz50):
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TABLE IX. Effective-masses in units of free electron massm0, Luttinger-like parameters
Ai ( i 51, . . . ,6) in units of \2/2m0, and A7 in units of eV Å for wurtzite phase InN. The crystal-fiel
splitting energyD1 is given in units of meV.

Ref. This work a b c d

Aniso Iso

me
i 0.138 0.137 0.11 0.11 0.10 0.10

me
' 0.141 0.140 0.10 0.10 0.10 0.10

mhh
i 2.438 2.493 1.56 1.67 1.431 1.350

mlh
i 2.438 2.493 1.56 1.67 1.431 1.350

mch
i 0.140 0.137 0.10 0.10 0.106 0.092

mhh
' 2.661 2.599 1.68 1.61 1.410 1.449

mlh
' 0.148 0.157 0.11 0.11 0.196 0.165

mch
' 3.422 1.446 1.39 1.67 0.209 0.202

A1 27.156 27.298 29.62 29.28 29.470 210.841
A2 20.244 20.441 20.72 20.60 20.641 20.651
A3 6.746 6.896 8.97 8.68 8.771 10.100
A4 23.340 23.064 24.22 24.34 24.332 24.864
A5 23.208 23.120 24.35 24.32 24.264 24.825
A6 24.303 23.948 26.08 25.546 26.556
A7 0.072 0.103 0 0 0.278 0.283
D1 0.214 0.084 0.0375 0.0375

aEffective-masses andAi from Ref. 34 obtained through a line fit to the band structure.
bDirect k•p calculation in a 3D fit from Ref. 34.
cAi from Ref. 31 obtained through a Monte Carlo fitting procedure to the band structure and effective m
calculated using Eqs.~20! and ~21!.

dDirect k•p calculations forAi from Ref. 31 and effective masses calculated using Eqs.~20! and ~21!.
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m0 /mhh
' 52~A21A42A5!,

m0 /mlh
'52~A21A42A5!22A7

2/uD1u,

m0 /mso
' 52A212A7

2/uD1u. ~21!

The A7 parameter strongly affects the effective masses. T
can already be deduced from Eq.~21! or from Fig. 8. The
influence of the different screening approaches is dem
strated in Figs. 8 and 9 that show the valence-band dis
sion near theG point calculated by means of anisotropicall
isotropically screened model potentials.

The results of the fitted effective masses using Eqs.~20!
and ~21! are given for AlN, GaN, and InN in Tables VII
VIII, and IX, respectively.

The results of our calculated electron effective massese
i

(me
') 0.23 ~0.24!, 0.14 ~0.15!, and 0.14~0.14! are in good

agreement with the values 0.28~0.32!, 0.20~0.20!, and 0.12
~0.12! recommended by Vurgaftmanet al.19 for a-AlN,
a-GaN, anda-InN, respectively. Also the crystal-field split
ting energies20.160, 0.023, and 0.084 obtained with isotr
pically screened model potentials quite well agree with
values 20.164, 0.019, and 0.041 given by Vurgaftma
et al.19 for a-AlN, a-GaN, anda-InN, respectively. The
overestimation of crystal-field splitting energies obtained
band-structure calculations with anisotropically screen
model potentials by at least a factor of 2 requires furt
investigations. In order to compare the influence
isotropical/anisotropical screening on the fitted model pot
23520
is

n-
r-

e

a
d
r
f
-

tial parameters, these two screening approaches will be d
with in a further work where the model potential paramet
are directly extracted froma-nitride and not fromb-nitride
experimental data.

IV. CONCLUSIONS

In the present work the electronic properties of the zin
blende and wurtzite group-III nitride compound semicondu
tors AlN, GaN, and InN were studied within the EPM a
proach. The adjustable parametersr i and zi of the ionic
model potentials were obtained from zinc-blende experim
tal data.

The calculated band-structures and the obtained set
Luttinger parametersg i and direction-dependent effectiv
masses ofb-AlN, b-GaN, andb-InN are in agreement with
other published results.

Exploiting the concept of transferable model potentia
we calculated the band-structure of the corresponding gro
III nitrides in the wurtzite phase. It could be shown that t
transfer of ionic model potential parameters fromb- to
a-nitrides gives reliable results for AlN and GaN. Howeve
there is no good agreement of the calculateda-InN band
structure with recently published experimental data of
fundamental transition energy. We, therefore, predict that
band gap of higher-qualityb-InN samples will be at least 1.3
eV smaller than the experimental input data used for the
of the cationic In model potential. Furthermore, we ha
demonstrated that the anisotropy of the wurtzite crystals
5-11
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easily be included in band-structure calculations via
direction-dependent screening of the ionic model potenti
Its influence on the band structure is the largest at theG
point. For that reason the anisotropy of wurtzite group-
nitrides must be included when determiningG point effective
masses. Based on the calculated band-structures, we
derived complete sets of Luttinger-like parametersAi and
effective masses fora-AlN, a-GaN, anda-InN and demon-
strated that the Luttinger-like parameterA7 is of importance
for the determination of the effective masses.

Finally, we want to point out that the reliability of th
obtained results is basically founded on two facts. On the
hand, we use one and the same analytical expression fo
description of the ionic model potentials for botha and b
nitride crystal structures. The continuous description of
model potential in reciprocal space enables band-struc
calculations where the model potential is required at m
intermediate reciprocal lattice points. On the other hand
also successfully apply an analytical expression for
screening function«(q) which allows the incorporation o
the wurtzite lattice anisotropy. This anisotropy mostly infl
k,

tt.

t.

A.

.

i

.

E.

a,
s.

M

a,

23520
a
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I

ave

e
the

e
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e
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ences theG-point properties of thea-nitrides including the
effective masses and the Luttinger-like parameters. We
pect that our approach to the construction of reliable, c
tinuous model potentials demonstrated here for the III
semiconductor constituents Al, Ga, In, and N, can also
adopted for constructing the model potentials for the c
stituents of the more ionic II-VI semiconductors. In additio
to determining technologically relevant semiconductor b
properties, the advantage of such transferable, continu
model potentials and an improved description of crystal s
cific anisotropies will become even more noticeable in d
manding band-structure calculations, as, for example,
semiconductor random alloy materials, superlattices or qu
tum dots which possess large unit cells.
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