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We present a comprehensive and up-to-date compilation of band parameters for all of the
nitrogen-containing III–V semiconductors that have been investigated to date. The two main classes
are: ~1! ‘‘conventional’’ nitrides ~wurtzite and zinc-blende GaN, InN, and AlN, along with their
alloys! and~2! ‘‘dilute’’ nitrides ~zinc-blende ternaries and quaternaries in which a relatively small
fraction of N is added to a host III–V material, e.g., GaAsN and GaInAsN!. As in our more general
review of III–V semiconductor band parameters@I. Vurgaftmanet al., J. Appl. Phys.89, 5815
~2001!#, complete and consistent parameter sets are recommended on the basis of a thorough and
critical review of the existing literature. We tabulate the direct and indirect energy gaps, spin-orbit
and crystal-field splittings, alloy bowing parameters, electron and hole effective masses,
deformation potentials, elastic constants, piezoelectric and spontaneous polarization coefficients, as
well as heterostructure band offsets. Temperature and alloy-composition dependences are also
recommended wherever they are available. The ‘‘band anticrossing’’ model is employed to
parameterize the fundamental band gap and conduction band properties of the dilute nitride
materials. @DOI: 10.1063/1.1600519#
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I. INTRODUCTION

The second half of the 1990s witnessed an explos
expansion of research on nitrogen-containing semicond
tors, which has continued unabated to the present. E
studies1,2 of GaN and related compounds and alloys tend
to generate skepticism concerning whether devices base
materials with such high defect densities could ever be p
tical. However, by now most of those doubts have been
pelled by improvements in the epitaxial growth technolog
coupled with a better appreciation of the relationship b
tween defects and device performance. Most of the inte
in the nitrides has hinged on their unique advantages in
fundamental application areas: short-wavelength light em
ters and high-power/high-temperature electronics. Althou
the large band gaps of GaN and AlN are key to both ap
cations, another critical factor is that they are III–V semico
ductors. Whereas the reliability of related wide-gap II–
devices remains problematic despite a great deal of resea
nitride lasers and light-emitting diodes~LEDs! have by now
attained commercially attractive lifetimes~e.g.,'10 000 h).3

In response to this intensive research and commer
interest in nitride semiconductors, several recent works h
reviewed their material and physical properties.3–9 Nonethe-
less, rapid ongoing developments have already led to ob
lescence of much of the reported quantitative data, espec
regarding the band parameters. In an earlier publication,
comprehensively reviewed the literature and recommen
consistent, up-to-date band parameters for all of the comm
5
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III–V semiconductors and their alloys, including th
nitrides.10 While most of the tabulations presented in th
work ~assembled early-to-mid 2000! remain current apar
from a few minor adjustments based on new information
is striking how many of the nitride properties have alrea
been superceded, not only quantitatively but qualitatively

The present review was written to remedy that obso
cence, by providing a completely revised and updated
scription of the band parameters for nitride-containing se
conductors. We cover both to the ‘‘conventional’’ nitride
~GaN, AlN, InN, and their alloys!, and also to the ‘‘dilute’’
nitride ternaries and quaternaries, in which at most a
percent of N is introduced to a more common III–V sem
conductor~e.g., to form GaAsN or GaInAsN!. Although in
many ways these two classes of nitrogen-containing III
materials are not closely related, they share the common
tribute that what is known about their band properties
evolved quite rapidly in a very short period of time. In th
case of the conventional nitrides, a prime example is
energy gap of InN, which was recently revised downward
less than 50% of its consensus value from a few years
Similarly, just recently it has become unequivocally cle
that the band anticrossing~BAC! model provides the mos
useful parameterization of the dilute nitride alloys, ev
though the physical meaning of that model is not y
resolved.

As in the earlier review,10 we provide values of the en
ergy gaps, spin-orbit and crystal-field splittings, electron a
hole effective-mass parameters, conduction and valence
deformation potentials, and band offsets on an absolute s
In treating the base materials for the dilute nitride allo
~e.g., GaAs as the basis for GaAsN!, parameters should b
taken from our earlier review.10 Once again, we maintain ful
internal consistency, e.g., between expressions for the a
composition and temperature dependences and their
points. For completeness, lattice constants and elastic mo
are also listed for GaN, AlN, and InN.

For each parameter, the text briefly discusses the m
salient results from the literature, followed by the specific
tion of a recommended value. While in many cases it w
again impractical to cite every published work that ev
treated a given parameter, we have endeavored to inc
enough references to provide a nearly complete picture of
available knowledge base.

Although one must naturally be concerned that
present review may be doomed to the same early obso
cence that befell its predecessors, we believe that with re
to the most important nitride material properties the field
now displaying a trend towards convergence. Since our fo
is strictly on band parameters, the reader should con
other sources such as the article by Jainet al.3 for a compre-
hensive recent review of the growth, characterization,
various other properties. The book by Nakamura and Fas11

provides an excellent overview of nitride light emitters.

II. ‘‘CONVENTIONAL’’ NITRIDE BAND PARAMETERS

A. Methodology

GaN, InN, AlN, and their alloys can crystallize in bot
wurtzite and zinc-blende lattice forms, and the correspond
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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band structures are quite distinct due to differences in
underlying symmetries. For the zinc-blende case, our ea
review10 sketched how three Luttinger parameters and
spin-orbit splitting provide a minimal description of the v
lence band structure, while the energy gap and interb
coupling strength are also needed to parameterize both
duction and valence bands. The split-off hole mass can
treated as an independent parameter, even though it doe
appear as such within the commonly used 8-bandk"p model.
The increase of the electron effective mass due to inte
tions with higher conduction bands may be included via
so-calledF parameter. The well-known relevant expressio
may be obtained either from our earlier review10 or from a
large number of other works.12–16

The set of band parameters for the wurtzite lattice m
be augmented due to its lower symmetry. Since GaN
AlN have a wide energy gap, and InN is now believed
have a moderate gap, it may be assumed that interband
pling effects on the hole masses are secondary. Therefor
light of the existing uncertainties there is no pressing nee
parameterize the effects of either the valence bands or
higher conduction bands on the electron effective mass,
we omit the interband matrix element and theF parameter
and just list an electron mass. Owing to the reduced sym
try, that mass can display some anisotropy, although i
believed to be rather weak. On the other hand, a full desc
tion of the wurtzite valence band structure requires both
spin-orbit splitting (Dso) and the crystal-field splitting (Dcr),
along with the seven so-calledA parameters. The latter pa
rameterize the hole masses along the different directio
performing a similar function to that of Luttinger paramete
in zinc-blende materials. For comparison, we plot the
lence band structure near theG point for zinc-blende and
wurtzite GaN in Figs. 1 and 2, respectively. The distincti
between Figs. 2~a! and 2~b! will be discussed in Sec. II B.

As in our earlier review, we parameterize the tempe
ture dependence of the energy gap using the commonly
ployed Varshni formula

FIG. 1. Valence band structure of zinc-blende GaN, using the parame
from our earlier review~Ref. 10!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Eg~T!5Eg~T50!2
aT2

T1b
, ~1!

although results have been compiled elsewhere for o
forms of the energy gap’s temperature dependence.17 Since
in zinc-blende materials one is also interested in the indi
gaps and masses, we have compiled best estimates~which
are theoretical for the moment! for the X andL valleys.

The parameters described above are generally suffic
to describe the conduction and valence band structure
bulk nitride materials. However, since epitaxially grown h
erostructures now routinely combine layers of lattic
mismatched constituents, the material properties under s
must also be specified. This is conventionally done wit
the deformation potential theory, which for the zinc-blen
crystal symmetry requires a hydrostatic potential and th
valence-band potentials~sufficient to account for epitaxia
growth along an arbitrary direction!.14,16 On the other hand
wurtzite materials generally require as many as two pot
tials for the shift of the energy gap, along with six valenc
band deformation potentials.14 For completeness, we also lis
the six~three! elastic constants for the wurtzite~zinc-blende!
forms of the nitride materials. Our recommendations are c
sen from a rather broad spectrum of values for these par
eters in the literature.

FIG. 2. Valence band structure of wurtzite GaN, using the parameters~a!
recommended by Renet al. ~Ref. 80! and ~b! recommended in this review
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
er

ct

nt
of

-
-
in

n

e

-
-

o-
m-

Wurtzite heterostructures are also strongly influenced
spontaneous polarization, which for lattice-mismatched l
ers must be supplemented by the piezoelectric coefficie
In describing the piezoelectric effect and spontaneous po
ization, we follow the methodology of our earlier review10

with one difference: the values ofd33, d13, andd15 are now
listed ~in units of pm/V! rather than the correspondingei j

parameters~in units of C/m2). This change avoids conver
sions associated with differing sets of elastic constants in
original references.

The composition dependences of the energy gaps for
ternary alloys AlGaN, GaInN, and AlInN are assumed
follow the simple quadratic form

Eg~A12xBx!5~12x!Eg~A!1xEg~B!2x~12x!C, ~2!

where the so-called bowing parameterC accounts for the
deviation from a linear interpolation~virtual-crystal approxi-
mation! between the two binariesA andB. The bowing pa-
rameter is always positive for these materials, which refle
a reduction of the alloy energy gaps. The bowing-parame
concept can be straightforwardly generalized to the other
tride alloy material parameters, as outlined in our earlier
view. Linear interpolation has been assumed whenever
information on the bowing is available. We also emphas
that it is the hole masses rather than theA parameters or
Luttinger parameters that should be interpolated. Reco
mended energy gaps~see below! for the wurtzite and zinc-
blende nitride semiconductors are plotted in Fig. 3 as a fu
tion of lattice constant for the zinc-blende form. The bowi
effect is clearly evident in the curves connecting the bin
end points.

B. GaN

GaN is a wide-gap semiconductor that usually cryst
lizes in the wurtzite lattice~also known as hexagonal o
a-GaN!. However, under certain conditions zinc-blende G
~sometimes referred to as cubic orb-GaN! can be grown on

FIG. 3. Recommended energy gaps of wurtzite~solid curves! and zinc-
blende ~dashed! nitride semiconductor alloys and binaries~points!, as a
function of lattice constant for the zinc-blende form.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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a zinc-blende substrate. Under very high pressure, GaN
other nitrides experience a phase transition to the rock
lattice structure.18 In what follows, the wurtzite phase is im
plied if the crystal structure of a given nitride semiconduc
is not stated, whereas the less common zinc-blende pha
always specified explicitly. Unlike all of the non-nitrid
wide-gap III–V semiconductors, GaN has a direct ene
gap that makes it suitable for blue lasers and LEDs.

1. Wurtzite GaN

It has been known since the early 1970s that the ene
gap of wurtzite GaN is about 3.5 eV.19,20 In order to deter-
mine the gap accurately from luminescence experiments,
must measure the energy of one of the pronounced exc
transitions and add to it the exciton binding energy. Perh
the most reliable indicator in relatively-pure GaN is the pe
associated with the free A exciton (EA). That transition en-
ergy can be determined quite precisely, despite its typ
proximity to the B exciton and also neutral–donor bou
exciton transitions. Early measurements19,21,22led to a value
EA53.475 eV nearT50, in conjunction with an estimate o
28 meV for the binding energy. Numerous other photolum
nescence~PL! and absorption studies from the 1990s23–35

broadened the range of reported A exciton transition ener
at 0 K to 3.474–3.496 eV, where some of the spread w
apparently attributable to variations in the strain condition36

Experimental binding energies for the A exciton range fro
18 to 28 meV.22,23,27,28,31,34,37–39Owing to uncertainty in the
hole effective mass, the corresponding theoretical40 range for
the binding energy is 23–28 meV. Based on median val
for both EA and the binding energy, we recommend a va
of 3.510 eV for the zero-temperature energy gap.

While the first measured temperature dependence of
GaN energy gap22 yielded Varshni coefficients with sign
opposite from those of the other III–V materials,10 subse-
quent investigations achieved good fits with the conventio
signs fora andb. From optical absorption measurements
bulk single crystals and epitaxial layers grown on sapph
Teisseyreet al.41 obtained a50.939– 1.08 meV/K andb
5745– 772 K. For the temperature variation of the A excit
resonance, Shanet al. reported a50.832 meV/K andb
5836 K,24 whereas Petalaset al.42 fixed b5700 K and
found a50.858 meV/K using spectroscopic ellipsomet
Salvadoret al.43 obtaineda50.732 meV/K andb5700 K,
based on PL results. Manasreh29 reported a
50.566– 1.156 meV/K andb5738– 1187 K from absorp
tion measurements on samples grown by MBE a
MOCVD. The contactless electroreflectance study of
et al.32 led to a51.28 meV/K andb51190 K for the A ex-
citon transition energy, while Zubrilovet al.44 suggesteda
50.74 meV/K andb5600 K based on exciton luminescen
spectra. PL data from a study of free and bound excitons
Reynoldset al.45 were fitted to a modified Varshni-like form
While the general trends are roughly consistent, it is
obvious how to reconcile these diverse parameter sets q
titatively. Not only do the exciton transition energies beco
more difficult to identify precisely at higher temperature
but also a small temperature variation in the binding ene
may limit the accuracy of the fits. Our recommended Vars
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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parameters ofa50.909 meV/K andb5830 K represent
simple averages over the more credible reported valu
These agree well with the parameters suggested by abs
tion measurements on AlGaN, for which negligible comp
sition dependence was reported.46 Owing to the small rela-
tive change in the bandgap energy~only 72 meV between 0
and 300 K!, GaN device characteristics tend to be relative
insensitive to the precise values of the Varshni paramete

All conventional nitrides in the wurtzite phase exhibit
direct energy gap, and the next conduction valleys are
least 2 eV higher than theG valley.47 Therefore, we do not
specify wurtzite indirect gaps or other critical-point energ
in this review, although various theoretical and experimen
estimates may be found in Refs. 47–52.

The bottom of the conduction band in GaN is well a
proximated by a parabolic dispersion relation, although
slight anisotropy may be expected because of the redu
lattice symmetry.53 In early experimental studies, Barker an
Illegems54 obtainedmn50.20m0 from reflectivity measure-
ments, and Rheinlander and Neumann55 inferred
0.24– 0.29m0 from a Faraday-rotation investigation o
heavily n-doped GaN. Sidorovet al.56 also studied heavily
n-doped samples and derived masses of 0.1m0– 0.28m0, de-
pending on what primary scattering channel was assum
from fits to the thermoelectric power. Other early values m
be found in the reviews from the 1970s.1,2 Since then, a
considerable body of work has produced more precise ev
ations of the electron mass. Meyeret al.57 and Witowski
et al.58 obtained masses of 0.236m0 and 0.222m0 , respec-
tively, from shallow-donor transition energies. The latter
sult has the smallest error bounds quoted in the litera
~0.2%!. Pointing out the importance of the polaron correcti
~8%! in GaN, owing to its strong polar nature, Drechsl
et al. derived a bare mass of 0.20m0 from cyclotron reso-
nance data.59 Perlin et al.60 obtained a similar result from
infrared-reflectivity and Hall-effect measurements, and a
found the anisotropy to be less than 1%. A slightly high
dressed mass of 0.23m0 was recently obtained by Wan
et al.61 and Knapet al.62 The former may require a sma
downward revision because the electrons were confined
quantum well, whereas the latter authors apparently c
rected for that effect. No appreciable correction appears to
necessary for the infrared ellipsometry measurements
bulk n-doped GaN reported by Kasicet al.,63 which yielded
slightly anisotropic electron masses of 0.23760.006m0 and
0.22860.008m0 along the two axes. Finally, Elhamriet al.,64

Saxleret al.,65 Wonget al.,66 Wanget al.,67 and Hanget al.68

determined masses ranging from 0.18m0 to 0.23m0 from
Shubnikov–de Haas data for two-dimensional electrons
GaN/AlGaN heterojunction. It was suggested64 that strain
effects might have compromised somewhat the masses
tained by some of the other studies. Our composite rec
mendation is to use 0.20m0 for the bare electron effective
mass and 0.22m0 for the experimentally relevant dresse
mass. This bare mass agrees quite well with a numbe
theoretical estimates, which cluster around 0.20m0 ~see the
list in Ref. 69!. We do not attempt to specify anF parameter
for wurtzite GaN~for definiteness, it is assumed to vanish!,
owing to the large uncertainty. The interband matrix elem
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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may be obtained from the relation between the electron m
and the relevant zone-center energies.10

In wurtzite materials, both the spin-orbit and the cryst
field splittings affect the structure of the valence band.70 In
the following, we takeD25D35Dso/3 ~although a small
D2 /D3 anisotropy has sometimes been reported71,72! and
D15Dcr . Experimentally, the splitting parameters are d
duced from the energies of the A, B, and C free excito
which have nonlinear dependences73 on the various split-
tings. An early study of Dingleet al. foundDcr522 meV and
Dso511 meV.19 A recent and detailed analysis by Gilet al.
yielded the valuesDcr510 meV andDso518 meV,26 al-
though Chuang and Chang rederivedDcr516 meV andDso

512 meV from the same data using a more precise desc
tion of strain variations of the valence band-edge energie74

Reynolds et al. obtained Dcr525 meV and Dso517 meV
from a fit to exciton data.38 Using similar approaches
Dcr /Dso values of 22 meV/15 meV were obtained by Sh
kanaiet al.,31 37.5 meV/12 meV by Chenet al.,27 9 meV/20
meV by Korona et al.,75 and 9–13 meV/17–18 meV b
Campoet al.,76,77 while the values 10 meV/17 meV wer
determined by both Yamaguchiet al.71 and Edwardset al.78

Finally, a recent detailed experimental investigation
Rodina et al.35 found one of the smallest reported crysta
field splittings to date, Dcr59 meV, along with Dso

'18 meV. Oneab initio theoretical calculation79 derived a
spin-orbit splitting of 13 meV that agrees well with the e
perimental data, although the same calculation appare
overestimated the crystal-field splitting~42 meV!. Other
first-principles studies have also been reported.51,74,80–82

Since the latest experiments seem to converge on the s
tings Dcr'10 meV andDso'17 meV, we recommend thos
values.

While early work suggested 0.8m0 for the effective mass
of holes in GaN,1,83,84consideration of the acceptor bindin
energies led Orton85 to suggest a much smaller value
0.4m0 . Salvadoret al. obtained an even smaller mass
0.3m0 from a fit to PL spectra.43 On the other hand, the
absorption measurements of Imet al. yielded a rather heavy
mh of 2.2m0 .30 Merz et al.28 obtained an isotropically aver
aged heavy-hole bare mass of 0.54m0 from luminescence
data. Those authors also pointed out that the polaron cor
tion for heavy holes in GaN is nearly 13%. Fits of the ex
ton binding energies yielded hole masses in the ra
0.9– 1.2m0,

33,86 while Kasic et al.63 obtained 1.4m0 for
p-doped GaN from an infrared ellipsometric study. A nonp
rabolic heavy-hole dispersion was reported by Shie
et al.,87 with masses in the 0.75– 1.8m0 range. A bare heavy
hole mass of 0.52m0 was deduced from fits to experiment
exciton-luminescence data by Chtchekineet al.34 Perhaps the
most detailed such study to date was by Rodinaet al.,35

whose fits produced bare and dressed hole masses in
directions for excitons associated with all three valen
bands.

From the theoretical viewpoint, the six hole masses
readily expressible in terms of the first sixA parameters,
which may then be input to a detailed band struct
calculation.53,88 In the quasicubic approximation, those p
rameters may also be recast in terms of the Luttinger par
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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eters that are familiar from treatments of zinc-blen
materials.70 On the other hand, it must be emphasized t
the actual valence band structure of a wurtzite nitride se
conductor is strongly non-parabolic due to the small sp
orbit and crystal-field splittings. Fits of the data to more d
tailed band structure calculations have produced a numbe
candidateA parameters in the literature.27,51,53,74,80–82We
recommend the parameter set proposed by Renet al.,80 who
derived the value of 93.7 meV Å~note the unit error in the
original article! for the inversion parameterA7 . That param-
eter breaks the light-hole and crystal-hole spin degenera
in the in-plane direction. However, the reader must be c
tioned that usingA parameters from Renet al.80 carries with
it the employment of their values for the spin-orbit an
crystal-field splittings~21.1 and 10.8 meV, respectively!,
which deviate from the recommended values derived fr
the best experimental evidence as discussed above. Unf
nately, a more consistent set of valence-band paramete
not available at present, since that would require the av
ability of anotherab initio pseudopotential calculation. Not
also that whereas the experiments tend to be more sens
to the band splittings (Dso andDcr) than to the hole effective
masses, the calculated valence band structure~even in the
immediate vicinity of theG point! is affected significantly by
the values chosen forDso, Dcr , and all sevenA parameters.

This sensitivity is illustrated in Fig. 2~a! and 2~b!, in
which the noticeable wurtzite GaN spin splitting paramet
ized via theA7 parameter80 is shown. Figure 2~a! was de-
rived using the splittings andA parameters from Renet al.,80

while Fig. 2~b! shows the results of using theA parameters
from that reference combined with our recommended val
for the spin-orbit and crystal-field splittings. It does not a
pear possible to straightforwardly modify theA parameters
so as to recover a band structure resembling Fig. 2~a! ~but
with the corrected values of the splitting energies!. We there-
fore anticipate a later refinement of our suggestedA param-
eter sets, following a more rigorous reparameterization us
pseudopotentials or some other detailed approach.

Six distinct valence-band deformation potentials, in a
dition to the strain tensor and the overall hydrostatic def
mation potential, are necessary to describe the band struc
of GaN under strain. In the cubic approximation, these c
be re-expressed in terms of the more familiarav , b, andd
potentials.70 Christensen and Gorczyca47 reported a hydro-
static deformation potentiala527.8 eV, which agrees wel
with a fit to the data of Gilet al. (28.16 eV).26 A somewhat
lower value ofa526.9 eV was derived from anab initio
calculation by Kimet al.89 The hydrostatic potential is in fac
anisotropic owing to the reduced symmetry of the wurtz
crystal. A recent calculation90 yielded values of24.09 and
28.87 eV for the two hydrostatic interband deformation p
tentials. Fits to mobility data implied conduction-band defo
mation potentials approaching29 eV.91,92 Shanet al.93 re-
ported a1526.5 eV and a25211.8 eV for the two
hydrostatic interband components. Other experimental s
ies obtaineda1523.1 eV with a25211.2 eV94 and a1

525.22 eV with a25210.8 eV.95 Our recommended se
(a1524.9 eV anda25211.3 eV) represents an average
all the measured values.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Numerous sets of valence-band deformation potent
have been derived from both first-principle
calculations74,88,96–98 and fits to experimenta
data.26,31,71,93–95,99,100There are considerable discrepanc
between the reported data, and further work is neede
resolve which results are the most accurate. We form
composite set of deformation potentials by averaging
most widely quoted results:D1523.7 eV, D254.5 eV,
D358.2 eV, D4524.1 eV, D5524.0 eV, and D6

525.5 eV ~which satisfy the quasi-cubic approximation74!.
Elastic constants for wurtzite GaN have been obtain

from a number of experiments101–106 and
calculations.89,90,107–110Overall, theory agrees best with th
data of Polianet al.,102 who obtained the recommended va
ues: C115390 GPa, C125145 GPa, C135106 GPa, C33

5398 GPa, andC445105 GPa. However, the various e
periments disagree to a considerable extent, and the t
remains controversial.

The piezoelectric coefficients for GaN are also som
what controversial. Bykhovkiet al. attempted to derivee31

ande33 from thee14 coefficient in zinc-blende GaN, obtain
ing values ofe31520.22 C/m2 ande3350.43 C/m2.111 Stud-
ies of polycrystalline GaN on zinc-blende Si and sing
crystal GaN on wurtzite SiC by Guyet al.112,113produced the
results d3352.6 pm/V and d3353.7 pm/V, respectively.
Measurements by Luenget al. yielded a thin-film value~on
an AlN buffer! of d3353.1 pm/V.114,115 Since there was no
way to independently determined13 from those experiments
the relationd1352d33/2 was used. A calculation of Shimad
et al. yielded e31520.32 C/m2 and e3350.63 C/m2,107 and
Bernardini et al. derived e31520.49 C/m2 and e33

50.73 C/m2 from first principles.116 A recent theoretical
work by Bernardini and Fiorentini117 discussed the reliability
of the experimental results, and proposed values ofd33

52.7 pm/V andd13521.4 pm/V. Our recommended coeffi
cients are intermediate between the most reliable theore
and experimental values: d3353.1 pm/V and d13

521.6 pm/V. Based on recent measurements118 and
calculations117 of the shear piezoelectric coefficient, we re
ommendd1553.1 pm/V.

Several first-principles calculations of the spontane
polarizationPsp in GaN have derived very different value
ranging from 20.034 to 20.074 C/m2.116,119–121 On the
other hand, onlydifferencesin the spontaneous polarizatio
are important in heterostructure band calculations. We
ommendPsp(GaN)520.034 C/m2, although a full discus-
sion is deferred until the AlN section.

A complete listing of the recommended band struct
parameters for wurtzite GaN is compiled in Table I.

2. Zinc-blende GaN

A number of theoretical and experimental studies ha
determined energy gaps for zinc-blende GaN,42,122–130some
of which relied on explicit comparisons with the bette
understood case of wurtzite GaN. The most accurate exp
ments appear to be those based on low-temperature lum
cence measurements of the free-exciton peak,131–133which is
estimated to be 26.5 meV below the energy gap. While lo
temperature gaps ranging from 3.2 to 3.5 eV have been m
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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sured, the most reliable tend to fall approximately midw
between 3.29 and 3.35 eV.124,126,127We recommend using the
average value of the luminescence results,Eg(T50)
53.299 eV. The temperature dependence of the energy
was studied in detail by Ramirez-Floreset al.127 and Petalas
et al.42 While both foundb5600 K ~using the more reliable
model 1 in Ref. 42!, thea parameters differed so we recom
mend the average value of 0.593 meV/K. Although t
indirect-gap energies have not been measured, a recen
culation of Fanet al. puts theX-valley andL-valley minima
at 1.19 and 2.26 eV above theG valley, respectively.128

Ramirez-Floreset al. measured the spin-orbit splitting i
zinc-blende GaN to be 17 meV.127

Electron spin resonance measurements on zinc-ble
GaN determined an electron effective mass of 0.15m0 .134

Since this appears to be the only experimental result, an
similar to theG-valley masses derived from first-principle
calculations by Chowet al.135 and Fanet al.,128 we adopt it
as our recommendation. Effective masses ofml* 50.5m0 and
mt* 50.3m0 were recently calculated for theX valleys in
GaN,129 which are similar to the theoretical results of Fa
et al.128 These values are recommended.

Although the hole effective masses in zinc-blende G
have apparently not been measured, a number of theore
sets of Luttinger parameters are available.128–138 The

TABLE I. Recommended band structure parameters for wurtzite nitr
binaries.

Parameters GaN AlN InN

alc ~Å! at T5300 K 3.189 3.112 3.545
clc ~Å! at T5300 K 5.185 4.982 5.703

Eg ~eV! 3.510 6.25 0.78
a ~meV/K! 0.909 1.799 0.245

b ~K! 830 1462 624
Dcr ~eV! 0.010 20.169 0.040
Dso ~eV! 0.017 0.019 0.005

me
i 0.20 0.32 0.07

me
' 0.20 0.30 0.07

A1 27.21 23.86 28.21
A2 20.44 20.25 20.68
A3 6.68 3.58 7.57
A4 23.46 21.32 25.23
A5 23.40 21.47 25.11
A6 24.90 21.64 25.96

A7 ~eV Å! 0.0937 0 0
a1 ~eV! 24.9 23.4 23.5
a2 ~eV! 211.3 211.8 23.5
D1 ~eV! 23.7 217.1 23.7
D2 ~eV! 4.5 7.9 4.5
D3 ~eV! 8.2 8.8 8.2
D4 ~eV! 24.1 23.9 24.1
D5 ~eV! 24.0 23.4 24.0
D6 ~eV! 25.5 23.4 25.5

c11 ~GPa! 390 396 223
c12 ~GPa! 145 137 115
c13 ~GPa! 106 108 92
c33 ~GPa! 398 373 224
c44 ~GPa! 105 116 48

d13 ~pm/V! 21.6 22.1 23.5
d33 ~pm/V! 3.1 5.4 7.6
d15 ~pm/V! 3.1 3.6 5.5
Psp(C/m2) 20.034 20.090 20.042
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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recommended values are based on averages of the he
hole and light-hole masses along@001#, as well as the degre
of anisotropyg3–g2 . This results in the parameter set:g1

52.70, g250.76, andg351.11. Averaging all the reporte
split-off masses128–130,138,139leads tomso* 50.29m0 .

An average of the two theoretical values forEP in zinc-
blende GaN130,139yieldsEP525.0 eV, which in turn implies
F520.95. Caution is advised, since these values have
been verified experimentally.

Since various calculations put the hydrostatic deform
tion potential for zinc-blende GaN in the range26.4 to
28.5 eV,47,79,128,129,135,140we choose the average ofa
527.4 eV. The same procedure yields the recommenda
of b522.0 eV ~the full range is21.6 to 23.6 eV). We
adopt the Wei and Zunger141 value of av520.69 eV
(20.69 to 213.6 eV range! for the valence-band deforma
tion potential, since it is consistent with the expectation t
most of the strain shift should occur in the conduction ba
The recommendationd523.7 eV is an average of the pub
lished results from Ohtoshiet al.,140 Van de Walle and
Neugebauer,142 and Binggeliet al.143 No experimental con-
firmations of any of these deformation potentials for zin
blende GaN appear to exist. Elastic constants ofC11

5293 GPa, C125159 GPa, andC445155 GPa are taken
from the theoretical analysis of Wright.107 Very similar sets
were calculated by Kimet al.,144 and Bechstedtet al.119

The recommended band structure parameters for z
blende GaN are compiled in Table II.

TABLE II. Recommended band structure parameters for zinc-blende nit
binaries.

Parameters GaN AlN InN

alc ~Å! at T5300 K 4.50 4.38 4.98
Eg

G ~eV! 3.299 5.4 0.78
a~G! ~meV/K! 0.593 0.593 0.245

b~G! ~K! 600 600 624
Eg

X ~eV! 4.52 4.9 2.51
a(X) ~K! 0.593 0.593 0.245

b(X) ~meV/K! 600 600 624
Eg

L ~eV! 5.59 9.3 5.82
a(L) ~meV/K! 0.593 0.593 0.245

b(L) ~K! 600 600 624
Dso ~eV! 0.017 0.019 0.005
me* ~G! 0.15 0.25 0.07
ml* ~X! 0.5 0.53 0.48
mt* ~X! 0.3 0.31 0.27

g1 2.70 1.92 3.72
g2 0.76 0.47 1.26
g3 1.11 0.85 1.63
mso* 0.29 0.47 0.3

EP ~eV! 25.0 27.1 17.2
F 20.95 21.01 24.36

VBO ~eV! 22.64 23.44 22.34
ac ~eV! 26.71 24.5 22.65
av ~eV! 20.69 24.9 20.7
b ~eV! 22.0 21.7 21.2
d ~eV! 23.7 25.5 29.3

c11 ~GPa! 293 304 187
c12 ~GPa! 159 160 125
c44 ~GPa! 155 193 86
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C. AlN

AlN is the endpoint of the AlGaN alloy, which is tech
nologically important because it is a key ingredient in mo
nitride quantum wells. Experimental studies of AlN have f
cused almost exclusively on the wurtzite phase.

1. Wurtzite AlN

Wurtzite AlN is the only technologically significant Al
containing III–V semiconductor compound with a direct e
ergy gap, and it in fact has the largest gap of any mate
still commonly considered to be a semiconductor. The
sorption measurements of Yimet al.145 and Perry and
Rutz146 indicated that the energy gap in wurtzite AlN varie
from 6.28 eV at 5 K to 6.2 eV atroom temperature. Varshn
parameters ofa51.799 meV/K andb51462 K were re-
ported by Guo and Yoshida, who also found the lo
temperature gap to be 6.13 eV.147 Vispute et al. reported a
similar energy gap.148 Tang et al. resolved what they be
lieved to be the free or shallow-impurity-bound exciton
their cathodoluminescence data, at an energy of 6.11 e
300 K.149 Wethkampet al. used spectroscopic ellipsometr
to determine that the energy gap varies from 6.20 eV at
K to 6.13 eV at 300 K.150 Brunneret al. reported a variation
from 6.19 eV at 7 K to 6.13 eV at 300 K.46 Kuokstiset al.
resolved a low-temperature free-exciton transition at 6
eV.151 Guoet al. reported the temperature dependence of
reflectance spectra, but fitted it to the Bose–Einst
expression.152 We recommend an intermediate value of 6.
eV for the low-temperature bandgap, in conjunction with t
Varshni parameters of Guo and Yoshida.147 Although Brun-
neret al.46 also reported Varshni parameters, their finding
no significant differences from GaN for the entire AlGa
alloy composition range may indicate that those results
somewhat less reliable.

The crystal-field splitting in AlN is believed to be nega
tive, which implies that the topmost valence band is the cr
tal hole. Various calculations have yieldedDcr5258 meV
by Suzuki et al.,53 Dcr52217 meV by Wei and Zunger,79

Dcr52176 meV by Shimadaet al.,108 Dcr52244 meV by
Wagner and Bechstedt,90 Dcr52104 meV and2169 meV
from first-principles and semiempirical pseudopotential c
culations, respectively, by Pughet al.,130 and Dcr

52215 meV by Kimet al.82 Averaging all of the available
theoretical crystal-field splittings, we obtain our recom
mended value ofDcr52169 meV. Spin-orbit splittings
ranging from 11~Ref. 130! to 20 meV53 have been cited in
the literature. We adopt the value of 19 meV suggested
Wei and Zunger.79 Again, it is important to emphasize tha
our recommendations for the crystal-field and spin-or
splittings in AlN are only provisional because little or n
experimental data exist.

A number of studies have calculated the AlN electr
effective mass,53,82,130,153,154which is predicted to have
greater anisotropy than in wurtzite GaN.53 The recommended
bare mass values ofme

'50.30m0 and me
i
50.32m0 are ob-

tained by averaging the available theoretical masses,
though it is again noted that experimental studies are nee
to verify the calculations. A number of theoretical sets
valence-band parameters are available.53,74,81,82An apparent

e
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disagreement in the signs forA5 andA6 is in fact irrelevant,
since only absolute values of those parameters enter
Hamiltonian.82,130We recommend theA parameters given by
Kim et al.,82 since their crystal-field and spin-orbit splitting
are closest to the ones recommended in this review.

The hydrostatic deformation potential for wurtzite Al
is believed to lie between27.1 eV and29.5 eV,47,89 which
is consistent with the observation that the band gap pres
coefficients for AlGaN alloys have little dependence
composition.155 Our recommended set (a1523.4 eV and
a25211.8 meV) is taken from the recent work of Wagn
and Bechstedt.90 Theoretical values are also available for
few of the valence-band deformation potentials (D3

59.6 eV,D4524.8 eV).89 We recommend the complete s
presented by Shimadaet al.: D15217.1 eV, D257.9 eV,
D358.8 eV, D4523.9 eV, D5523.4 eV, and D6

523.4 eV, with the last value derived using the quasicu
approximation.

The elastic constants for wurtzite AlN were measured
Tsubouchiet al.,156 McNeil et al.,157 and Degeret al.106 The-
oretical results are also available.82,108,110,158–160We recom-
mend the values C115396 GPa, C125137 GPa, C13

5108 GPa,C335373 GPa, andC445116 GPa suggested b
Wright, who provides a detailed discussion of their expec
accuracy.107

Several early piezoelectric coefficients161,162for AlN are
summarized in Ref. 113. The resultd3355.6 pm/V obtained
in that reference is in reasonable agreement with the prev
determinations. Luenget al.115 measuredd3355.1 pm/V. Al-
though these experiments found onlyd33, both d33 andd13

can be calculated from first principles.108,116,117,163,164We rec-
ommend the recent theoretical values of Bernardini a
Fiorentini:d3355.4 pm/V andd13522.1 pm/V,117 although
the elastic coefficients given in that reference are somew
larger than the values we recommend. Based on re
measurements118,162 and a calculation117 of the shear piezo-
electric coefficient, we recommendd1553.6 pm/V.

The difference between the GaN and AlN spontane
polarizations strongly influences the band profiles and ene
levels in GaN/AlN quantum heterostructures. Although r
orous calculations116,119–121of the spontaneous polarizatio
Psp(AlN) have produced results spanning a fairly bro
range, from520.09 to 20.12 C/m2, values for the differ-
encePsp(AlN)- Psp(GaN) have tended to be more consiste
with most falling between 0.046 and 0.056 C/m2. Experi-
mentally, for some time the majority of workers on the Ga
AlGaN system reported somewhat smal
Psp(AlN)- Psp(GaN). For example, Lerouxet al.165,166 de-
rived 20.051,Psp,20.036 C/m2 for AlN. A study of the
charging of GaN/AlGaN field-effect transistors led to a sim
lar conclusion,167 and Hogget al. were able to fit their lumi-
nescence data by assuming negligible spontane
polarization.168 Park and Chuang169 required Psp

520.040 C/m2 to reproduce their GaN/AlGaN quantum
well data. On the other hand, Cingolaniet al.170 reported
good agreement with experiment using a higher value
rived from the original Bernardiniet al.116 calculation.

A significant step toward resolving this discrepancy h
been the recent realization that the AlGaN spontaneous
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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larization cannot be linearly interpolated between the val
at the binary endpoints.171,172 In combination with an im-
proved nonlinear-strain treatment of the piezoelectric effe
the discrepancy between theory and experiment for G
AlGaN quantum wells has been largely eliminated.120 We
adopt Psp520.090 C/m2 as the recommended value fo
AlN, in conjunction withPsp(GaN)520.034 C/m2.

The recommended band structure parameters for wu
ite AlN are compiled in Table I.

2. Zinc-blende AlN

Since very few successful growths of zinc-blende A
have been reported,173,174 our recommended parameter s
must rely primarily on theoretical projections. The on
quantitative experimental study of the band gap is Ref. 1
which deduced aG-valley gap of 5.34 eV at room tempera
ture, although it was also concluded that the lowest gap
indirect. Assuming the same Varshni parameters as for z
blende GaN, we obtain a low-temperature gap of 5.4
Values of 4.9 and 9.3 eV are recommended for theX- and
L-valley gaps, respectively.47,128,130The spin-orbit splitting
should be nearly the same as in wurtzite AlN~19
meV!.79,82,138,175Averaging theoretical results from a numb
of different sources,82,128,130,137,139we obtain a recommende
G-valley effective mass of 0.25m0 . The longitudinal
and transverse masses for the X valley are predicted to
0.53m0 and 0.31m0 , respectively.128 The same procedure
employed for GaN yields recommended Luttinger para
eters of g151.92, g250.47, and g350.85
(mso50.47m0).82,128,130,137,139The recommended momentum
matrix element is an average of the reported values:130,139

EP527.1 eV (F521.01). Hydrostatic deformation poten
tials of 29.0 ~Ref. 47! and29.8 eV128 have been reported
For the deformation potentials, we recommenda
529.4 eV, av524.9 eV,79,128 b521.7 eV,128,142,143 and
d525.5 eV.89,142,143The adopted elastic constants ofC11

5304 GPa, C125160 GPa, andC445193 GPa, from the
calculations of Wright,107 are similar to the sets quoted i
other theoretical works.119,144,176

The recommended band structure parameters for z
blende AlN are compiled in Table II.

D. InN

Although InN is rarely, if ever, used in devices in i
binary form, when alloyed with GaN it forms a core constit
ent of the blue diode laser.11 For that reason, and especial
since some degree of segregation commonly occurs when
GaInN alloy is grown, it is important to understand the pro
erties of bulk InN in its wurtzite phase.

1. Wurtzite InN

Early absorption studies on sputtered thin films co
cluded that the InN band gap is in the 1.7–2.2 e
range.177–181 Those polycrystalline or nanocrystalline th
films typically had high electron densities and low mobi
ties. From a subsequent investigation of epitaxially gro
wurtzite InN, Guo and Yoshida147 measured low-temperatur
and room-temperature gaps of 1.994 and 1.97 eV, res
tively, along with Varshni parameters ofa50.245 meV/K
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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and b5624 K. However, recent advances in the epitax
growth of single-crystal InN have brought about a drama
re-evaluation of the fundamental energy gap in t
compound.182–185Absorption, photoluminescence, and ph
toluminescence excitation experiments indicate that
bandgap is actually in the 0.7–0.8 eV range. In an interes
exchange, Nag186 pointed out that this gap is unusually lo
in the context of trends exhibited by other semiconduc
materials, whereas Davydovet al.187 emphasized the defini
tive nature of the experiments determining the low value.
recommend a zero-temperature gap of 0.78 eV,184 although
there is one report of a value as low as 0.65 eV.188 For lack of
better information, we continue to recommend the Vars
parameters of Guo and Yoshida147 until a careful
temperature-dependent study of the newer high-quality
becomes available.

Estimates for the crystal-field splitting in wurtzite In
range from 17 to 301 meV.51,79,130We recommend a provi
sional value of 40 meV. Based on calculated spin-orbit sp
tings varying from 1 to 13 meV,79,130 we recommendDso

55 meV.
Several measurements of the electron effective mas

InN produced values of 0.11m0 ,179 0.12m0 ,189 and
0.14m0 ,190 as well as 0.24m0 for the mass perpendicular t
the c axis.191 The result of Kasicet al.190 closely matches a
least one theoretical projection.49 However, the recent real
ization that the InN band gap is narrower than previou
thought prompted a re-examination of the effective-m
issue.192 Accounting for the substantial nonparabolicity th
can cause an overestimate of the mass in highly do
samples leads to a band-edge effective mass of 0.07m0 ,
which is our recommended value. Valence-band mass pa
eters were calculated by Yeoet al.51 using the empirical
pseudopotential method, and also by Pughet al.130 and Dug-
daleet al.81 using essentially the same technique. The res
of the first two studies are quite similar, and we recomme
the parameters derived by Pughet al.130 However, it should
be pointed out that the lower InN energy gap may requir
downward revision of the light-hole mass.

Christensen and Gorczyca predicted a hydrostatic de
mation potential of24.1 eV for wurtzite InN,47 although a
smaller value of22.8 eV was calculated by Kimet al.89 We
recommend the average of the two:a523.5 eV. Since,
there have been no calculations of the valence-band de
mation potentials, we recommend appropriating the
specified above for GaN. While elastic constants were m
sured by Sheleg and Savastenko,101 we recommend the im
proved set of Wright:107 C115223 GPa,C125115 GPa,C13

592 GPa, C335224 GPa, andC44548 GPa. Alternative
sets calculated by Kimet al.89 and Davydov110 are also avail-
able. Since the piezoelectric coefficients in InN have app
ently not been measured, we recommend the theoretical
ues of Bernardini and Fiorentini:117 d3357.6 pm/V, d13

523.5 pm/V, andd1555.5 pm/V. Even though the sponta
neous polarization data for GaN/GaInN structures are inc
clusive at this point, most likely owing to material imperfe
tions, the recommended valuePsp(InN)520.042 C/m2 is
consistent with the most thorough comparison of experim
and theory.120
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Recommended band structure parameters for wurt
InN are compiled in Table I.

2. Zinc-blende InN

Although the growth of zinc-blende InN has bee
reported,193 only theoretical estimates of its band paramet
are available. It is projected to have a direct band alignm
with G-, X-, and L-valley gaps of 1.94, 2.51, and 5.82 e
respectively.129 However, since that calculation was pe
formed before the true energy gap of wurtzite InN w
known, we recommend revising theG-valley gap to be 0.78
eV. Spin-orbit splittings in the range 3–13 meV have be
projected,79,138,175from which 5 meV is recommended. W
recommend an electron effective mass identical to tha
wurtzite InN, 0.07m0 , which is lower than the calculate
values of 0.10– 0.14m0

129,130,139owing to the reduction in the
energy gap. The longitudinal and transverse masses for thX
valley are predicted to be 0.48m0 and 0.27m0 ,
respectively.129 The recommended Luttinger parameter s
(g153.72, g251.26, andg351.63) is derived from Pugh
et al.,130 and the split-off mass is chosen to bemso*
50.3m0 .129,130 For the EP parameter we recommend th
value given by Meneyet al.,139 since the alternative value o
Pughet al.130 implies too large a value forF. The resulting
recommended parameter set isEP517.2 eV and F5
24.36. For the hydrostatic deformation potential, we reco
mend an average value of23.35 eV from the
theoretical47,89,129range of22.2 to 24.85 eV. The recom-
mended valence-band deformation potentials are a comp
from the calculations of Wei and Zunger,79 Kim et al.,89 Tad-
jer et al.129 and Van de Walle and Neugebauer:142 av
520.7 eV, b521.2 eV, and d529.3 eV. Elastic con-
stants ofC115187 GPa,C125125 GPa, andC44586 GPa
are adopted from the calculations of Wright,107 which are
similar to other calculated sets.119,144

The recommended band structure parameters for z
blende InN are compiled in Table II.

E. Alloys

1. GaInN

GaInN quantum wells represent a key constituent in
active regions of blue diode lasers and LEDs.11 The reliabil-
ity of early determinations of the energy-gap bowing para
eter for GaInN must now be questioned in light of the co
siderable overestimate of the InN gap~see Sec. II D!. Further
complications resulted from the frequent occurrence
chemical ordering and ~partial! phase decomposition
effects,194 with clustering of In-rich regions.195 However, re-
cent work has produced considerable progress toward a
damental understanding of the Ga12xInxN energy gap.

A fit to the early data of Osamuraet al.177 yielded a
bowing parameterC of '1.0 eV. That result was consisten
with the theories of Wright and Nelson,196 Kassali and
Bouarissa,197 Brandtet al.,198 ~performed for the zinc-blende
form of GaInN!, Goano et al.,69 Ferhat et al.199,200 ~for
wurtzite GaInN!, and other early calculations.201,202For low
In compositions, Nakamura found that this bowing para
eter produced a good fit to PL data.203 A slightly larger
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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bowing was obtained by Liet al.,204 on the basis of PL from
GaInN/GaN superlattices. A similar value of 1.4 eV was
ported for zinc-blende GaInN, although that study employ
relatively thin GaInN layers in which the strain was not ful
relaxed.205 Bellaiche and Zunger206 established that a larg
apparent reduction in the GaInN band gap could result fr
the effects of short-range atomic ordering. Strain and ord
ing effects were also considered by Wrightet al.207

A number of later works cast doubt on the picture o
small bowing parameter in GaInN alloys. For example,
experimental band gap results of McCluskeyet al. for
Ga12xInxN epilayers withx,0.12 implied a bowing as large
as 3.5 eV.208 First-principles calculations by the same autho
indicated that the bowing parameter itself may be a str
function of composition, at least for small In fractions. Ke
et al. also calculated a strong variation ofC with x, and
additionally determined that epitaxial layers may have
slightly smaller valence band offset than bulk materials209

Similarly large bowings~in the range 2.4–4.5 eV! were re-
ported by a large number of subsequent studies.210–227 PL
emission consistent with fairly strong bowing was also fou
in an investigation of zinc-blende GaInN.228 All of these
works focused on Ga12xInxN with In fractions less than
20%. However, after noticing a weak temperature dep
dence of the alloy PL peak, as well as a Stokes shift betw
the PL and photoreflectance lines, Shanet al.212 suggested
that the PL may in fact be emitted primarily from mater
that is locally In-rich. Such ordering would naturally lead
an overestimate of the bowing parameter. Teleset al.229 ar-
gued that smaller bowing is appropriate once corrections
made for the lattice constant and clustering. Bellaic
et al.230 suggested the interesting possibility that ‘‘clusterin
like’’ electronic effects may be produced without any actu
chemical clustering, due to localization of the hole wa
functions on the In sites. Stepanovet al.231 noted that much
of the scatter in the bowing parameter would be removed~to
obtain C52.1– 2.4 eV) were the same value of Poisso
ratio used in all of the studies.

Naturally, since the earlier band gap data for In-ri
Ga12xInxN are no longer credible, many of these conclusio
must be re-evaluated. The recent growth of high-quality
itaxial samples with largex has considerably broadened th
compositional range over which the bowing could be de
mined reliably.188,232 Wu et al.232 attributes a strong down
ward shift of the PL peak energy with respect to the abso
tion band edge to emission primarily from localized In-ri
regions. Based on their work we recommendC51.4 eV,
which is also consistent with many of the theoretical e
mates discussed above. The same energy-gap bowing pa
eter is recommended for both wurtzite and zinc-blen
GaInN.

Very little information is available on the other ban
parameters for GaInN. Tight-binding calculations49 provide
some support for our recommended standard procedure10 of
using the band-gap bowing parameter to derive the com
sitional variation of the electron effective mass, and th
interpolating the rest of the quantities linearly. Effectiv
mass parameters for Ga-rich alloys were compiled by P
et al.233 For theX-valley gap in zinc-blende GaInN, a sma
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bowing ofC50.38 eV was estimated from first principles.49

Another calculation gave bowing parameters of 0.69 a
1.84 eV for theX-valley andL-valley gaps, respectively. On
the basis of calculations as a function of composition,234,235

we take the piezoelectric coefficients for wurtzite GaInN
be unbowed. We recommend a bowing parameter
C(Psp)520.037 C/m2 for the spontaneous polarization i
the alloy, in order to be consistent with a recent detai
comparison of theory and experiment.120

The recommended nonzero bowing parameters
GaInN are summarized in Table III.

2. AlGaN

AlGaN is often used as the barrier material for nitrid
electronic and optoelectronic devices. Initial studies of
compositional dependence of the energy gap repo
downward236 as well as upward237,238 bowing. Subsequen
early PL239 and absorption240 measurements found a bowin
parameter of11.0 eV, which has often been used in ba
structure calculations. Since then, many studies of mate
fabricated under a variety of growth conditions have be
published. A good review of the results up to 1999 was p
sented by Leeet al.,241 who divided the previous works into
three general classes. They noted that the early findings o
upward bowing237,238 have generally not been duplicate
~with the somewhat inconclusive exception of Ref. 242!. The
second class of materials, which were grown at high te
peratures, generally exhibited a strong downward bowing
at least11.3 eV.46,243–248Often those results could not be fi
with a continuous, parabolic curve, since they tended to ju
to stronger bowing as the Al fraction increased.241 It was
proposed that the apparent observation of the strong bow
was actually an artifact resulting from defect- or impurit
related transitions at energies below the bandgap.249 Lee
et al.241 further suggested that only samples fabricated
first growing a GaN buffer on sapphire at low temperatu
followed by high-temperature growth of the alloy layer, m
be expected to yield reliable energy gaps.210,250–254Residual
anomalies for materials of the third class were attributed
incomplete strain relaxation. Based on these considerati
Lee et al. recommended the bowing paramet
C50.6 eV.241

Since then, there have been many other reports of en
gaps in AlxGa12xN. Ochalskiet al.255 observed no detect
able bowing forx,0.3 ~this work falls broadly into the third
class of Leeet al.!. A wider range of Al compositions was
considered by Shanet al.,256 who deduced a bowing o
11.33 eV for alloy layers grown on AlN buffers. Meye
et al.257 reportedC50.7 eV for material that again falls into
the third class as defined above. A similar value ofC

TABLE III. Nonzero bowing parameters for GaInN, AlGaN, and AlInN.

Parameters GaInN AlGaN AlInN

Eg
G ~eV! 1.4 0.7 2.5

Eg
X ~eV! 0.69 0.61 0.61

Eg
L ~eV! 1.84 0.80 0.80

Psp(C/m2) 20.037 20.021 20.070
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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50.8 eV was reported by Omneset al.258 Bergmanet al. ob-
tainedC51.2 eV, and reported no evidence forx-dependent
local band gap variations induced by chemical ordering259

Cathodoluminescence, absorption, and reflectance mea
ments of epitaxial AlGaN grown on Si~111! suggestedC
51.5 eV.260–262Ebling et al.263 found a large bowing param
eter in AlGaN with partial chemical ordering. Other mate
als representing the third class were recently investigated
Jiang et al.264 (C50.53 eV), Wagneret al.265 (C'1 eV),
Zhou et al.266 (C50.85 eV), Katzet al.267 (C51.38 eV),
and Yun et al.268 (C51.0 eV). Paduanoet al.269 (C
50.70 eV) suggested that the data are reliable only whe
specific sequence of buffer layers~giving narrow x-ray dif-
fraction features! is employed, and special efforts are tak
to compensate for the strain dependence of the energy
Besides their own, they assigned two other studies241,257 to
that category. Finally, there exists one report of weak bow
in zinc-blende AlGaN with a relatively small Al fraction.270

Most theories project that theG valley in zinc-blende
AlGaN should have a small downward bowing (C
50.05– 0.53 eV),128,196,271except for the early work of Al-
banesiet al.272 (C520.4 eV). The bowing parameters ca
culated for wurtzite AlGaN fall in a similar range: 0.61 eV,273

0.353 eV,274 and '0 eV.69,275 Based on the consistent find
ing of a relatively small bowing parameter by the theories
well as by some of the most authoritative experiments,
recommendC50.7 eV for both the wurtzite and zinc-blend
forms of AlGaN.

Recommended values for theX-valley ~0.61 eV! and
L-valley ~0.80 eV! bowing parameters are taken from th
empirical pseudopotential method calculations of F
et al.128 Some of the effective mass parameters
zinc-blende271 and wurtzite233 AlGaN have been calculated
but no experimental verification exists. A bowing ofC(Psp)
520.021 C/m2 for the spontaneous polarization is cons
tent with a recent detailed comparison of theory a
experiment.120

The recommended non-zero bowing parameters
GaInN are summarized in Table III.

3. AlInN

Al xIn12xN is drawing increasing attention, because ax
50.83 it becomes lattice-matched to GaN. The band
bowing derived from the first experimental study of sp
tered AlInN was so strong that it yielded a smaller ene
gap for the lattice-matched alloy than for GaN.276 The stan-
dard quadratic expression did not provide a reasonable fi
the compositional variation, and it is now known that the g
for the InN binary significantly exceeded the appropria
value for single-crystalline material. Guoet al.277 presented
results for InN-rich AlInN, and similarly measured an inco
rect gap in the InN limit. From an investigation of the opp
site limit of Al-rich alloys, Kimet al. found consistency with
a downward bowing of at least 2.5 eV.278 While Penget al.
gave a cubic expression for the energy gap that fit res
spanning the entire range of compositions,279 that result can-
not be used in its original form since it overestimates the I
gap. Furthermore, the strong bowing implied by their m
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
re-

by

a

ap.

g

s
e

n
r

-
d

r

p
-
y

to
p

ts

-

surements, and also those of Yamaguchiet al.,280,281may be
artifacts of polycrystallinity and clustering, by analogy to th
effects discussed in the section on GaInN alloys. F
Al0.32In.68N Shubinaet al.282 reported a substantially highe
band gap of 2.74 eV, which implies a slight upward bowi
in combination with our recommended binary endpoint v
ues. Finally, Lukitschet al.283 reported strong downward
bowing over a wide range of compositions, although the
ergy gap for InN was again too high. While the general tre
is toward largeC(3 – 4 eV), in view of the results for the
other nitrides we conclude that the available experimen
literature for AlInN may not yet provide a reliable bowin
parameter.

On the theoretical side, a first-principles calculation f
zinc-blende AlInN yielded a bowing parameter of 2.53 e
which was assumed to be equal to that in the wurtz
alloy.284 A more recent result for cubic AlInN is 1.32 eV fo
the direct-gap and20.51 eV for the indirect (G –X)
transition.285 A calculation for wurtzite AlInN produced a
similar bowing of 2.38 eV,69 while other values from the
literature are 1.32 eV229 and 2.20–4.67 eV.200 Unfortunately,
none of those theories derived an InN energy gap as sma
our recommended value. Therefore, we provisionally reco
mend a bowing parameter of 2.5 eV for both wurtzite a
zinc-blende AlInN, and note that the uncertainty is consid
ably larger than for the related GaInN and AlGaN alloys.
be consistent with a recent detailed comparison of theory
experiment,120 we recommend a spontaneous-polarizat
bowing of C(Psp)520.070 C/m2.

The recommended non-zero bowing parameters
AlInN are summarized in Table III.

4. AlGaInN

Energy gaps have also been reported for AlGaInN w
rather small In fractions.280,286–288Recent results indicate
nearly linear bandgap reduction when In,2%.289 The cut-
off wavelengths of AlGaInN~lattice matched to GaN! ultra-
violet photodetectors are also generally consistent with a
ear interpolation.290 A linear variation with In concentration
is therefore recommended for this quaternary with dilute
since in view of the small parameter space studied to da
is too early to suggest any more detailed relation.

F. Band offsets

Even after strain effects are factored out, there is na
priori reason to expect the wurtzite and zinc-blende versi
of any given nitride heterojunction to have the same ba
offsets. In fact, in all cases the offset of either the conduct
or the valence bandmust differ somewhat, because th
wurtzite and zinc-blende energy gaps are not identical. T
calculations of Murayama and Nakayama291 and Wei and
Zunger,79 which did not account for spontaneous polarizati
effects, found rather small differences. These results are
ported by the experimental work of Luet al.,292 which de-
rived a conduction band offset of 0.3 eV between zin
blende and wurtzite GaN with a marginal type-II alignme
of the conduction and valence bands in the two forms of
material@valence band offset (VBO)'20.09 eV]. However,
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Bernardini and Fiorentini293 suggest that once the large ele
trostatic fields are included, even defining the band offset
a wurtzite system’s polar interface@our discussion is con
fined to the~0001! orientation# becomes nontrivial.

Because there are fewer ambiguities, we first briefly
amine the theoretical band offsets for zinc-blende GaN/A
heterojunctions. Numerous calculations have yielded
strained offsets~under the assumption of full lattice relax
ation! ranging from 0.25 to 1.0 eV,79,121,143,294–303with only a
weak dependence on the interface’s orientation axis.297,301

Since most of the results lie within the fairly narrow range
0.75–0.85 eV, we recommend the value 0.8 eV. By conv
tion, a positive offset corresponds to AlN having the low
valence-band maximum.

In the more complex wurtzite heterostructure, the el
trostatic potential takes on a characteristic sawtooth pro
owing to the macroscopic polarization and corresponding
terface charges.293,304One additional complication is that th
GaN/AlN and AlN/GaN cases are inequivalent,305 meaning
that the two must be specified separately.293,304A number of
first-principles calculations found offsets in the rather narr
0.7–0.8 eV range, although polarization and strain effe
were not accounted for consistently.79,296,301,305From a de-
tailed treatment of the strain-induced asymmetry at
~0001! polar heterojunction, Bernardini and Fiorentini o
tained 0.2 eV for AlN/GaN and 0.85 eV for GaN/AlN.293

On the experimental side, the valence-band discontin
at the GaN/AlN interface was first probed by Sitaret al.,124

who obtained 1.4 eV from fits to optical measurements
GaN/AlN superlattices. Subsequently, Bauret al. extracted a
VBO of 0.5 eV from the difference between iron accep
levels in each material.306 A fit to the PL spectrum of GaN
AlGaN quantum wells was consistent with a VBO
'0.9 eV.43 A more recent fit by Namet al.307 implied
'0.8 eV, and much the same value was obtained from de
acceptor level emission data.308 X-ray photoemission spec
troscopy yielded a VBO of 0.860.3 eV at the wurtzite GaN
AlN junction,309 which was revised to 0.7060.24 eV in a
later article by the same authors.310 Using the same ap
proach, Waldrop and Grant found a considerably differ
value of 1.3660.07 eV.311 A related study reported a near
linear VBO variation in the AlGaN alloy, with a positive
bowing parameter of 0.59 eV.312 Using X-ray and ultraviolet
photoelectron spectroscopy, Kinget al. found that the GaN/
AlN VBO ranged from 0.5 to 0.8 eV, depending on th
growth temperature.313 They surmised that the difference
arose from strain, defects, and film stoichiometry effec
Rizzi et al.314 reported a VBO in the 0.15–0.4 eV range f
relaxed heterojunctions, and pointed out that the Ga 3d core
level, which has been used as a reference in GaN, is in
hybridized with other valence bands. Overall, in consid
ation of the numerous pitfalls that can plague the experim
tal investigations, we do not find a compelling reason
doubt the soundness of the theoretical evaluation by Ber
dini and Fiorentini.293

Several theoretical works have studied the vale
band offset at the important InN/GaN
interface.79,142,297,298,302,303,315Most obtain a relatively smal
unstrained VBO of 0.26–0.3 eV for the zinc-blende vers
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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of the interface,79,142and 0.48 eV for wurtzite.79 Whereas the
macroscopic polarization effects are smaller for this juncti
they may alter the value suggested in Ref. 79. On the o
hand, the x-ray photoemission spectroscopy measurem
of Martin et al. found a large VBO of 1.05 eV,310 and optical
measurements on GaInN/GaN quantum wells were also c
sistent with a large value.316 Martin et al.310 employed cor-
rections for the piezoelectric fields, and found no significa
deviation from the transitivity rule when measurements
the VBO at the InN/AlN heterojunction were included. A
though the value of the bandgap in InN was recently
evaluated, we expect most of the difference to appear in
energy of the conduction band rather than the valence b
We therefore recommend a VBO of 0.3 eV for the zin
blende InN/GaN interface and 0.5 eV for the wurtzite inte
face. In the wurtzite case, we recommend the same value
both InN/GaN and GaN/InN, since at present there is
compelling evidence for a significant difference. Assumi
transitivity, this implies a VBO of 0.5 eV for the zinc-blend
version of the InN/AlN heterointerface. We note that all thr
zinc-blende interfaces exhibit a type-I alignment. The ma
is more complicated for the wurtzite form of the InN/AlN
junction, with likely growth-sequence asymmetries arisi
from the very different spontaneous polarizations in the t
materials. The resolution of this issue awaits further stud

The band offsets for zinc-blende nitrides can be rela
tentatively to those of the non-nitride III–V compounds
collected in our earlier review.10 In this context, we conside
the VBO to be an intrinsic property of a given zinc-blen
semiconductor, since interface dipole contributions tend
be small and transitivity is generally a good assumption.
vergent measurements of the GaAs/GaN VBO have been
ported in the literature. Martinet al.317 obtained a GaAs/GaN
conduction-band offset of 0.9 eV from the current–voltag
characteristic of ann-type structure with a thin GaN barrie
The energy gap difference of'1.8 eV then implies a VBO
of 0.9 eV. Similar measurements onn-type andp-type de-
vices were carried out by Huanget al.,318 who derived an
approximate VBO of 0.5 eV. It is difficult to estimate th
influence of the large GaAs/GaN lattice mismatch on tho
results. On the other hand, Dinget al.319 obtained a VBO of
1.8460.1 eV from x-ray photoemission spectroscopy, whi
implies a nearly vanishing conduction-band discontinu
We recommend this last result, which agrees reasonably
with the recent theoretical estimates of Wei and Zunge315

and Agrawalet al.320 Employing20.80 eV for the VBO of
GaAs relative to the valence-band maximum of InSb,10 we
obtain absolute offsets of22.64,23.44, and22.34 eV for
zinc-blende GaN, AlN, and InN, respectively. On the oth
hand, for wurtzite nitride heterointerfaces it is less clear t
the VBO can be treated analogously as a bulk paramete

At present, all of our band-offset recommendatio
should be considered provisional. Especially in the case
interfaces involving InN, future developments may signi
cantly alter the accepted values. Recommended absolute
lence band offsets~relative to InSb! for the three zinc-blende
binary nitrides are collected in Table II, and recommend
asymmetric wurtzite offsets are listed in Table IV. For la
of other information, we ignore any bowing of the ban
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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offsets for the nitride alloys. The results are presented i
graphic form in Fig. 4.

III. ‘‘DILUTE’’ NITRIDE BAND PARAMETERS

A. Methodology

We donot recommend that the type of bowing discuss
above in Sec. II A be used to describe the ‘‘dilute’’ nitrid
alloys, in which a small N fraction on the order of a fe
percent is added to a conventional III–V semiconductor s
as GaAs, GaInAs, or GaP~an exception is the linear interpo
lation of lattice constants between the host material and z
blende GaN or GaInN!. A single bowing parameter is in
general inadequate even if the goal is only to describe
energy gap for a relatively wide range of compositions.321

Here the main interest is in materials incorporating only
few percent nitrogen,322 since it is highly questionable
whether more than 10%–16% N can be incorporated sta
It is by now well established that the properties of the co
duction band in these materials~a few % N usually has little
effect on the valence bands! can be parameterized in terms
the band anticrossing model.323 While this two-parameter
model can be cast formally in terms of the many-impur
Anderson model within the coherent potential approxim
tion, it can also be thought of simply as the interaction b
tween a single, spatially localized N level and the conduct

TABLE IV. Recommended valence-band offsets~including strain and polar-
ization effects! for the binary wurtzite interface combinations. A positiv
VBO corresponds to a higher valence band maximum in the first mat
than in the second.

Heterojunction VBO~eV!

AlN/GaN ~0001! 20.20
GaN/AlN ~0001! 0.85
InN/GaN ~0001! 0.50
GaN/InN ~0001! 20.50

FIG. 4. Conduction~filled! and valence~open! band offsets for the binary
and ternary zinc-blende nitrides as a function of lattice constant. The
duction ~valence! band offset between any two materials corresponds
their energy difference on the absolute scale of the figure.
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band of the underlying non-nitride semiconductor. Howev
the recent derivation by Lindsayet al.324 points out that iden-
tical fundamental bandgap predictions may be obtained e
if the interaction involves a weighted average of perturb
upper states rather than a single N level.

If the effect on the valence bands is completely n
glected, the BAC model yields the following dispersion r
lations for the two coupled bands:

E6~k!5 1
2 $@EC~k!1EN#6A@EC~k!2EN#214V2x%,

~3!

whereEC(k) is the conduction-band dispersion of the unp
turbed non-nitride semiconductor,EN is the position of the
nitrogen isoelectronic impurity level in that semiconduct
V is the interaction potential between the two bands, andx is
the N fraction. Dispersion relations for the two coupled co
duction bands in GaAs0.99N0.01, with the characteristic anti-
crossing, are plotted in Fig. 5. Note that any temperat
dependence arises from the shift of the conduction-band
persionEC(k), which is assumed to follow the Varshni fo
mula of Eq.~1!, whereasEN is taken to be independent ofT.
One consequence is a considerable weakening of the fu
mental energy gap’s variation with temperature, e.g., if
compare GaAsN to GaAs.325Another is that the deformation
potential theory must be applied carefully, with a view to t
much weaker shift ofEN with applied pressure. Therefore
the strain dependence of theE6 transitions should be deter
mined by substituting the appropriate deformation para
eters of the host semiconductor to obtainEC(k), and then
deriving E6(k) from Eq. ~3! or an even more detailedk"p
formalism. We suggest that elastic constants of the host
terial should be used, although there is no data to prefer
procedure over the alternative of linearly interpolating b
tween the host and zinc-blende GaN.

We can straightforwardly extend the BAC model to tre
ten bands~spin-doubled conduction, valence, and nitrog
impurity bands! by modifying the 8-bandk"p theory.326–329

al

n-
o

FIG. 5. Conduction-band dispersion relations for GaAs0.99N0.01 at 300 K
from the BAC model~solid curves!. For comparison, the unperturbed GaA
conduction band and the position of the nitrogen level are shown as
dotted and dashed curves, respectively.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Coupling of the nitrogen band to theX and L valleys may
also be introduced.330,331 While adding further parameter
can in principle afford greater flexibility in fitting the data,
this juncture we think it preferable to avoid complicating t
simple two-parameter fit of Eq.~3!. Note also that the fixed
position of the nitrogen level with respect to vacuum impl
a tandem shift with the valence band maximum of the h
III–V material. If viewed as a single level, one then ne
specify only its alignment with respect to some we
characterized energy. However, in order to account for
experimental observation of small yet non-negligible dev
tions from referencing to the valence band offset, we w
specify a separate nitrogen level for each host material.

It will be seen below that Eq.~3! provides a useful and
reliable basis for describing a variety of dilute-nitride ma
rial properties, such as the fundamental energy gap~gov-
erned by the transition fromE2 to the top of the valence
band!, the temperature shift of the gap, the electron effect
mass, and the characteristics of the upper bandE1 ~within
the theory of Lindsayet al.,324 there is not necessarily
single well-definedE1 band!. However, the extent to which
the BAC representation may be considered fundament
realistic is still controversial at this writing.332,333The BAC
model does not consider anything more complicated tha
single nitrogen level on a substitutional lattice site~or a nar-
row impurity band formed from such levels!. It neglects not
only mixing with theL andX valleys, but also more comple
nitrogen behavior in the semiconductor matrix, e.g., the f
mation of nitrogen pairs and clusters. On the other hand,
more complicated modeling based on pseudopotentials334–336

requires a substantial computational effort. The numer
results are then difficult to use without parameterization i
a form such as Eq.~3!. The very recent work by Lindsay
et al.324 points out that the most amply verified prediction
the BAC model, the dependence of the band gap on th
content, may be unaffected by generalizing to a multiplic
of higher-lying states.

The implementation of Eq.~3! requires input of the hos
semiconductor’s band parameters. Although we do not re
duce the non-nitride parameters in this work in order to p
serve space, all of the required values are tabulated in
earlier review.10 We recommend that in all cases, the valen
band offset for an unstrained dilute nitride should be
equal to that of the host semiconductor. Within the BA
model the primary effects of the nitrogen are on the cond
tion band, and even the ten-band model influences the
dispersion relations without shifting the valence band ma
mum in the absence of strain or quantum confinement.
though some experimental studies have reported a fi
type-I or type-II offset in strained structures~see the next
subsection on GaAsN!, at present there is no evidence com
pelling enough to alter our recommendation of a null off
relative to the host in the absence of strain.

B. GaAsN

It has long been known that small quantities of nitrog
in GaAs and GaP form deep-level impurities.337 However,
only recently has the growth of GaAs12xNx alloys with ap-
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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preciable ('1% or more! N fractions been reported.338,339

~Reports340 of the incorporation of small amounts of As int
GaN are uncommon!.

PL measurements of GaAsN with N fractions up to 1.5
were used to extract the dependence of the energy ga
composition.341 A huge bowing of 18 eV was found, which
for small compositions is equivalent to a linear model w
that slope.342 Early theoretical studies projected bandg
bowings based primarily on calculations for large
fractions.206,343–350Although the large bowing was originally
expected to produce a semimetallic overlap at intermed
compositions,345 more detailed studies found a reduction
the bowing parameter with increasing composition.347,348

This result was confirmed by the experiments of Bi and T
who studied N compositions as large as 15%.351

Subsequent investigations confirmed a highly nonlin
reduction in the energy gap for small N compositions.352–358

Another notable finding was a significant weakening of t
temperature and pressure dependences of the band ga
GaAsN ~and GaInAsN with small In fraction!.355,359,360It
became clear that the simple bowing approximation co
not adequately describe the GaAsN alloy in its full comple
ity, which motivated Shanet al. to propose the band
anticrossing model.361 Those authors confirmed a weak pre
sure dependence for the nitrogen-band transitions~with a
deduced deformation potential of21.2 eV), although the
density-functional calculation of Joneset al. also predicted a
reduced pressure dependence without invoking the B
model.362,363

Also favoring the BAC parameterization was the findin
by Skierbiszewskiet al. and other workers, of a significantl
increased electron mass in GaInAsN.364–369Note, however,
that another set of measurements by Younget al.370 found a
reduction in the effective mass with increasing N content
apparent conflict with the BAC model, which predicts a
increase even at the zone center. The temperature de
dence of the band gap was confirmed to be substant
weaker in GaAsN than in GaAs, as predicted by the BA
model,325,371and an electroreflectance study372 resolved both
the E2 andE1 transitions~see the typical conduction-ban
structure in Fig. 5!. A band gap reduction was also observ
in nitrogen-implanted Al0.27Ga0.73As samples.373 The transi-
tion between ‘‘doped’’ and ‘‘alloyed’’ materials was studie
by Zhanget al.,374,375 who observed evidence for impurit
banding at N concentrations as small as 0.1% N, and als
Klar et al.,376 who put the transition at 0.2%. Zhanget al.
proposed an alternative~non-BAC! parameterization of the
energy gap.377

Figure 6 plots the fundamental band gap, between
valence band maximum and theE2 conduction band mini-
mum, as a function of N fractionx for GaAs12xNx at 300 K.
A curve with a constant bowing parameter of 18 eV~dotted!,
and also a curve with the variable bowing parameter
(20.4– 100x) eV suggested in our earlier review10 ~dashed!
are displayed for comparison. It can be seen that the B
model predicts a substantially higher energy gap once th
fraction exceeds 1.5%. The available experimental d
~points in Fig. 6!, which were compiled in Ref. 323 clearl
show much better agreement with the BAC parameteriza
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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than with either of the two curves based on bowing.
So far, no upper limit on the N compositions for whic

the BAC model remains valid has been identified. Moreov
since GaAs12xNx alloys with x.5% become increasingly
difficult to grow, such compositions may be expected to ha
only minor technological significance.322 Although there is
some spread in the reported values for the two primary
rametersEN ~1.65–1.71 eV, referenced to the GaAs valen
band maximum! andV ~2.3–2.7 eV!, we follow the param-
eterization of Shan and co-workers and recommend:EN

51.65 eV,V52.7 eV.361

Although the conventional BAC model assumes that
addition of N has little effect on the valence bands, tw
recent studies noted a larger-than-expected heavy/light-
splitting in GaAsN with a few percent nitrogen.378,379 This
implies a strong bowing in the valence-band shear defor
tion potentialb, although the deformation-potential enhanc
ments obtained by the two works did not agree. Additio
study is necessary to confirm the effect, and perhaps re
mulate the basic band structure model to account for it.

The nature and magnitude of the GaAs/GaAsN hete
junction’s band alignment represents an interesting and t
nologically important question. Although a straightforwa
interpretation of the BAC model implies that the GaAs
conduction band minimum must lie below that in GaAs, it

FIG. 6. Energy of the fundamental band gap transition in GaAsN a
function of nitrogen fractionx ~a! from the BAC model~solid curve!, ~b!
using the variable bowing parameter from our earlier review~Ref. 10!
~dashed curve!, and ~c! using a constant bowing parameter~dotted curve!.
For comparison, the available experimental data as compiled in Ref. 3
also plotted~circles!.
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less clear whether the valence band maximum in GaA
should exhibit any relative shift. Theoretical studies of th
issue have come to differing conclusions.343,350X-ray photo-
electron spectroscopy data suggested a type-II b
alignment,380 with quite large error bars on the VBO. Whil
subsequent PL measurements found a similar result,381 more
recent optical and electrical characterizations have poin
decisively toward a type-I alignment.382–385Unfortunately, it
appears that the built-in strain was not~completely! relaxed
in any of the heterostructures employed in the above stud
Accounting for strain effects, Egorovet al.384 deduced that
the band offset for unstrained GaAs0.98N0.02 with respect to
GaAs approximately vanishes. This is our general reco
mendation for dilute GaAsN.

The recommended BAC model parameters for GaA
and all of the other dilute nitrides for which information
available are summarized in Table V.

C. InAsN

InAsN attracted some early theoretical interest,343,386and
a more recent tight-binding calculation focused on the effe
of nitrogen clustering in the alloy.387 Several experimenta
investigations of this dilute nitride have bee
published.388–392

Two measurements of the electron effective mass in
AsN showed a large increase,391,392 analogous to that in
GaInAsN.364 The authors of those studies391,392appeared to
believe that the BAC model could not account for any
crease greater than a doubling of the mass in the nitrog
free host material. However, that view is contradicted by
closer examination of the model, and also by the results
GaInAsN,364 which clearly display a similarly large mas
enhancement. Therefore, at this point there is no compel
reason not to accept the BAC parameterization for InAs
although the available information is incomplete and futu
evidence may favor a different picture. Extracting the po
tion of the nitrogen level~with respect to the valence-ban
maximum in InAs! from the valence-band offsets given
our earlier review, we recommendEN51.44 eV. Based on
the measurements of Naoiet al.,388 which are consistent with
values for the potentialV ranging between 1.9 and 2.3 eV
we recommendV52.0 eV.

D. GaInAsN

Having established provisional BAC paramete
for GaAs12xNx and InAs12xNx , it remains to specify them
for the important Ga12yInyAs12xNx alloy. Most of the

a

is
TABLE V. Band anticrossing~BAC! model parameters for the dilute nitride semiconductors.

Parameters EN w. r. t. VBM ~eV! V ~eV!

GaAsN 1.65 2.7
InAsN 1.44 2.0

Ga12xInxAsN 1.65(12x)11.44x20.38x(12x) 2.7(12x)12.0x23.5x(12x)
GaPN 2.18 3.05
InPN 1.79 3.0

Ga12xInxPN 2.18(12x)11.79x 3.05(12x)13.0x23.3x(12x)
InSbN 0.65 3.0
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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technological interest in dilute nitrides has so far centered
this quaternary, since it provides a promising basis for lo
wavelength telecommunications lasers, solar cells, and p
tovoltaics that can be grown on GaAs substrates rather
InP. Whereas conventional GaInAs quantum wells wo
have too much compressive strain to reach the desired w
length range when grown on GaAs, the addition of N n
rows the band gap for lower In concentrations, while at
same time providing tensile strain compensation.

The applicability of the BAC parameterization to th
case of GaInAsN is well established.328,329,360,361,364,366Since
the main lines of evidence are analogous to those discu
above for GaAsN, we do not repeat them here. Studies
employed very low In compositions,360,361,364on the order of
10%, generally found no significant differences from GaA
apart from the expected decrease of the GaInAs energy
~including bowing!.10 However, for materials with larger In
fractions, which have been grown on both GaAs393,394 and
InP395 substrates, Zhukovet al.396 proposed an alternativ
parameterization. Panet al.368 took EN to be independent o
the In concentration, and usedV52.5 eV. Although Choulis
et al.328,329,397employed the same assumption regardingEN,
their value for the coupling potential was considerab
lower: V51.675 eV. A similar value (V51.7 eV) was inde-
pendently deduced by Polimeniet al.394 for In compositions
ranging from 25% to 41%. On the other hand, Sunet al.398

found thatV52.8– 3.0 eV, depending on the particular tra
sition between the conduction and valence subbands,
necessary to explain luminescence data for GaInAsN/G
quantum wells with an In content of 27.2%.

The finding of a smaller band gap reduction in GaInA
than in GaAsN is in fact expected theoretically, due to ord
ing of the nitrogen atoms in the GaInAs matrix.399,400There
is some experimental evidence for carrier localization in
presence of both In and N in the quaternary alloy.401,402One
study402 reported a series of five distinct transitions, whi
were attributed to five different environments for the N ato
in the alloy. In order to incorporate the best available inf
mation on the GaInAsN quaternary, while maintaining co
sistency with the parameters recommended above for Ga
and InAsN, we propose the following scheme. The posit
of the nitrogen bandEN should be determined from the shi
of the valence-band offset in GaInAs,10 including the small,
yet non-negligible bowing. This leads to a smooth variat
of EN, between 1.65 eV~GaAsN! and 1.44 eV~InAsN!, and
is also consistent with the intuitive expectation~so far not
contradicted by any definitive experiments! that the nitrogen
level’s position should not vary with respect to vacuu
Then we propose a bowing of the coupling potentialV in the
Ga12yInyAsN alloy: V52.7(12y)12.0y– 3.5y(12y) eV.
While this parameterization does not fully agree w
the reported experimental results for th
quaternary,328,329,360,361,364,368,394it is roughly consistent with
the median values, and it of course agrees with the rec
mended binary endpoints. As before, any strain must
added to the host-semiconductor properties in the basic B
model before these parameters are employed.
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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E. GaAsSbN

Another quaternary alloy that has the potential for rea
ing long wavelengths on GaAs substrates
GaAs12x2ySbyNx .403–405 Unfortunately, owing to the spar
sity of the data for this material, and the complete lack of a
reports on GaSb12xNx , we can only recommend that th
procedure recommended above for GaInAsN be follow
The exception is that constantV52.7 eV ~at least for Sb
fractions<20%) should be assumed.

F. InPN

Two experimental studies of InP12xNx have been
reported.406,407Since GaAs and InP have similar energy ga
and valence-band offsets, it is natural to expect the B
model to apply equally well to InPN. Yuet al.407 derived a
parameterization in which the GaAs/InP VBO was assum
to be 0.35 eV. Since the consensus value recommende
our earlier review10 is 0.14 eV, for consistency we adjust th
resultEN52.0 eV from Yuet al. to the recommended valu
EN51.79 eV ~both with respect to the valence-band ma
mum of InP!. A rederivation of the coupling potential that i
most consistent with the data of Yuet al.407 leads to our
recommendation:V53.0 eV.

G. InSbN

Since InSb is the III–V binary with the smallest energ
gap, the addition of N may in principle be exploited to rea
arbitrarily small band gaps and arbitrarily long emissi
wavelengths. Murdinet al.408–410 observed experimentally
that the effective mass in InSb12xNx increases despite a con
siderable reduction of the band gap. Even though our sim
rule for determiningEN based on the VBO would lead to a
energy 0.85 eV above the top of the valence band, th
authors derivedEN50.65 eV, which we adopt as the recom
mended value. They also reportedV52.2 eV, and supple-
mented the minimal BAC parameterization of Eq.~3! with
an additional shift of the nitrogen level’s position with in
creasing N fraction.408,409 However, it appears that thei
value forV leads to an underestimate of the observed b
gap decrease.408 We therefore recommendV53.0 eV, which
should yield better agreement with the sparse available d
We also recommend that the full ten-bandk"p model be used
for any calculations of the InSbN band structure, since
nitrogen band significantly affects the light-hole dispersio

H. GaPN

GaP12xNx is distinct from the other dilute nitride sem
conductors discussed in this review, in that the GaP host i
indirect-gap semiconductor with bothX andL valleys lower
in energy than theG point. Nitrogen acts as an isoelectron
impurity in GaP, and has been employed as the active m
rial of visible LEDs.411 Initial studies of GaP with an alloy-
like concentration of N were reported by Baillargeo
et al.412,413 Miyoshi et al. explored the transition of the
GaPN luminescence spectrum with increasing N fracti
and was able to resolve the emission from excitons boun
nitrogen pairs forx,0.5%.414 Bi and Tu reported GaP12xNx
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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with x as large as 16% using gas-source molecular-be
epitaxy.415 A number of theoretical works from the same p
riod predicted that GaPN retains its indirect-gap nature u
relatively large~‘‘nondilute’’ ! N concentrations.343,348,350,416

Shan and co-workers reexamined this view within t
BAC model,417,418which yields that the anticrossing betwee
G-valley states and the N impurity band movesE2 below the
X valley for arbitrarily small values ofx. Those authors de
rived V53.05 eV using the well-known value ofEN

52.18 eV ~relative to the valence-band maximum, whic
places the nitrogen level slightly below the conductionX
valley!. The analogy with GaAsN is further supported by
decrease in the pressure dependence of the fundamental
sition ~with a deformation potential of21.2 eV),417 a reduc-
tion in its temperature dependence,419,420a large increase in
the electron effective mass,421 and strong luminescence fo
small N fractions,422,423all of which occur despite the indi
rect gap of the GaP host.

On the other hand, the simple BAC model is clea
incapable of describing the full complexity of such featur
as the evolution of transitions due to isolated N centers
pairs, and N clusters that is observed forx,1%, as well as
the mixing withX- andL-valley states.424–426For example,
Buyanovaet al. observed an abrupt reduction in the fund
mental transition’s radiative lifetime whenx.0.5%, which
was attributed to an effective indirect-to-direct crossover427

It is perhaps more likely that the wealth of phenomena
ported for GaPN can be explained within a more flexib
theoretical framework, such as the supercell pseudopote
formulations of Kent and Zunger.333–335

Although the predictive power of the BAC parameteriz
tion is perhaps more limited in GaPN than in the other dil
nitride alloys owing to the proximity of theX valley and the
complex experimental observations at ‘‘intermediate’’ co
positions, we nevertheless recommend the parameter seEN

52.18 eV andV53.05 eV of Shanet al.417

I. GaInPN

One report of the energy gap in bulk Ga0.46In0.54PN is
available.428 That alloy represents a special case, in that
expect a close proximity of the nitrogen energy level and
host conduction band edge~within 10–20 meV, according to
estimates based on the VBO dependence in GaInP!.10 If we
presume for the moment that the BAC parameterization
mains valid in this limit, the reported energy gaps allow us
obtain a coupling potential in the 2.1–2.3 eV range. Sin
this is considerably smaller than the recommended values
both InPN and GaPN, by analogy with GaInAsN we pos
late a bowing of the Ga12yInyPN interaction potential:V
53.05(12x)13.0x– 3.3x(12x) eV. It is gratifying that the
bowing parameters derived for the two quaternaries are q
similar, although clearly further studies are needed to c
firm this provisional value.

IV. SUMMARY

We have reviewed the literature, and based on the av
able information offered recommended band structure
rameters for all of the conventional and dilute nitride sem
Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP
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conductors that have been investigated to date. The pre
treatment is considerably updated, reworked, and expan
by comparison with the nitride portion of our earlier III–V
semiconductor band parameter review.10 The breath-
taking pace of ongoing research on these materials
necessitated what are in some cases major changes in
recommendations.

For some of the parameters, we believe that the ultim
convergence toward a consensus value is~nearly! complete.
These include energy gaps for the wurtzite forms of Ga
AlN, and InN, as well as the zinc-blende form of GaN, th
electron effective masses in all of these materials, and
magnitude of the energy gap reduction for GaAsN, Ga
AsN, InPN, and GaPN as parameterized by the band a
crossing model. Agreement may be at hand for the spin-o
and crystal-field splittings in these materials, as well as
bowing parameters for GaInN and AlGaN. The understa
ing of piezoelectric coefficients and spontaneous polar
tions in GaN, AlN, InN, and their alloys has reached a n
plateau, although further research is needed to fully confi
the proposed values. A definitive GaN valence parameter
which is fully consistent with the recommended consen
values for the spin-orbit and crystal-field splittings, also
mains to be generated.

Areas which remain somewhat or highly uncertain
present include the band offsets for GaN, AlN, InN, and th
alloys, the bandgap bowing parameter for AlInN, many
most of the zinc-blende GaN, AlN, and InN properties, d
viations of the band offsets for the dilute nitrides from t
host values, bowings of the coupling potentials for GaInA
and GaInPN,X-valley andL-valley mixing effects in GaPN
and related materials, and the accuracy of the BAC mod
effective-mass predictions when applied to the more ex
dilute nitrides. Our recommendations concerning those
rameters should be considered provisional, awaiting m
detailed and definitive experimental and theoretical eviden
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~Springer, New York, 1996!.
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7GaN and Related Materials, edited by S. J. Pearton~Gordon and Breach,
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10I. Vurgaftman, J. R. Meyer, and L.-R. Ram-Mohan, J. Appl. Phys.89,
5815 ~2001!. The following corrections need to be made: The units
the elastic constantsc11 , c12 , and c44 in Tables I–IX should be
Gdyn/cm2 rather than GPa as indicated. In order to convert to G
divide thec11 , c12 , andc44 entries in those tables by a factor of 10. I
Table IV, the correct value ofg3 should be 1.25. In Table XI, theG-valley
and X-valley gaps for zinc-blende AlN are interchanged; the valu
which are given correctly in the text, should beEg

G56.0 eV andEg
X

54.9 eV. Also in Table XI, the correct value for theF parameter of
zinc-blende AlN is20.76, and the correct value for zinc-blende InN
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22.77. In Table XXVII, the correct values for the indirect-gap bowin
parameters for GaPSb are:C(Eg

X)51.7 eV andC(Eg
L)51.7 eV.

11The Blue Laser Diode, edited by S. Nakamura and G. Fasol~Springer,
Berlin, 1997!.

12H. Jones,The Theory of Brillouin Zones and Electronic States in Cryst
~North-Holland, Amsterdam, 1960!.

13F. Bassani and G. Pastori Parravicini,Electronic States and Optical Tran
sitions in Solids~Pergamon, New York, 1975!.

14G. L. Bir and G. Pikus,Symmetry and Strain-Induced Effects in Sem
conductors~Wiley, New York, 1974!.

15P. Y. Yu and M. Cardona,Fundamentals of Semiconductors, 2nd ed.
~Springer, Berlin, 1999!.

16S. L. Chuang,Physics of Optoelectronic Devices~Wiley, New York,
1995!.
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