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We present a comprehensive and up-to-date compilation of band parameters for all of the
nitrogen-containing ll1-V semiconductors that have been investigated to date. The two main classes
are: (1) “conventional” nitrides (wurtzite and zinc-blende GaN, InN, and AIN, 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 IlI-V material, e.g., GaAsN and GalnAsN in our more general

review of Ill-V semiconductor band parametéts 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: 10.1063/1.160051]9
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[lI-V semiconductors and their alloys, including the
nitrides® While most of the tabulations presented in that
work (assembled early-to-mid 20D@emain current apart
from a few minor adjustments based on new information, it
is striking how many of the nitride properties have already
been superceded, not only quantitatively but qualitatively. <
The present review was written to remedy that obsoles-=
cence, by providing a completely revised and updated de-2&
scription of the band parameters for nitride-containing semi-é
conductors. We cover both to the “conventional” nitrides
(GaN, AIN, InN, and their alloys and also to the “dilute”
nitride ternaries and quaternaries, in which at most a few
percent of N is introduced to a more common llI-V semi- P LY
conductor(e.g., to form GaAsN or GalnAsNAlthough in 015 -010 -0.05 0.00 005 010 0.15
many ways these two classes of nitrogen-containing Ill-V [111] Wavevector (A) [001]
materials are not closely related, they share the common at-
tribute that what is known about their band properties ha®IG. 1. Valence band structure of zinc-blende GaN, using the parameters
evolved quite rapidly in a very short period of time. In the from our earlier reviewRef. 10.
case of the conventional nitrides, a prime example is the
energy gap of InN, which was recently revised downward to
less than 50% of its consensus value from a few years ago.

Similarly, just recently it has become unequivocally clearyang stryctures are quite distinct due to differences in the
that the band anticrossin@AC) model provides the most nqerlying symmetries. For the zinc-blende case, our earlier
useful parameterization of the dilute nitride alloys, even o, iewl® sketched how three Luttinger parameters and the
though the physical meaning of that model is not yetgpyin orhit splitting provide a minimal description of the va-
resolve_d. _ d? _ lence band structure, while the energy gap and interband
As in the earlier review, we provide values of the en- . 5jing strength are also needed to parameterize both con-
ergy gaps, spin-orbit and crystal-field splittings, electron andy¢tion and valence bands. The split-off hole mass can be
hole effective-mass parameters, conduction and valence bagdsteq as an independent parameter, even though it does not
deformation potentials, and band offsets on an absolute Scalﬁppear as such within the commonly used 8-blapdmodel.
In treating the base m.aterials for the dilute nitride alloySThe increase of the electron effective mass due to interac-
(e.9., GaAs as the baS|s.fc5\; GaAstparameters should be s with higher conduction bands may be included via the
taken from our earlier review. Once again, we maintain full g, cajledF parameter. The well-known relevant expressions

internal consistency, e.g., between expressions for the all%ay be obtained either from our earlier reviwer from a
composition and temperature dependences and their e'igrge number of other work€-16

points. For completeness, lattice constants and elastic moduli ~ e set of band parameters for the wurtzite lattice must
are also listed for GaN, AN, and InN. be augmented due to its lower symmetry. Since GaN and
For each parameter, the text briefly discusses the MoK{|N have a wide energy gap, and InN is now believed to
salient results from the literature, followed by the specifica+,5ye a moderate gap, it may be assumed that interband cou-
tion of a recommended value. While in many cases it wag)jing effects on the hole masses are secondary. Therefore, in
again impractical to cite every published work that everjgnt of the existing uncertainties there is no pressing need to
treated a given parameter, we have endeavored to includg, s meterize the effects of either the valence bands or the
enough references to provide a nearly complete picture of thigher conduction bands on the electron effective mass, i.e.,
available knowledge base. we omit the interband matrix element and theparameter
Although one must naturally be concerned that theynq jyst list an electron mass. Owing to the reduced symme-
present review may be doomed to the same early obsOlegy, {hat mass can display some anisotropy, although it is
cence that befell its predecessors, we believe that with regaiighieved to be rather weak. On the other hand. a full descrip-
to the most important nitride material properties the field iSq of the wurtzite valence band structure requires both the
now d_|splay|ng a trend towards convergence. Since our focu§pin-orbit splitting () and the crystal-field splittingX.,),
is strictly on band parameters, the r_eager should consulfjsng with the seven so-calletl parameters. The latter pa-
other sources such as the article by Jeial= for a compre-  gmeterize the hole masses along the different directions,
hensive recent review of the growth, characterization, antherforming a similar function to that of Luttinger parameters
various other properties. The book by Nakamura and Iﬂa\solin zinc-blende materials. For comparison, we plot the va-
provides an excellent overview of nitride light emitters. lence band structure near thi point for zinc-blende and
II. “CONVENTIONAL” NITRIDE BAND PARAMETERS wurtzite GaN in Figs. 1 and 2, respectively. The distinction
between Figs. @) and 2b) will be discussed in Sec. I B.
As in our earlier review, we parameterize the tempera-
GaN, InN, AIN, and their alloys can crystallize in both ture dependence of the energy gap using the commonly em-
wurtzite and zinc-blende lattice forms, and the correspondingloyed Varshni formula

0.00
-0.01

-0.02

o
l"..d.

-0.03
-0.04

-0.05

A. Methodology

Downloaded 21 May 2008 to 10.1.150.90. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 I. Vurgaftman and J. R. Meyer 3677
T T v T v T T T T T
0.00 HH  WZ GaN- L ;
o o -\ — zinc-blende
= wurtzi
S % urtzite
)
< -0.02
dJ g 4l
> . O
2 i P
7] . (o))
C ust
w 004 - o
i 3CH w
i s 2r
; H =
-0.06 1 i..a 2 A i >I
-0.15 -010 -005 0.00 005 0.10 0.15 o i
k, Wavevector (A) k, 0 . . 1 N
4.4 4.6 438 5.0
' _ _ Lattice Constant (A)

0.00 HH  WZ GaN- FIG. 3. Recommended energy gaps of wurtZielid curveg and zinc-
blende (dashed nitride semiconductor alloys and binarig¢soints, as a
function of lattice constant for the zinc-blende form.

% -0.02
- Wurtzite heterostructures are also strongly influenced by
S spontaneous polarization, which for lattice-mismatched lay-
5 004 ers must be supplemented by the piezoelectric coefficients.
In describing the piezoelectric effect and spontaneous polar-
ization, we follow the methodology of our earlier revitiv
: . with one difference: the values df;3, d;3, andd;s are now
'0‘0.%_15 010 005 000 005 010 0.15 listed (in units of pm/\) rather than the correspondire
K, Wavevector (A) K, parametergin units of C/nf). This change avoids conver-

sions associated with differing sets of elastic constants in the
original references.

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

Ey(T)=Ey(T=0)— D Eg(A1_,B,)=(1—X)Eq(A) +XE4(B)—X(1—X)C, (2)

B where the so-called bowing parametéraccounts for the
although results have been compiled elsewhere for othefeviation from a linear interpolatiofvirtual-crystal approxi-
forms of the energy gap’s temperature dependeh&ince  mation) between the two binaries andB. The bowing pa-
in zinc-blende materials one is also interested in the indirectameter is always positive for these materials, which reflects
gaps and masses, we have compiled best estintateish g reduction of the alloy energy gaps. The bowing-parameter
are theoretical for the momerfor the X andL valleys. concept can be straightforwardly generalized to the other ni-

The parameters described above are generally sufficieitide alloy material parameters, as outlined in our earlier re-
to describe the conduction and valence band structures @iew. Linear interpolation has been assumed whenever no
bulk nitride materials. However, since epitaxially grown het-information on the bowing is available. We also emphasize
erostructures now routinely combine layers of lattice-that it is the hole masses rather than theparameters or
mismatched constituents, the material properties under strainuttinger parameters that should be interpolated. Recom-
must also be specified. This is conventionally done withinmended energy gagsee below for the wurtzite and zinc-
the deformation potential theory, which for the zinc-blendeplende nitride semiconductors are plotted in Fig. 3 as a func-
crystal symmetry requires a hydrostatic potential and thregion of lattice constant for the zinc-blende form. The bowing

valence-band potentialufficient to account for epitaxial effect is clearly evident in the curves connecting the binary
growth along an arbitrary direction®*® On the other hand, end points.

wurtzite materials generally require as many as two poten-
tials for the shift of the energy gap, along with six valence-
band deformation potentiaté For completeness, we also list
the six(thre@ elastic constants for the wurtzifeinc-blende GaN is a wide-gap semiconductor that usually crystal-
forms of the nitride materials. Our recommendations are cholizes in the wurtzite lattice(also known as hexagonal or
sen from a rather broad spectrum of values for these parana-GaN). However, under certain conditions zinc-blende GaN
eters in the literature. (sometimes referred to as cubic @/GaN) can be grown on

FIG. 2. Valence band structure of wurtzite GaN, using the paraméiers
recommended by Reet al. (Ref. 80 and(b) recommended in this review.

T2

B. GaN
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a zinc-blende substrate. Under very high pressure, GaN ar}ﬂarameters ofa=0.909 meV/K and3=830 K represent
other nitrides experience a phase transition to the rocksadimple averages over the more credible reported values.
lattice structuré? In what follows, the wurtzite phase is im- These agree well with the parameters suggested by absorp-
plied if the crystal structure of a given nitride semiconductortion measurements on AlGaN, for which negligible compo-
is not stated, whereas the less common zinc-blende phasedgion dependence was reporfdowing to the small rela-
always specified explicitly. Unlike all of the non-nitride tive change in the bandgap ener@nly 72 meV between 0
wide-gap IlI-V semiconductors, GaN has a direct energyand 300 K, GaN device characteristics tend to be relatively

gap that makes it suitable for blue lasers and LEDs. insensitive to the precise values of the Varshni parameters.
_ All conventional nitrides in the wurtzite phase exhibit a
1. Wurtzite GaN direct energy gap, and the next conduction valleys are at

It has been known since the early 1970s that the energigast 2 eV higher than thE valley*’ Therefore, we do not
gap of wurtzite GaN is about 3.5 é¥%?°In order to deter-  specify wurtzite indirect gaps or other critical-point energies
mine the gap accurately from luminescence experiments, orig this review, although various theoretical and experimental
must measure the energy of one of the pronounced excitogstimates may be found in Refs. 47-52.
transitions and add to it the exciton binding energy. Perhaps The bottom of the conduction band in GaN is well ap-
the most reliable indicator in relatively-pure GaN is the peakproximated by a parabolic dispersion relation, although a
associated with the free A excitoilf{). That transition en- slight anisotropy may be expected because of the reduced
ergy can be determined quite precisely, despite its typicaattice symmetry? In early experimental studies, Barker and
proximity to the B exciton and also neutral—donor boundlllegems* obtainedm,=0.20m, from reflectivity measure-
exciton transitions. Early measureméfits?’led to a value ments, and Rheinlander and Neumann inferred
E,=3.475 eV neail =0, in conjunction with an estimate of 0.24—0.2%n, from a Faraday-rotation investigation of
28 meV for the binding energy. Numerous other photolumi-heavily n-doped GaN. Sidoroet al®® also studied heavily
nescence(PL) and absorption studies from the 19808°  n-doped samples and derived masses oing-10.28n, de-
broadened the range of reported A exciton transition energigsending on what primary scattering channel was assumed,
at 0 K t0 3.474-3.496 eV, where some of the spread wagrom fits to the thermoelectric power. Other early values may
apparently attributable to variations in the strain conditihs. be found in the reviews from the 197b%.Since then, a
Experimental binding energies for the A exciton range fromconsiderable body of work has produced more precise evalu-
18 to 28 me\f223.27:28.313437-3ying to uncertainty in the ations of the electron mass. Meyet al®” and Witowski
hole effective mass, the corresponding theorefiaahge for et al®® obtained masses of 0.28§ and 0.22#h,, respec-
the binding energy is 23—28 meV. Based on median valuesvely, from shallow-donor transition energies. The latter re-
for both E, and the binding energy, we recommend a valuesult has the smallest error bounds quoted in the literature
of 3.510 eV for the zero-temperature energy gap. (0.2%. Pointing out the importance of the polaron correction

While the first measured temperature dependence of th@%) in GaN, owing to its strong polar nature, Drechsler
GaN energy ga yielded Varshni coefficients with signs et al. derived a bare mass of 0129 from cyclotron reso-
opposite from those of the other 1lI-V materidfssubse- nance datd® Perlin et al®® obtained a similar result from
guent investigations achieved good fits with the conventionainfrared-reflectivity and Hall-effect measurements, and also
signs fora and 8. From optical absorption measurements onfound the anisotropy to be less than 1%. A slightly higher
bulk single crystals and epitaxial layers grown on sapphiredressed mass of 0.2 was recently obtained by Wang
Teisseyreet al*! obtained =0.939-1.08 meV/K and3 et al®! and Knapet al® The former may require a small
=745-772 K. For the temperature variation of the A excitondownward revision because the electrons were confined in a
resonance, Shamwt al. reported ®=0.832 meV/K andgB  quantum well, whereas the latter authors apparently cor-
=836 K,?* whereas Petalagt al*? fixed B=700K and rected for that effect. No appreciable correction appears to be
found «=0.858 meV/K using spectroscopic ellipsometry. necessary for the infrared ellipsometry measurements on
Salvadoret al*® obtainede=0.732 meV/K and8=700K,  bulk n-doped GaN reported by Kasét al.®® which yielded
based on PL results. Manasféh reported « slightly anisotropic electron masses of 0.237.006n, and
=0.566—1.156 meV/K ang3=738-1187 K from absorp- 0.228+0.008n, along the two axes. Finally, Elhanet al,%*
tion measurements on samples grown by MBE andSaxleret al.®® Wonget al,®® Wanget al.®” and Hanget al %8
MOCVD. The contactless electroreflectance study of Lidetermined masses ranging from Gri8to 0.23ng from
et al® led to «=1.28 meV/K and3=1190 K for the A ex-  Shubnikov—de Haas data for two-dimensional electrons at a
citon transition energy, while Zubriloet al** suggestedy GaN/AlGaN heterojunction. It was suggestedhat strain
=0.74 meV/K and3= 600 K based on exciton luminescence effects might have compromised somewhat the masses ob-
spectra. PL data from a study of free and bound excitons byained by some of the other studies. Our composite recom-
Reynoldset al*® were fitted to a modified Varshni-like form. mendation is to use 0.2, for the bare electron effective
While the general trends are roughly consistent, it is nomass and 0.28, for the experimentally relevant dressed
obvious how to reconcile these diverse parameter sets quamass. This bare mass agrees quite well with a number of
titatively. Not only do the exciton transition energies becometheoretical estimates, which cluster around thg@see the
more difficult to identify precisely at higher temperatures,list in Ref. 69. We do not attempt to specify d&n parameter
but also a small temperature variation in the binding energyor wurtzite GaN(for definiteness, it is assumed to vanish
may limit the accuracy of the fits. Our recommended Varshnbwing to the large uncertainty. The interband matrix element
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may be obtained from the relation between the electron massters that are familiar from treatments of zinc-blende
and the relevant zone-center enerdfes. materials’® On the other hand, it must be emphasized that
In wurtzite materials, both the spin-orbit and the crystal-the actual valence band structure of a wurtzite nitride semi-
field splittings affect the structure of the valence béhth conductor is strongly non-parabolic due to the small spin-
the following, we takeA,=A;=A. 43 (although a small orbit and crystal-field splittings. Fits of the data to more de-
A,/A; anisotropy has sometimes been repditéfl and tailed band structure calculations have produced a number of
A;=A,. Experimentally, the spliting parameters are de-candidateA parameters in the literatufé>1537480-83y
duced from the energies of the A, B, and C free excitonsrecommend the parameter set proposed by &eai.® who
which have nonlinear dependen@asn the various split- derived the value of 93.7 meV Anote the unit error in the
tings. An early study of Dinglet al.foundA.,=22 meV and original article for the inversion parametéx,;. That param-
As=11 meV® A recent and detailed analysis by @il al.  eter breaks the light-hole and crystal-hole spin degeneracies
yielded the valuesA,=10meV andA.~=18 meV?® al- in the in-plane direction. However, the reader must be cau-
though Chuang and Chang rederivég=16 meV andA,, tioned that usingd parameters from Reet al® carries with
=12 meV from the same data using a more precise descript the employment of their values for the spin-orbit and
tion of strain variations of the valence band-edge enerdies. crystal-field splittings(21.1 and 10.8 meV, respectively
Reynolds et al. obtained A,=25 meV andAg,=17 meV  which deviate from the recommended values derived from
from a fit to exciton datd® Using similar approaches, the best experimental evidence as discussed above. Unfortu-
A lAg, values of 22 meV/15 meV were obtained by Shi- nately, a more consistent set of valence-band parameters is
kanaiet al,>! 37.5 meV/12 meV by Cheat al.?’ 9 meV/20  not available at present, since that would require the avail-
meV by Koronaetal,”® and 9-13 meV/17-18 meV by ability of anotherab initio pseudopotential calculation. Note
Campoet al,’®’” while the values 10 meV/17 meV were also that whereas the experiments tend to be more sensitive
determined by both Yamagucht al.”* and Edwardset al.”®  to the band splittingsX, andA,) than to the hole effective
Finally, a recent detailed experimental investigation bymasses, the calculated valence band structewen in the
Rodinaet al® found one of the smallest reported crystal-immediate vicinity of thd™ point) is affected significantly by
field splittings to date, A,=9 meV, along with A, the values chosen fakg,, A, and all severA parameters.
~18 meV. Oneab initio theoretical calculatiofi derived a This sensitivity is illustrated in Fig. (@) and 2b), in
spin-orbit splitting of 13 meV that agrees well with the ex- which the noticeable wurtzite GaN spin splitting parameter-
perimental data, although the same calculation apparentlized via theA, parametét’ is shown. Figure @) was de-
overestimated the crystal-field splittingt2 me\). Other rived using the splittings andl parameters from Reet al, %
first-principles studies have also been reporfe®:?°-82  while Fig. 2b) shows the results of using the parameters
Since the latest experiments seem to converge on the splitrom that reference combined with our recommended values
tings A,,~10 meV andA ~17 meV, we recommend those for the spin-orbit and crystal-field splittings. It does not ap-
values. pear possible to straightforwardly modify tide parameters
While early work suggested g, for the effective mass so as to recover a band structure resembling Fig) (ut
of holes in GaN-#3%*consideration of the acceptor binding with the corrected values of the splitting energié¥e there-
energies led Ortdll to suggest a much smaller value of fore anticipate a later refinement of our suggesieparam-
0.4my. Salvadoret al. obtained an even smaller mass of eter sets, following a more rigorous reparameterization using
0.3m, from a fit to PL spectrd® On the other hand, the pseudopotentials or some other detailed approach.
absorption measurements of khal. yielded a rather heavy Six distinct valence-band deformation potentials, in ad-
my, of 2.2m,.3° Merz et al?® obtained an isotropically aver- dition to the strain tensor and the overall hydrostatic defor-
aged heavy-hole bare mass of GrjAfrom luminescence mation potential, are necessary to describe the band structure
data. Those authors also pointed out that the polaron correof GaN under strain. In the cubic approximation, these can
tion for heavy holes in GaN is nearly 13%. Fits of the exci-be re-expressed in terms of the more famibgr, b, andd
ton binding energies yielded hole masses in the rangeotentials’® Christensen and Gorczytareported a hydro-
0.9-1.2n, %8¢ while Kasic et al®® obtained 1., for  static deformation potenti@=—7.8 eV, which agrees well
p-doped GaN from an infrared ellipsometric study. A nonpa-with a fit to the data of Gikt al. (—8.16 eV) ?® A somewhat
rabolic heavy-hole dispersion was reported by Shielddower value ofa=—6.9 eV was derived from aab initio
et al.®” with masses in the 0.75— 1 range. A bare heavy- calculation by Kimet al® The hydrostatic potential is in fact
hole mass of 0.58, was deduced from fits to experimental anisotropic owing to the reduced symmetry of the wurtzite
exciton-luminescence data by Chtchekatal3* Perhaps the crystal. A recent calculatidfl yielded values of-4.09 and
most detailed such study to date was by Rodatal,®> —8.87 eV for the two hydrostatic interband deformation po-
whose fits produced bare and dressed hole masses in bd#ntials. Fits to mobility data implied conduction-band defor-
directions for excitons associated with all three valencemation potentials approaching9 eV.%%%2 Shanet al®® re-
bands. ported a;=—-6.5eV and a,=—-11.8eV for the two
From the theoretical viewpoint, the six hole masses ardwydrostatic interband components. Other experimental stud-
readily expressible in terms of the first si parameters, ies obtaineda;=—3.1eV with a,=—11.2eV"* and a,
which may then be input to a detailed band structure=—5.22 eV with a,=—10.8 eV Our recommended set
calculation>>®8 In the quasicubic approximation, those pa- (a;=—4.9 eV anda,= —11.3 eV) represents an average of
rameters may also be recast in terms of the Luttinger paranall the measured values.
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Numerous sets of valence-band deformation potential$ABLE 1. Recommended band structure parameters for wurtzite nitride
have been derived from both first-principles Pinaries.

calculation*8%-%8  and  fits to  experimental Parameters GaN AN N
data?6:31:71.93-95.99.100rhare are considerable discrepancies
between the reported data, and further work is needed to & (A)atT=300K 3.189 3.112 3.545
. c. (A) at T=300 K 5.185 4.982 5.703
resolve which results are the most accurate. We form our ™ "' eV) 3510 6.95 0.78
composite set of deformation potentials by averaging the a(,gnev,K) 0.909 1.799 0.245
most widely quoted resultsD;=-3.7eV, D,=4.5¢eV, B (K) 830 1462 624
D;=8.2¢eV, D,=-4.1eV, D;=-40eV, and Dg Ay (V) 0.010 -0.169 0.040
= —5.5 eV (which satisfy the quasi-cubic approximatién Aso (€V) 0.017 0.019 0.005
. . . m 0.20 0.32 0.07
Elastic constants for wurtzite GaN have been obtained me 0.20 0.30 0.07
from a number of  experimef§1%® and A 701 _3.86 _g21
calculation$%90.197-1100yerall, theory agrees best with the A, —0.44 ~0.25 ~0.68
data of Poliaret al,}°? who obtained the recommended val- Aq 6.68 3.58 7.57
ues: C1;=390 GPa, C;,=145 GPa, C;3=106 GPa, Cs;3 Aq —3.46 —-1.32 —5.23
=398 GPa, andC,,=105 GPa. However, the various ex- 25 :431'38 :i'gz :g'éé
periments disagree to a considerable extent, and the topic A, (ef, A) 0.0937 0 0
remains controversial. a; (eV) -4.9 -3.4 -35
The piezoelectric coefficients for GaN are also some- a; (eV) —113 —118 —-35
what controversial. Bykhovket al. attempted to derives; Dy (eV) —3.7 -171 —37
andes; from the ey, coefficient in zinc-blende GaN, obtain- 82 Ega g'g ;'g g'g
ing values ofeg;= —0.22 C/nf andes;=0.43 C/nf. ! Stud- D, (eV) a1 _30 a1
ies of polycrystalline GaN on zinc-blende Si and single- Ds (eV) -4.0 -34 -4.0
crystal GaN on wurtzite SiC by Gust al**2*3produced the Ds (eV) -55 -34 -55
results d;3=2.6 pm/V and d;3=3.7 pm/V, respectively. ¢1; (GPa 390 396 223
Measurements by Luengf al. yielded a thin-film valugon 212 Eggg igg ig; 19125
an AIN buffen of d;=3.1 pm/V**M5Since there was no co (GP3 398 373 294
way to independently determirth ; from those experiments, cs (GP3 105 116 48
the relationd 3= —d3y/2 was used. A calculation of Shimada dis (PM/V) -16 -21 —-35
et al. yielded e5;= — 0.32 C/nf and ez;=0.63 C/nt,1%" and dgs (Pm/V) 3.1 54 7.6
Bernardini etal. derived ey=-0.49C/nf and es das (pm/Y) 3.1 36 >3
Ps{C/n?) —0.034 —0.090 —0.042

=0.73 C/nf from first principlest'® A recent theoretical
work by Bernardini and Fiorentiti’ discussed the reliability
of the experimental results, and proposed valuesdgf

=2.7 pm/V anddyg= — 1.4 pm/V. Our recommended coeffi- gyreq, the most reliable tend to fall approximately midway,
cients are intermediate between the most reliable theoretic@ltyeen 3.29 and 3.35 d¢4126.123ne recommend using the
and experimental  values:dg=3.1pm/V and di;  ayerage value of the Iuminescence resulB,(T=0)
=-16 _pm/}/Y. Based on recent r_neasurgm@ﬁtsand =3.299 eV. The temperature dependence of the energy gap
calculation$!” of the shear piezoelectric coefficient, we rec- was studied in detail by Ramirez-Floresal?” and Petalas
ommendd;s=3.1 pm/V. , et al*?> While both found8= 600 K (using the more reliable
Several first-principles calculations of the spontaneous,sdel 1 in Ref. 43, the  parameters differed so we recom-
polarizationPg, in GaN have derived very different values, mend the average value of 0.593 meV/K. Although the

) 116,119-121 o )

ranging from —0.034 to —0.074 C/nk. On the  jndirect-gap energies have not been measured, a recent cal-
other hand, onlydifferencesin the spontaneous polarization . jation of Faret al. puts theX-valley andL -valley minima

are important in heterostructure band calculations. We recs; 1. 19 and 2.26 eV above thHe valley, respectively?®

ommendP{GaN)= —0.034 C/rd, although a full discus- Ramirez-Floreset al. measured the spin-orbit splitting in
sion is deferred until the AIN section. zinc-blende GaN to be 17 mé¥”

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

Electron spin resonance measurements on zinc-blende
GaN determined an electron effective mass of Mmg33
) Since this appears to be the only experimental result, and is
2. Zinc-blende GaN similar to thel-valley masses derived from first-principles

A number of theoretical and experimental studies havesalculations by Chovet al'* and Faret al,'?® we adopt it
determined energy gaps for zinc-blende Gaf¥?~**°some  as our recommendation. Effective massempf=0.5m, and
of which relied on explicit comparisons with the better- mf =0.3m, were recently calculated for th¥ valleys in
understood case of wurtzite GaN. The most accurate experzaN?° which are similar to the theoretical results of Fan
ments appear to be those based on low-temperature luminest al}?® These values are recommended.
cence measurements of the free-exciton géaik®which is Although the hole effective masses in zinc-blende GaN
estimated to be 26.5 meV below the energy gap. While lowhave apparently not been measured, a number of theoretical
temperature gaps ranging from 3.2 to 3.5 eV have been meaets of Luttinger parameters are availaBfe® The
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TABLE Il. Recommended band structure parameters for zinc-blende nitrideC, AIN

binaries.
AIN is the endpoint of the AlGaN alloy, which is tech-
Parameters GaN AIN InN nologically important because it is a key ingredient in most
a. (A) at T=300K 4.50 4.38 4.98 nitride quantum wells. Experimental studies of AIN have fo-
Eg (eV) 3.299 5.4 0.78 cused almost exclusively on the wurtzite phase.
a(T") (meV/K) 0.593 0.593 0.245 .
BI) (K) 600 600 624 1. Wurtzite AIN
Eq (eV) 4.52 4.9 251 Wurtzite AIN is the only technologically significant Al-
a(X) (K) 0.593 0.593 0.245 containing llI-V semiconductor compound with a direct en-
B(X) (meVIK) 600 600 624 > .
EL (eV) 5.59 93 5.82 ergy gap, and it in fact has the largest gap of any material
a(L) (meV/K) 0.593 0.593 0.245 still commonly considered to be a semiconductor. The ab-
B(L) (K) 600 600 624 sorption measurements of Yinet al!*® and Perry and
A5 (€V) 0.017 0.019 0.005 Rutz*® indicated that the energy gap in wurtzite AIN varies
2:: ((>F<)) %_155 8_‘53 8_‘2; from 6.28 eV &5 K to 6.2 eV atroom temperature. Varshni
m't* (X) 0.3 0.31 0.27 parameters ofa=1.799 meV/K andB=1462 K were re-
" 2.70 1.92 3.72 ported by Guo and Yoshida, who also found the low-
2 0.76 0.47 1.26 temperature gap to be 6.13 &V Vispute et al. reported a
73 111 0.85 1.63 similar energy gap*® Tang et al. resolved what they be-
£ m(igv) (2)'528 2'741 107'32 lieved to be the free or shallow-impurity-bound exciton in
e 095 101 436 their cathodoluminescence data, at an energy of 6.11 eV at
VBO (eV) —264 344 —234 300 K19 Wethkampet al. used spectroscopic ellipsometry
a. (eV) -6.71 —-45 —-2.65 to determine that the energy gap varies from 6.20 eV at 120
a, (eV) —0.69 —4.9 -07 K to 6.13 eV at 300 K>° Brunneret al. reported a variation
b Egy) 20 o Iy from 6.19 eV 47 K to 6.13 eV at 300 K*® Kuokstiset al.
¢, (GPa 203 304 187 resolved a low-temperature free-exciton transition at 6.07
¢y, (GP3 159 160 125 eV Guoet al. reported the temperature dependence of the
4 (GP3 155 193 86 reflectance spectra, but fitted it to the Bose—Einstein

expressiort®? We recommend an intermediate value of 6.23
eV for the low-temperature bandgap, in conjunction with the
Varshni parameters of Guo and Yoshid4Although Brun-
neret al* also reported Varshni parameters, their finding of
recommended values are based on averages of the heane significant differences from GaN for the entire AlGaN
hole and light-hole masses alof@D1], as well as the degree alloy composition range may indicate that those results are
of anisotropyys—1vy,. This results in the parameter set; somewhat less reliable.
=2.70,v,=0.76, andy;=1.11. Averaging all the reported The crystal-field splitting in AIN is believed to be nega-
split-off masse¥®130138.13eads tom* = 0.29n;. tive, which implies that the topmost valence band is the crys-
An average of the two theoretical values g in zinc-  tal hole. Various calculations have yieldéd,= —58 meV
blende GaN***%jields E=25.0 eV, which in turn implies by Suzukiet al,>® A,=—217 meV by Wei and Zungé?,
F=—0.95. Caution is advised, since these values have nat,=—176 meV by Shimadat al,'%® A= —244 meV by
been verified experimentally. Wagner and Bechstedf, A= —104 meV and—169 meV
Since various calculations put the hydrostatic deformafrom first-principles and semiempirical pseudopotential cal-
tion potential for zinc-blende GaN in the range6.4 to  culations, respectively, by Pughetal,’® and A
—8.5 eV 779128129135140ye choose the average i =—215meV by Kimet al® Averaging all of the available
=—7.4 eV. The same procedure yields the recommendatiotheoretical crystal-field splittings, we obtain our recom-
of b=-2.0eV (the full range is—1.6 to —3.6eV). We mended value ofA,=-—169 meV. Spin-orbit splittings
adopt the Wei and Zung¥t value of a,=—0.69eV  ranging from 11(Ref. 130 to 20 me\?* have been cited in
(—0.69 to —13.6 eV ranggfor the valence-band deforma- the literature. We adopt the value of 19 meV suggested by
tion potential, since it is consistent with the expectation thatVei and Zungef? Again, it is important to emphasize that
most of the strain shift should occur in the conduction bandour recommendations for the crystal-field and spin-orbit
The recommendatiod= —3.7 eV is an average of the pub- splittings in AIN are only provisional because little or no
lished results from Ohtoshet al,}*® Van de Walle and experimental data exist.
Neugebauet*? and Binggeliet al1* No experimental con- A number of studies have calculated the AIN electron
firmations of any of these deformation potentials for zinc-effective mass>82130153.1%%\which is predicted to have
blende GaN appear to exist. Elastic constants @yf  greater anisotropy than in wurtzite GARThe recommended
=293 GPa, C,,=159 GPa, andC,,=155GPa are taken bare mass values afi;=0.30m, and m‘g= 0.32m are ob-
from the theoretical analysis of Wright’ Very similar sets tained by averaging the available theoretical masses, al-

were calculated by Kinet al,** and Bechstedet al 1 though it is again noted that experimental studies are needed
The recommended band structure parameters for zinde verify the calculations. A number of theoretical sets of
blende GaN are compiled in Table II. valence-band parameters are availabi¢:21%2An apparent
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disagreement in the signs A andAg is in fact irrelevant, larization cannot be linearly interpolated between the values
since only absolute values of those parameters enter th& the binary endpointS}*’2In combination with an im-
Hamiltonian®*°We recommend thA parameters given by proved nonlinear-strain treatment of the piezoelectric effect,
Kim et al,®? since their crystal-field and spin-orbit splittings the discrepancy between theory and experiment for GaN/
are closest to the ones recommended in this review. AlGaN quantum wells has been largely eliminatédwe
The hydrostatic deformation potential for wurtzite AIN adopt Ps,=—0.090 C/m as the recommended value for
is believed to lie betweer 7.1 eV and— 9.5 eV;*"®which  AIN, in conjunction withPs{GaN)= —0.034 C/nf.
is consistent with the observation that the band gap pressure The recommended band structure parameters for wurtz-
coefficients for AlGaN alloys have little dependence onite AIN are compiled in Table I.
compositiont>® Our recommended seta{=—3.4 eV and
a,=—11.8 meV) is taken from the recent work of Wagner 2. Zinc-blende AIN
and Bechsted® Theoretical values are also available for a Since very few successful growths of zinc-blende AIN
few of the valence-band deformation potential®3( have been reported®'’* our recommended parameter set
=9.6 eV,D,=—4.8 eV)* We recommend the complete set must rely primarily on theoretical projections. The only
presented by Shimadet al: D;=—17.1eV,D,=7.9eV, quantitative experimental study of the band gap is Ref. 174,
D;=88eV, D,=—-39eV, Ds=-3.4eV, and Dg  which deduced d-valley gap of 5.34 eV at room tempera-
=—3.4 eV, with the last value derived using the quasicubicture, although it was also concluded that the lowest gap is
approximation. indirect. Assuming the same Varshni parameters as for zinc-
The elastic constants for wurtzite AIN were measured byblende GaN, we obtain a low-temperature gap of 5.4 eV.
Tsubouchiet al,*** McNeil et al,**” and Degeet al!® The-  values of 4.9 and 9.3 eV are recommended for Xaeand
oretical results are also availaife!?®%1%8~1%/e recom-  L-valley gaps, respectivefy:'2813The spin-orbit splitting
mend the valuesC,;=396 GPa, C;,=137GPa, C;3  should be nearly the same as in wurtzite AIN9
=108 GPa,C33=373 GPa, an€,,= 116 GPa suggested by meV).”%82138.17nyeraging theoretical results from a number
Wright, who provides a detailed discussion of their expecteaf different source&?128130.137.13%ya gptain a recommended
accuracy?’ [-valley effective mass of 0.28,. The longitudinal
Several early piezoelectric coefficietts'®?for AIN are  and transverse masses for the X valley are predicted to be
summarized in Ref. 113. The resul{z=5.6 pm/V obtained 0.53n, and 0.3, respectively?® The same procedure
in that reference is in reasonable agreement with the previousmployed for GaN yields recommended Luttinger param-
determinations. Luengt al'*> measurediz;=5.1 pm/V. Al-  eters  of y,=1.92, y,=0.47, and y;=0.85
though these experiments found omly;, bothds; andd;;  (mg,=0.47m,).82128130.187.13¢ he recommended momentum
can be calculated from first principlé¥:116-117:163.18ye rec-  matrix element is an average of the reported valfd&$*
ommend the recent theoretical values of Bernardini andEp=27.1eV (F=—1.01). Hydrostatic deformation poten-
Fiorentini: d33=5.4 pm/V andd;3= — 2.1 pm/V ! although tials of —9.0 (Ref. 47 and — 9.8 e\*? have been reported.
the elastic coefficients given in that reference are somewhdtor the deformation potentials, we recommena
larger than the values we recommend. Based on recent —9.4eV, a,=—4.9eV, 91?8 h=—17 ey 28142143 5ng
measurement$12and a calculatiol’ of the shear piezo- d=—5.5eV#142143The adopted elastic constants ©f;
electric coefficient, we recommertis=3.6 pm/V. =304 GPa, C1,=160 GPa, andC,,=193 GPa, from the
The difference between the GaN and AIN spontaneousalculations of Wright?” are similar to the sets quoted in
polarizations strongly influences the band profiles and energgther theoretical work’:%44176
levels in GaN/AIN quantum heterostructures. Although rig-  The recommended band structure parameters for zinc-
orous calculationi§®19-121of the spontaneous polarization blende AIN are compiled in Table IL.
Ps(AIN) have produced results spanning a fairly broad
range, from=—0.09 to —0.12 C/nt, values for the differ- D. InN
encePg(AIN)- Ps{(GaN) have tended to be more consistent,
with most falling between 0.046 and 0.056 C/nExperi-
mentally, for some time the majority of workers on the GaN/

AlGaN system reported somewhat smaller since some degree of segregation commonly occurs when the

165,166
Ps(AIN)- Ps(GaN). For example, Lerouet al. de- GainN alloy is grown, it is important to understand the prop-
rived —0.051< P,< —0.036 C/nt for AIN. A study of the erties of bulk InN in its wurtzite phase.

charging of GaN/AlGaN field-effect transistors led to a simi- ]
lar conclusiont®” and Hogget al. were able to fit their lumi- 1 Wurtzite InN
nescence data by assuming negligible spontaneous Early absorption studies on sputtered thin films con-
polarization'®® Park and Chuarl§® required Pg, cluded that the InN band gap is in the 1.7-2.2 eV
=—0.040 C/n} to reproduce their GaN/AlGaN quantum- range!’’~®1 Those polycrystalline or nanocrystalline thin
well data. On the other hand, Cingolaei al}’® reported  films typically had high electron densities and low mobili-
good agreement with experiment using a higher value deties. From a subsequent investigation of epitaxially grown
rived from the original Bernardinét al1'® calculation. wurtzite InN, Guo and Yoshid4’ measured low-temperature

A significant step toward resolving this discrepancy hasand room-temperature gaps of 1.994 and 1.97 eV, respec-
been the recent realization that the AlIGaN spontaneous paively, along with Varshni parameters af=0.245 meV/K

Although InN is rarely, if ever, used in devices in its
binary form, when alloyed with GaN it forms a core constitu-
ent of the blue diode lasét.For that reason, and especially
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and =624 K. However, recent advances in the epitaxial Recommended band structure parameters for wurtzite
growth of single-crystal InN have brought about a dramaticlnN are compiled in Table I.

re-evaluation of the fundamental energy gap in this

compound-82-185 Apsorption, photoluminescence, and pho- 2. Zinc-blende InN

toluminescence excitation experiments indicate that the Although the growth of zinc-blende InN has been

bandgap is actually in the 0.7-0.8 eV range. In an interestingeported.% only theoretical estimates of its band parameters
exchange, Nag® pointed out that this gap is unusually low are available. It is projected to have a direct band alignment,
in the context of trends exhibited by other semiconductoyith -, X-, andL-valley gaps of 1.94, 2.51, and 5.82 eV,
materials, whereas Davydet al.**’ emphasized the defini- espectively?® However, since that calculation was per-
tive nature of the experiments determining the low value. Weormed before the true energy gap of wurtzite InN was
recommend a zero-temperature gap of 0.78®\lthough  known, we recommend revising thigvalley gap to be 0.78
there is one report of a value as low as 0.65&\For lack of v, Spin-orbit splittings in the range 3—13 meV have been
better information, we continue to recommend the Varshnprojected’®**®1">from which 5 meV is recommended. We
parameters of Guo and Yoshida until a careful recommend an electron effective mass identical to that in
temperature-dependent study of the newer high-quality InNyurtzite InN, 0.0T,, which is lower than the calculated
becomes available. values of 0.10—0.1m,'2%13013%wing to the reduction in the

Estimates for the crystal-field splitting in wurtzite INN energy gap. The longitudinal and transverse masses fot the
range from 17 to 301 me¥:"***°We recommend a provi- valley are predicted to be 048 and 0.2,
sional value of 40 meV. Based on calculated spin-orbit splitrespectively®® The recommended Luttinger parameter set
tings varying from 1 to 13 me¥***we recommendis,  (y,=3.72, y,=1.26, andy;=1.63) is derived from Pugh
=5meV. etal, and the split-off mass is chosen to ba},

Several measurements of the electron effective mass ie-0.3m,.1%%13° For the E, parameter we recommend the
INN produced values of 0.1,'"® 0.12m,,'®° and  value given by Menegt al,>* since the alternative value of
0.14m,,'% as well as 0.2#, for the mass perpendicular to Pughet al*® implies too large a value fdF. The resulting
the c axis'®" The result of Kasict al."° closely matches at recommended parameter set Ep=17.2eV and F=
least one theoretical projectidh.However, the recent real- —4.36. For the hydrostatic deformation potential, we recom-
ization that the InN band gap is narrower than previouslymend an average value of—3.35eV from the
thought prompted a re-examination of the effective-massheoretical”#%*?°range of—2.2 to —4.85 eV. The recom-
issuet®? Accounting for the substantial nonparabolicity that mended valence-band deformation potentials are a composite
can cause an overestimate of the mass in highly dopeffom the calculations of Wei and Zung€rKim et al,?® Tad-
samples leads to a band-edge effective mass ofn@07 jer etal!®® and Van de Walle and Neugebadét:a,
which is our recommended value. Valence-band mass param- —0.7 eV, b=—1.2eV, andd=—-9.3eV. Elastic con-
eters were calculated by Yeet al>t using the empirical stants ofC,,=187 GPa,C,,=125 GPa, andC,,=86 GPa
pseudopotential method, and also by Peglal**and Dug-  are adopted from the calculations of Wright,which are
daleet al® using essentially the same technique. The resultsimilar to other calculated set®144
of the first two studies are quite similar, and we recommend  The recommended band structure parameters for zinc-
the parameters derived by Pughal.130 However, it should  plende InN are compiled in Table II.
be pointed out that the lower InN energy gap may require a
downward revision of the light-hole mass. E. Alloys

Christensen and Gorczyca predicted a hydrostatic defor-
mation potential of—4.1 eV for wurtzite InN*/ although a - GalnN
smaller value of- 2.8 eV was calculated by Kimat al® We GalnN quantum wells represent a key constituent in the
recommend the average of the twa=—3.5eV. Since, active regions of blue diode lasers and LEBZhe reliabil-
there have been no calculations of the valence-band defoity of early determinations of the energy-gap bowing param-
mation potentials, we recommend appropriating the segter for GalnN must now be questioned in light of the con-
specified above for GaN. While elastic constants were measiderable overestimate of the InN gegee Sec. Il . Further
sured by Sheleg and SavasteriRbywe recommend the im- complications resulted from the frequent occurrence of
proved set of Wright®” C;,=223 GPa,C;,=115GPa,C;; chemical ordering and(partia) phase decomposition
=92 GPa, C33=224 GPa, andC,,=48 GPa. Alternative effects!® with clustering of In-rich region&® However, re-
sets calculated by Kirat al®® and Davydov*are also avail-  cent work has produced considerable progress toward a fun-
able. Since the piezoelectric coefficients in InN have appardamental understanding of the Galn,N energy gap.
ently not been measured, we recommend the theoretical val- A fit to the early data of Osamurat all’’ yielded a
ues of Bernardini and Fiorentitt! dy;=7.6 pm/V, d;3  bowing paramete€ of ~1.0 eV. That result was consistent
=—3.5pm/V, andd;s=5.5 pm/V. Even though the sponta- with the theories of Wright and Nelsdf® Kassali and
neous polarization data for GaN/GalnN structures are inconBouarissa®’ Brandtet al., %8 (performed for the zinc-blende
clusive at this point, most likely owing to material imperfec- form of GalnN, Goano et al,’® Ferhat et al1%>2% (for
tions, the recommended valug,{InN)=—0.042 C/mf is  wurtzite GalnN, and other early calculatiorf8*?*For low
consistent with the most thorough comparison of experimenin compositions, Nakamura found that this bowing param-
and theory?° eter produced a good fit to PL d&®. A slightly larger
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bowing was obtained by Lét al,?°* on the basis of PL from TABLE lil. Nonzero bowing parameters for GalnN, AiGaN, and AlinN.
GalnN/GaN superlattices. A similar value of 1.4 eV was re-
ported for zinc-blende GalnN, although that study employed
relatively thin GalnN layers in which the strain was not fully Eé (eV) 14 0.7 2.5

205 : 6 - EX (eV) 0.69 0.61 0.61
relaxed®® Bellaiche and Zungé?® established that a large =t Loa 050 080
apparent reduction in the GaInN band gap coul_d result from Psig,}n\?z) —0037 0021 0070
the effects of short-range atomic ordering. Strain and order.
ing effects were also considered by Wrigfital 2

A number of later works cast doubt on the picture of a

small bowing parameter in GalnN alloys. For example, thebowing of C=0.38 eV was estimated from first principl&s.
experimental band gap results of McCluskeyal. for ~ Another calculation gave bowing parameters of 0.69 and
Ga,_,In,N epilayers withx<0.12 implied a bowing as large 1.84 eV for theX-valley andL-valley gaps, respectively. On
as 3.5 eV First-principles calculations by the same authorsthe basis of calculations as a function of compositit?>®
indicated that the bowing parameter itself may be a strongve take the piezoelectric coefficients for wurtzite GalnN to
function of composition, at least for small In fractions. Kent be unbowed. We recommend a bowing parameter of
et al. also calculated a strong variation 6f with x, and  C(Psp=—0.037 C/nf for the spontaneous polarization in
addmonany determined that ep|tax|a| |ayers may have éhe alloy, in order to be consistent with a recent detailed
slightly smaller valence band offset than bulk materfdls. comparison of theory and experiméefi.
Similarly large bowingg(in the range 2.4—4.5 eMvere re- The recommended nonzero bowing parameters for
ported by a large number of subsequent stuffig€?’ P GalnN are summarized in Table III.
emission consistent with fairly strong bowing was also found
in an investigation of zinc-blende Galrfif All of these 2. AlGaN

works focused on Ga,In,N with In fractions less than AlGaN is often used as the barrier material for nitride
20%. However, after noticing a weak temperature depenelectronic and optoelectronic devices. Initial studies of the
dence of the alloy PL peak, as well as a Stokes shift betweermpositional dependence of the energy gap reported
the PL and photoreflectance lines, Stetral?*? suggested downward®® as well as upward”?*® bowing. Subsequent
that the PL may in fact be emitted primarily from material early P12% and absorptio%o measurements found a bowing
that is locally In-rich. Such ordering would naturally lead to parameter of+ 1.0 eV, which has often been used in band
an overestimate of the bowing parameter. Teeal??® ar-  structure calculations. Since then, many studies of materials
gued that smaller bowing is appropriate once corrections argabricated under a variety of growth conditions have been
made for the lattice constant and clustering. Bellaichepublished. A good review of the results up to 1999 was pre-
et al?*° suggested the interesting possibility that “clustering-sented by Leet al,?** who divided the previous works into
like” electronic effects may be produced without any actualthree general classes. They noted that the early findings of an
chemical clustering, due to localization of the hole waveupward bowing®”?*® have generally not been duplicated
functions on the In sites. Stepaneval?®! noted that much  (with the somewhat inconclusive exception of Ref. R&he
of the scatter in the bowing parameter would be remat@d second class of materials, which were grown at high tem-
obtain C=2.1-2.4 eV) were the same value of Poisson’speratures, generally exhibited a strong downward bowing of
ratio used in all of the studies. at least+ 1.3 eV #6-243-2480ften those results could not be fit

Naturally, since the earlier band gap data for In-richwith a continuous, parabolic curve, since they tended to jump
Ga,_,In,N are no longer credible, many of these conclusiongo stronger bowing as the Al fraction increagétIt was
must be re-evaluated. The recent growth of high-quality epproposed that the apparent observation of the strong bowing
itaxial samples with large has considerably broadened the was actually an artifact resulting from defect- or impurity-
compositional range over which the bowing could be deterselated transitions at energies below the band§ap.ee
mined reliably*®2*2Wu et al?*2 attributes a strong down- et al?*! further suggested that only samples fabricated by
ward shift of the PL peak energy with respect to the absorpfirst growing a GaN buffer on sapphire at low temperature,
tion band edge to emission primarily from localized In-rich followed by high-temperature growth of the alloy layer, may
regions. Based on their work we recommeBd-1.4eV, be expected to yield reliable energy gap%?>°~?>Residual
which is also consistent with many of the theoretical esti-anomalies for materials of the third class were attributed to
mates discussed above. The same energy-gap bowing parameomplete strain relaxation. Based on these considerations,
eter is recommended for both wurtzite and zinc-blended.ee etal. recommended the bowing parameter
GalnN. C=0.6 eV

Very little information is available on the other band Since then, there have been many other reports of energy
parameters for GalnN. Tight-binding calculatibhgrovide  gaps in AlGa _,N. Ochalskiet al?*® observed no detect-
some support for our recommended standard procéliafe able bowing forx< 0.3 (this work falls broadly into the third
using the band-gap bowing parameter to derive the compcazlass of Leeet al.). A wider range of Al compositions was
sitional variation of the electron effective mass, and therconsidered by Shart al,?*® who deduced a bowing of
interpolating the rest of the quantities linearly. Effective- +1.33 eV for alloy layers grown on AIN buffers. Meyer
mass parameters for Ga-rich alloys were compiled by Pugkt al?* reportedC=0.7 eV for material that again falls into
et al*3 For theX-valley gap in zinc-blende GalnN, a small the third class as defined above. A similar value ®f

Parameters GalnN AlGaN AlinN
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—0.8 eV was reported by Omnes al2% Bergmanet al.ob-  surements, and also those of Yamagustal,***?**may be

tainedC=1.2 eV, and reported no evidence fodependent artifacts of polycrystallinity and clustering, by analogy to the
local band gap variations induced by chemical ordefiig. effects discussed in the section on GalnN alloys. For
Cathodoluminescence, absorption, and reflectance measurlo 34N egN Shubinaet al** reported a substantially higher
ments of epitaxial AlGaN grown on @ill) suggestedC ~ band gap of 2.74 eV, which implies a slight upward bowing
=1.5 eV 60-262Epjing et al?**found a large bowing param- in combination with our recommended binary endpoint val-
eter in AlGaN with partial chemical ordering. Other materi- ues. Finally, Lukitschet al?®® reported strong downward
als representing the third class were recently investigated blyowing over a wide range of compositions, although the en-
Jiang et al 264 (C=0.53eV), Wagneret al 265 (C=1eV), ergy gap for InN was again too high. While the general trend
Zhou et al?®® (C=0.85eV), Katzet al?®’ (C=1.38eV), is toward largeC(3-4 eV), in view of the results for the
and Yun etal®® (C=1.0eV). Paduanoetal®® (C other nitrides we conclude that the available experimental
=0.70 eV) suggested that the data are reliable only when Bterature for AllnN may not yet provide a reliable bowing
specific sequence of buffer layefgiving narrow x-ray dif- parameter.

fraction featuresis employed, and special efforts are taken ~ On the theoretical side, a first-principles calculation for
to compensate for the strain dependence of the energy gapinc-blende AlinN yielded a bowing parameter of 2.53 eV,
Besides their own, they assigned two other stifdt€s’to ~ which was assumed to be equal to that in the wurtzite
that category. Finally, there exists one report of weak bowinglloy.*** A more recent result for cubic AllnN is 1.32 eV for
in zinc-blende AlGaN with a relatively small Al fracticri®  the direct-gap and—0.51eV for the indirect {-X)

Most theories project that thE valley in zinc-blende transition?®® A calculation for wurtzite AllnN produced a
AlGaN should have a small downward bowingC (Similar bowing of 2.38 eV? while other values from the
=0.05-0.53 eV)L28:19:271gy cant for the early work of Al- literature are 1.32 e¥?°and 2.20-4.67 e¥£° Unfortunately,
banesiet al?’?> (C=—0.4 eV). The bowing parameters cal- hone of those theories derived an InN energy gap as small as
culated for wurtzite AlGaN fall in a similar range: 0.61 &%,  our recommended value. Therefore, we provisionally recom-
0.353 e\V?"* and ~0 eV.%?"°Based on the consistent find- mend a bowing parameter of 2.5 eV for both wurtzite and
ing of a relatively small bowing parameter by the theories, aginc-blende AlinN, and note that the uncertainty is consider-
well as by some of the most authoritative experiments, webly larger than for the related GalnN and AlGaN alloys. To
recommendC=0.7 eV for both the wurtzite and zinc-blende be consistent with a recent detailed comparison of theory and
forms of AlGaN. experimentl,20 we recommend a spontaneous-polarization

Recommended values for thé-valley (0.61 eV} and  bowing of C(Pgp) =—0.070 C/nf.

L-valley (0.80 eV} bowing parameters are taken from the =~ The recommended non-zero bowing parameters for

empirical pseudopotential method calculations of FarAlINN are summarized in Table Ill.

etal’® Some of the effective mass parameters for

zinc-blendé’* and wurtzité%3 AlIGaN have been calculated, 4. AlGainN

but no experimental verification exists. A bowing ©(P)

=—0.021 C/nt for the spontaneous polarization is consis-

tent with %o recent detailed comparison of theory and

expt_errr:menll. ded bowi ¢ off wavelengths of AlGalnNlattice matched to GaNultra-

GaInNear(raegmmZst q inn?rr;;grﬁl owing parameters YViolet photodetectors are also generally consistent with a lin-
: ear interpolatiorf™® A linear variation with In concentration

is therefore recommended for this quaternary with dilute In,

3 AllnN since in view of the small parameter space studied to date it

) o ) ) is too early to suggest any more detailed relation.
Al,In; N is drawing increasing attention, because at

=0.83 it becomes lattice-matched to GaN. The band ga'p__ Band offsets

bowing derived from the first experimental study of sput-"-

tered AllInNN was so strong that it yielded a smaller energy  Even after strain effects are factored out, there isano
gap for the lattice-matched alloy than for GAf.The stan-  priori reason to expect the wurtzite and zinc-blende versions
dard quadratic expression did not provide a reasonable fit tof any given nitride heterojunction to have the same band
the compositional variation, and it is now known that the gapoffsets. In fact, in all cases the offset of either the conduction
for the InN binary significantly exceeded the appropriateor the valence bandnust differ somewhat, because the
value for single-crystalline material. Guai al?’’ presented  wurtzite and zinc-blende energy gaps are not identical. The
results for InN-rich AllnN, and similarly measured an incor- calculations of Murayama and Nakayaitiaand Wei and
rect gap in the InN limit. From an investigation of the oppo- Zunger’® which did not account for spontaneous polarization
site limit of Al-rich alloys, Kimet al. found consistency with effects, found rather small differences. These results are sup-
a downward bowing of at least 2.5 8 While Pengetal.  ported by the experimental work of Let al,?®? which de-
gave a cubic expression for the energy gap that fit resultsved a conduction band offset of 0.3 eV between zinc-
spanning the entire range of compositidfisthat result can-  blende and wurtzite GaN with a marginal type-Il alignment
not be used in its original form since it overestimates the InNof the conduction and valence bands in the two forms of the
gap. Furthermore, the strong bowing implied by their mea-material[valence band offset (VBG — 0.09 eV]. However,

Energy gaps have also been reported for AlGalnN with
rather small In fraction&®%2%6-288Recent results indicate a
nearly linear bandgap reduction when<r2% 2%° The cut-
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Bernardini and Fiorentif?® suggest that once the large elec- of the interfac€®'*?and 0.48 eV for wurtzité® Whereas the
trostatic fields are included, even defining the band offset fomacroscopic polarization effects are smaller for this junction,
a wurtzite system’s polar interfadeur discussion is con- they may alter the value suggested in Ref. 79. On the other
fined to the(0002) orientatio] becomes nontrivial. hand, the x-ray photoemission spectroscopy measurements
Because there are fewer ambiguities, we first briefly ex-of Martin et al.found a large VBO of 1.05 e¥° and optical
amine the theoretical band offsets for zinc-blende GaN/AINmeasurements on GalnN/GaN quantum wells were also con-
heterojunctions. Numerous calculations have yielded unsistent with a large valu&® Martin et al3'° employed cor-
strained offsetgunder the assumption of full lattice relax- rections for the piezoelectric fields, and found no significant
ation) ranging from 0.25 to 1.0 e\?121:143294-30Qith only a  deviation from the transitivity rule when measurements of
weak dependence on the interface’s orientation Z%i¥! the VBO at the InN/AIN heterojunction were included. Al-
Since most of the results lie within the fairly narrow range ofthough the value of the bandgap in InN was recently re-
0.75-0.85 eV, we recommend the value 0.8 eV. By convenevaluated, we expect most of the difference to appear in the
tion, a positive offset corresponds to AIN having the lowerenergy of the conduction band rather than the valence band.
valence-band maximum. We therefore recommend a VBO of 0.3 eV for the zinc-
In the more complex wurtzite heterostructure, the elechlende InN/GaN interface and 0.5 eV for the wurtzite inter-
trostatic potential takes on a characteristic sawtooth profiléace. In the wurtzite case, we recommend the same value for
owing to the macroscopic polarization and corresponding inboth InN/GaN and GaN/InN, since at present there is no
terface charge®>2*One additional complication is that the compelling evidence for a significant difference. Assuming
GaN/AIN and AIN/GaN cases are inequivaléfit,meaning transitivity, this implies a VBO of 0.5 eV for the zinc-blende
that the two must be specified separaféfy**A number of  version of the INN/AIN heterointerface. We note that all three
first-principles calculations found offsets in the rather narrowzinc-blende interfaces exhibit a type-1 alignment. The matter
0.7-0.8 eV range, although polarization and strain effectés more complicated for the wurtzite form of the InN/AIN
were not accounted for consistentf?%®2°13%From a de- junction, with likely growth-sequence asymmetries arising
tailed treatment of the strain-induced asymmetry at thdrom the very different spontaneous polarizations in the two
(0001 polar heterojunction, Bernardini and Fiorentini ob- materials. The resolution of this issue awaits further studies.
tained 0.2 eV for AIN/GaN and 0.85 eV for GaN/ARS The band offsets for zinc-blende nitrides can be related
On the experimental side, the valence-band discontinuityentatively to those of the non-nitride IlI-V compounds as
at the GaN/AIN interface was first probed by Sitral,'?*  collected in our earlier revieW. In this context, we consider
who obtained 1.4 eV from fits to optical measurements orthe VBO to be an intrinsic property of a given zinc-blende
GaN/AIN superlattices. Subsequently, Badral. extracted a semiconductor, since interface dipole contributions tend to
VBO of 0.5 eV from the difference between iron acceptorbe small and transitivity is generally a good assumption. Di-
levels in each materidf® A fit to the PL spectrum of GaN/ vergent measurements of the GaAs/GaN VBO have been re-
AlGaN quantum wells was consistent with a VBO of ported in the literature. Martiat al3'” obtained a GaAs/GaN
~0.9eV* A more recent fit by Namet al3®’ implied conductionband offset of 0.9 eV from the current—voltage
~0.8 eV, and much the same value was obtained from deegpharacteristic of am-type structure with a thin GaN barrier.
acceptor level emission dat¥ X-ray photoemission spec- The energy gap difference e£1.8 eV then implies a VBO
troscopy yielded a VBO of 0:80.3 eV at the wurtzite GaN/ of 0.9 eV. Similar measurements ontype andp-type de-
AIN junction*®® which was revised to 0.200.24 eV in a  vices were carried out by Huaret al,>*® who derived an
later article by the same authc¥$. Using the same ap- approximate VBO of 0.5 eV. It is difficult to estimate the
proach, Waldrop and Grant found a considerably differeninfluence of the large GaAs/GaN lattice mismatch on those
value of 1.36-0.07 eV3 A related study reported a nearly results. On the other hand, Dirg al*!° obtained a VBO of
linear VBO variation in the AlGaN alloy, with a positive 1.84+0.1 eV from x-ray photoemission spectroscopy, which
bowing parameter of 0.59 eV Using X-ray and ultraviolet implies a nearly vanishing conduction-band discontinuity.
photoelectron spectroscopy, Kirg al. found that the GaN/ We recommend this last result, which agrees reasonably well
AIN VBO ranged from 0.5 to 0.8 eV, depending on the with the recent theoretical estimates of Wei and Zutiger
growth temperaturd:® They surmised that the differences and Agrawalet al*?° Employing —0.80 eV for the VBO of
arose from strain, defects, and film stoichiometry effectsGaAs relative to the valence-band maximum of If%kye
Rizzi et al3* reported a VBO in the 0.15-0.4 eV range for obtain absolute offsets of 2.64, —3.44, and—2.34 eV for
relaxed heterojunctions, and pointed out that the Ga8e  zinc-blende GaN, AIN, and InN, respectively. On the other
level, which has been used as a reference in GaN, is in fad¢tand, for wurtzite nitride heterointerfaces it is less clear that
hybridized with other valence bands. Overall, in considerthe VBO can be treated analogously as a bulk parameter.
ation of the numerous pitfalls that can plague the experimen- At present, all of our band-offset recommendations
tal investigations, we do not find a compelling reason toshould be considered provisional. Especially in the cases of
doubt the soundness of the theoretical evaluation by Bernainterfaces involving InN, future developments may signifi-

dini and Fiorentin?®3 cantly alter the accepted values. Recommended absolute va-
Several theoretical works have studied the valencdence band offset@elative to InSh for the three zinc-blende
band offset at the important INN/GaN binary nitrides are collected in Table I, and recommended

interface’9142:297.298,302.303.31%1 55t obtain a relatively small asymmetric wurtzite offsets are listed in Table IV. For lack
unstrained VBO of 0.26-0.3 eV for the zinc-blende versionof other information, we ignore any bowing of the band
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TABLE IV. Recommended valence-band offsétgluding strain and polar-
ization effects for the binary wurtzite interface combinations. A positive 24 1
VBO corresponds to a higher valence band maximum in the first material
than in the second.

1 N v T M 1

GaAs, N T=300K

0.99" "0.01

22 - -1
Heterojunction VBO(eV)
AIN/GaN (000D -0.20 < 20r 7
GaN/AIN (0001 0.85 QS
InN/GaN (0001) 0.50 >
GaN/InN (0001) —0.50 5
C
i

offsets for the nitride alloys. The results are presented in a
graphic form in Fig. 4.

1.2 n i " 1 L " 1 " i

-0.06 0.00 0.05 0.10 0.15

lIl. “DILUTE” NITRIDE BAND PARAMETERS 015 <010
Wavevector (A)

A. Methodology

. . FIG. 5. Conduction-band dispersion relations for GafNg 0, at 300 K
We donotrecommend that the type of bOWIhg dISCuSSEdfrom the BAC modelsolid curve$. For comparison, the unperturbed GaAs

above in Sec. Il A be used to describe the “dilute” nitride conduction band and the position of the nitrogen level are shown as the
alloys, in which a small N fraction on the order of a few dotted and dashed curves, respectively.
percent is added to a conventional IlI-V semiconductor such
as GaAs, GalnAs, or Gafan exception is the linear interpo-
lation of lattice constants between the host material and zindsand of the underlying non-nitride semiconductor. However,
blende GaN or GalnN A single bowing parameter is in the recent derivation by Lindsayt al***points out that iden-
general inadequate even if the goal is only to describe thécal fundamental bandgap predictions may be obtained even
energy gap for a relatively wide range of compositidfis. if the interaction involves a weighted average of perturbed
Here the main interest is in materials incorporating only aupper states rather than a single N level.
few percent nitrogef?? since it is highly questionable If the effect on the valence bands is completely ne-
whether more than 10%-16% N can be incorporated stablyjlected, the BAC model yields the following dispersion re-
It is by now well established that the properties of the condations for the two coupled bands:
duction band in these materidls few % N usually has little
effect on the valence bandsan be parameterized in terms of ~ E=(K)= 3{[E®(k) + EN]= V[E“(k) — ENJ*+4V?x},
the band anticrossing mod& While this two-parameter ()
model can be cast formally in terms of the many-impurity whereE®(k) is the conduction-band dispersion of the unper-
Anderson model within the coherent potential approximaturbed non-nitride semiconductdg! is the position of the
tion, it can also be thought of simply as the interaction benitrogen isoelectronic impurity level in that semiconductor,
tween a single, spatially localized N level and the conductiony s the interaction potential between the two bands,aisd
the N fraction. Dispersion relations for the two coupled con-
—_— . . duction bands in GaAsd\g o1, With the characteristic anti-
oL AIN i crossing, are plotted in Fig. 5. Note that any temperature
dependence arises from the shift of the conduction-band dis-
persionEC(k), which is assumed to follow the Varshni for-
mula of Eq.(1), wherea€N is taken to be independent of
One consequence is a considerable weakening of the funda-
mental energy gap’s variation with temperature, e.g., if we
compare GaAsN to GaA¥® Another is that the deformation
potential theory must be applied carefully, with a view to the
much weaker shift oEN with applied pressure. Therefore,
the strain dependence of tle. transitions should be deter-
mined by substituting the appropriate deformation param-
eters of the host semiconductor to obt&ifi(k), and then
deriving E. (k) from Eq. (3) or an even more detailekkp

: . L . formalism. We suggest that elastic constants of the host ma-
4.4 4.6 4.8 5.0 terial should be used, although there is no data to prefer this

Lattice Constant (A) procedure over the alternative of linearly interpolating be-
tween the host and zinc-blende GaN.

FIG. 4. Conductiortfilled) and valenceopen band offsets for the binary We can straightforwardly extend the BAC model to treat
and ternary zinc-blende nitrides as a function of lattice constant. The con-

duction (valencg band offset between any two materials corresponds toT[en bgnds(spin-doubleq CjondUCtion: valence, andzgigrggen
their energy difference on the absolute scale of the figure. impurity band$ by modifying the 8-bandk-p theory>?6-

I'-Valley Band Offsets (eV)
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Coupling of the nitrogen band to thé¢ andL valleys may preciable &£1% or mor@ N fractions been reporteti®3%
also be introduced®*! While adding further parameters (Report$*® of the incorporation of small amounts of As into
can in principle afford greater flexibility in fitting the data, at GaN are uncommagn
this juncture we think it preferable to avoid complicating the PL measurements of GaAsN with N fractions up to 1.5%
simple two-parameter fit of Ed3). Note also that the fixed were used to extract the dependence of the energy gap on
position of the nitrogen level with respect to vacuum impliescompositior®** A huge bowing of 18 eV was found, which
a tandem shift with the valence band maximum of the hosfor small compositions is equivalent to a linear model with
-V material. If viewed as a single level, one then needthat slope’*? Early theoretical studies projected bandgap
specify only its alignment with respect to some well- bowings based primarily on calculations for large N
characterized energy. However, in order to account for théractions?°6-343-3%%|though the large bowing was originally
experimental observation of small yet non-negligible devia-expected to produce a semimetallic overlap at intermediate
tions from referencing to the valence band offset, we willcompositions*> more detailed studies found a reduction of
specify a separate nitrogen level for each host material. ~ the bowing parameter with increasing composifioht*®

It will be seen below that Eq:3) provides a useful and  This result was confirmed by the experiments of Bi and Tu,
reliable basis for describing a variety of dilute-nitride mate-who studied N compositions as large as 15%.
rial properties, such as the fundamental energy (- Subsequent investigations confirmed a highly nonlinear
erned by the transition fronk_ to the top of the valence reduction in the energy gap for small N compositidfs3%8
band, the temperature shift of the gap, the electron effectiveanother notable finding was a significant weakening of the
mass, and the characteristics of the upper band(within  temperature and pressure dependences of the band gap for
the theory of Lindsayet al,*** there is not necessarily a GaAsN (and GalnAsN with small In fractigr®®359:360 ¢
single well-definecE ;. band. However, the extent to which pecame clear that the simple bowing approximation could
the BAC representation may be considered fundamentallyiot adequately describe the GaAsN alloy in its full complex-
realistic is still controversial at this writing****The BAC  ity, which motivated Shanetal. to propose the band-
model does not consider anything more complicated than gnticrossing mode¥* Those authors confirmed a weak pres-
single nitrogen level on a substitutional lattice iée a nar-  sure dependence for the nitrogen-band transitiough a
row impurity band formed from such leveldt neglects not  deduced deformation potential of 1.2 V), although the
only mixing with theL andX valleys, but also more complex  gensity-functional calculation of Jonesal. also predicted a
nitrogen behavior in the semiconductor matrix, e.g., the forreduced pressure dependence without invoking the BAC
mation of nitrogen pairs and clusters. On the other hand, thg,qge|362:363
more complicated modeling based on pseudopoteritfafs® Also favoring the BAC parameterization was the finding,
requires a substantial computational effort. The numericapy Skierbiszewsket al. and other workers, of a significantly
results are then difficult to use without parameterization intoncreased electron mass in GalnA¥4-3¢° Note, however,
a form such as Eq(3). The very recent work by Lindsay hat another set of measurements by Yoengl 3" found a
et al*** points out that the most amply verified prediction of reqyction in the effective mass with increasing N content, in
the BAC model, the dependence of the band gap on the Nyparent conflict with the BAC model, which predicts an
content, may be unaffected by generalizing to a multipliCityjncrease even at the zone center. The temperature depen-
of higher-lying states. o dence of the band gap was confirmed to be substantially

The implementation of Ed3) requires input of the host \yaaker in GaAsN than in GaAs, as predicted by the BAC
semiconductor’s band parameters. Although we do not rePrmodel®25:371and an electroreflectance std@resolved both
duce the non-nitride parameters in this work in order to. P'ethe E_ andE, transitions(see the typical conduction-band
i e 41 D ol e bt o i Ao o eton e o et
band offset for an unstrained dilute nitride should be S;?Ogltgggsgelrr]n Ptljigtc?"?ﬁ(ﬁ%rgszds”anr?;frilsTvr\]/:strgtrlfjlied
equal to that of the host semiconductor. Within the BAbe Zhanget al.2"*3"who observed evidence for impurity

model the primary effects of the nitrogen are on the Conducbanding at N concentrations as small as 0.1% N, and also by
tion band, and even the ten-band model influences the hOI}%Iar et al.3"® who put the transition at 0.2%. Zharg al.

dispersion relations without shifting the valence band maxiyronosed an alternativénon-BAC) parameterization of the

mum in the absence of strain or quantum confinement. Al'energy gap’’
though some experimental studies have reported a finite Figure 6 plots the fundamental band gap

type-I or type-ll offset in strained structurésee the next gjence band maximum and tfe conduction band mini-
subjsectlon on GaAg\Nat present there is no evidence COM- um, as a function of N fractior for GaAs N, at 300 K.
pelllng enough to a!ter our recommendatllon of a null offseta -,rve with a constant bowing parameter of 18 @dtted,
relative to the host in the absence of strain. and also a curve with the variable bowing parameter of
(20.4—108) eV suggested in our earlier revi€dashed
are displayed for comparison. It can be seen that the BAC
model predicts a substantially higher energy gap once the N
It has long been known that small quantities of nitrogenfraction exceeds 1.5%. The available experimental data
in GaAs and GaP form deep-level impuritié.However,  (points in Fig. 6, which were compiled in Ref. 323 clearly
only recently has the growth of GaAs,N, alloys with ap-  show much better agreement with the BAC parameterization

between the

B. GaAsN
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less clear whether the valence band maximum in GaAsN
should exhibit any relative shift. Theoretical studies of that
issue have come to differing conclusiod>°°X-ray photo-
electron spectroscopy data suggested a type-ll band
alignment®® with quite large error bars on the VBO. While
subsequent PL measurements found a similar ré&uore
recent optical and electrical characterizations have pointed
decisively toward a type-1 alignmefft?~3®°Unfortunately, it
appears that the built-in strain was ricbmpletely relaxed

- ——BAC ‘\ ~e. 1 in any of the heterostructures employed in the above studies.
08F ~=-" g= 52.4\; 100x eV R Accounting for strain effects, Egorost al** deduced that
---------- = e s

the band offset for unstrained GafAgNg o, With respect to

* exp.data GaAs approximately vanishes. This is our general recom-

Fundamental Bandgap Energy {eV)

0.8 0 . 5 61 : '02 . 5 L . '4 —- 0.05 mendation for dilute GaAsN.
: ' 0. 03 0.0 ) The recommended BAC model parameters for GaAsN
N fraction x and all of the other dilute nitrides for which information is

FIG. 6. Energy of the fundamental band gap transition in GaAsN as aava"able are summarized in Table V.

function of nitrogen fractiorx (a) from the BAC model(solid curve, (b)

using the variable bowing parameter from our earlier revigvef. 10 C. InAsN

(dashed curve and(c) using a constant bowing parameteotted curve

For comparison, the available experimental data as compiled in Ref. 323is  INAsN attracted some early theoretical interé3t®and

also plotted(circles. a more recent tight-binding calculation focused on the effects
of nitrogen clustering in the allo¥’’ Several experimental
investigations of this dilute nitride have been
published®8-392

Two measurements of the electron effective mass in In-

than with either of the two curves based on bowing.
So far, no upper limit on the N compositions for which
the BAC model remains valid has been identified. MoreoverAsN showed a large increa®¥®:3*2 analogous to that in

since GaAg. Ny alloys with x>5% become increasingly - . (N34 The authors of those studigs®*?appeared to
dlffICU|t.tO grow, such f:omppsn.l(_)ns mazy be expected to .havebelieve that the BAC model could not account for any in-
only minor tec;hnolog|cal significancé? Although thgre 'S crease greater than a doubling of the mass in the nitrogen-
some spr%ad In the reported values for the two primary P&ree host material. However, that view is contradicted by a
rametersE"™ (1.65—1.71 eV, referenced to the GaAs valence-

band maximumandV (2.3-2.7 eV, we follow the param- closer exgaglnat_lon of the mc_>de|, and qls_o by the results for
o . GalnAsN;®* which clearly display a similarly large mass
eterization of Shan and co-workers and recommeBU:

—1.65eV,V=2.7 eV 36 enhancement. Therefore, at this point there is no compelling

Although the conventional BAC model assumes that the 220N not to accept the BAC parameterization for InASN,

addition of N has little effect on the valence bands, tWOaIthough the available information is incomplete and future

recent studies noted a larger-than-expected heavy/light—hoﬁevIdence may favor a different picture. Extracting the posi-

splitting in GaAsN with a few percent nitrog@"° This fon of the nitrogen levelwith respect to the valence-band

implies a strong bowing in the valence-band shear deformar-n"jl)(”rlum In InAg from the valence-band offsets given in

. . i . our earlier review, we recommerfN=1.44 eV. Based on
tion potentialb, although the deformation-potential enhance- 388 . .
i . . the measurements of Nagi al,>*° which are consistent with

ments obtained by the two works did not agree. Additional . .

. ! values for the potentiaV/ ranging between 1.9 and 2.3 eV,
study is necessary to confirm the effect, and perhaps refor- —

. . we recommend/=2.0 eV.
mulate the basic band structure model to account for it.
The nature and magnitude of the GaAs/GaAsN hetero- GalnAsN

junction’s band alignment represents an interesting and tectP—'
nologically important question. Although a straightforward Having established provisional BAC parameters
interpretation of the BAC model implies that the GaAsN for GaAs _,N, and InAs _,N,, it remains to specify them
conduction band minimum must lie below that in GaAs, it isfor the important Ga yIn,As; ,N, alloy. Most of the

TABLE V. Band anticrossindBAC) model parameters for the dilute nitride semiconductors.

Parameters ENw. r. t. VBM (eV) V (eV)
GaAsN 1.65 2.7
InNAsN 1.44 2.0
Ga,_,In,AsN 1.65(1— x) + 1.44x— 0.38(1—X) 2.7(1- x) + 2.0¢— 3.5¢(1— x)
GaPN 2.18 3.05
InPN 1.79 3.0
Ga,_,In,PN 2.18(1-x)+ 1.7 3.05(1—x) + 3.0¢— 3.3 (1— X)
INSbN 0.65 3.0
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technological interest in dilute nitrides has so far centered oft. GaAsSbN

this quaternary, since it provides a promising basis for long-  Anqther quaternary alloy that has the potential for reach-
wavelength telecommunications lasers, solar cells, and phqﬁg long wavelengths on GaAs substrates is
tovoltaics that can be grown on GaAs substrates rather tha@aAsl,x,ySbny.403‘4°5Unf0rtunately owing to the spar-

InP. Whereas conventional GalnAs quantum wells wouldsity of the data for this material, and the complete lack of any
have too much compressive strain to reach the desired wavesports on GaSh,N,, we can only recommend that the
length range when grown on GaAs, the addition of N nar-procedure recommended above for GalnAsN be followed.
rows the band gap for lower In concentrations, while at theThe exception is that constam=2.7 eV (at least for Sh
same time providing tensile strain compensation. fractions<20%) should be assumed.
The applicability of the BAC parameterization to the

case of GalnAsN is well establishétf:329:360.361.364.368ince £ 1PN
the main lines of evidence are analogous to those discussed T : wal studi £ 1P.N. h b
above for GaAsN, we do not repeat them here. Studies that wo o‘g’j&er!me” a studies of TRE Ny have Dbeen

. 2e0 361364 reported‘f “PISince GaAs and InP have similar energy gaps
employed very low In compositionSy**"**on the order of and valence-band offsets, it is natural to expect the BAC
10%, generally found no significant differences from GaAsN X P

 from th red d  the GalnA model to apply equally well to InPN. Yet al*°’ derived a
apart from e,eXplgc ed decrease of the LainAs ENeTgY 93 . ameterization in which the GaAs/InP VBO was assumed
(including bowing.™” However, for materials with larger In

- ) o to be 0.35 eV. Since the consensus value recommended in
fractions, which have been grown on both G&&$**and

- 306 . our earlier review’ is 0.14 eV, for consistency we adjust the
InP*%* substrates, Zhukogﬁtgal. proposed an alternative egyitEN=2.0 eV from Yuet al. to the recommended value
parameterization. Paet al**® took EN to be independent _of EN=1.79 eV (both with respect to the valence-band maxi-
the In concentration, and us&t=2.5 eV. Although Choulis  mum of InP. A rederivation of the coupling potential that is

et al3283293%employed the same assumption regardiy  most consistent with the data of Yet al®®’ leads to our

their value for the coupling potential was considerablyrecommendationy=3.0 eV.

lower: V=1.675 eV. A similar value\{=1.7 eV) was inde-

pendently deduced by Polimeei al3* for In compositions g |nsbN

ranging from 25% to 41%. On the other hand, SQuiral3%® _ _ _ _

found thatv=2.8—3.0 eV, depending on the particular tran- Since InSb is the llI-V binary with the smallest energy

sition between the conduction and valence subbands, wak: the addition of N may in principle be exploited to reach

necessary to explain luminescence data for GaInAsN/GaA"élrbltrarlly small band gaﬁ)ss_?l%d arbitrarily Iong emission
l. observed experimentally

guantum wells with an In content of 27.2% wavelengths. Murdiret a
o L that the effective mass in Ingb,N, increases despite a con-
The finding of a smaller band gap reduction in GalnAsN W I INSON, i b

siderable reduction of the band gap. Even though our simple
than in GaAsN is in fact expected theoretically, due to order gap g P

) . X 400 Tule for determiningeN based on the VBO would lead to an
ing of the nitrogen atoms in the GalnAs matik:“There energy 0.85 eV above the top of the valence band, those

is some experimental evidence for carrier localization in they ihors derivedEN=0.65 eV. which we adopt as the recom-
presence of both In and N in the quaternary afftf’**One  mended value. They also reportsti=2.2 eV, and supple-
study*®” reported a series of five distinct transitions, which mented the minimal BAC parameterization of E8) with
were attributed to five different environments for the N atomgn additional shift of the nitrogen level's position with in-

in the alloy. In order to incorporate the best available infor-creasing N fractiort®®4%° However, it appears that their
mation on the GalnAsN quaternary, while maintaining con-value forV leads to an underestimate of the observed band
sistency with the parameters recommended above for GaAshap decreas®® We therefore recommend=3.0 eV, which

and InAsN, we propose the following scheme. The positiorshould yield better agreement with the sparse available data.
of the nitrogen band&N should be determined from the shift We also recommend that the full ten-baag model be used

of the valence-band offset in GalnA%jncluding the small, for any calculations of the InSbN band structure, since the
yet non-negligible bowing. This leads to a smooth variationnitrogen band significantly affects the light-hole dispersion.
of EN, between 1.65 eVGaAsN and 1.44 eMInAsN), and

is also consistent with the intuitive expectatiso far not H. GaPN

contradicted by any definitive experimentkat the nitrogen

level's position should not vary with respect to vacuum. .., ctors discussed in this review, in that the GaP host is an
Then we propose a bowing of the coupling poteriah the i girect-gap semiconductor with bodhandL valleys lower

Ga _yInyAsN alloy: V=2.7(1-y)+2.0y-3.5(1-y) €V. iy energy than th& point. Nitrogen acts as an isoelectronic
While this parameterization does not fully agree withjmpyrity in GaP, and has been employed as the active mate-
the  reported  experimental  results  for  the gl of visible LEDs*'* Initial studies of GaP with an alloy-
quaternary?®-329:300.361.364.388.3% i roughly consistent with  jike concentration of N were reported by Baillargeon
the median values, and it of course agrees with the reconet al #1413 Miyoshi et al. explored the transition of the
mended binary endpoints. As before, any strain must b&aPN luminescence spectrum with increasing N fraction,
added to the host-semiconductor properties in the basic BA@nd was able to resolve the emission from excitons bound to
model before these parameters are employed. nitrogen pairs fox< 0.5% ***Bi and Tu reported GaP ,N,

GaR _,N, is distinct from the other dilute nitride semi-
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with x as large as 16% using gas-source molecular-beamonductors that have been investigated to date. The present
epitaxy*® A number of theoretical works from the same pe- treatment is considerably updated, reworked, and expanded
riod predicted that GaPN retains its indirect-gap nature up tdoy comparison with the nitride portion of our earlier lll-V
relatively large(“nondilute”) N concentrationd?3348:350416  gemjconductor band parameter reviéw.The breath-
Shan and co-workers reexamined this view within thetaking pace of ongoing research on these materials has
BAC model**"*8which yields that the anticrossing between necessitated what are in some cases major changes in the
I'-valley states and the N impurity band mows below the ~ recommendations.
X valley for arbitrarily small values ok. Those authors de- For some of the parameters, we believe that the ultimate
rived V=3.05eV using the well-known value oEN convergence toward a consensus valugearly) complete.
=2.18 eV (relative to the valence-band maximum, which These include energy gaps for the wurtzite forms of GaN,
places the nitrogen level slightly below the conductién AIN, and InN, as well as the zinc-blende form of GaN, the
valley). The analogy with GaAsN is further supported by aelectron effective masses in all of these materials, and the
decrease in the pressure dependence of the fundamental tranagnitude of the energy gap reduction for GaAsN, Galn-
sition (with a deformation potential of 1.2 eV)#7areduc- AsN, InPN, and GaPN as parameterized by the band anti-
tion in its temperature dependerft@#?°a large increase in crossing model. Agreement may be at hand for the spin-orbit
the electron effective maé8! and strong luminescence for and crystal-field splittings in these materials, as well as the
small N fractions'?>#23all of which occur despite the indi- bowing parameters for GalnN and AlGaN. The understand-
rect gap of the GaP host. ing of piezoelectric coefficients and spontaneous polariza-
On the other hand, the simple BAC model is clearlytions in GaN, AIN, InN, and their alloys has reached a new
incapable of describing the full complexity of such featuresplateau, although further research is needed to fully confirm
as the evolution of transitions due to isolated N centers, Nhe proposed values. A definitive GaN valence parameter set,
pairs, and N clusters that is observed %61 1%, as well as  which is fully consistent with the recommended consensus
the mixing withX- andL-valley state$?*~4*For example, values for the spin-orbit and crystal-field splittings, also re-
Buyanovaet al. observed an abrupt reduction in the funda- mains to be generated.
mental transition’s radiative lifetime whex>0.5%, which Areas which remain somewhat or highly uncertain at
was attributed to an effective indirect-to-direct crossd@ér. present include the band offsets for GaN, AIN, InN, and their
It is perhaps more likely that the wealth of phenomena realloys, the bandgap bowing parameter for AllnN, many or
ported for GaPN can be explained within a more flexiblemost of the zinc-blende GaN, AIN, and InN properties, de-
theoretical framework, such as the supercell pseudopotentialations of the band offsets for the dilute nitrides from the
formulations of Kent and Zungéf>—3%° host values, bowings of the coupling potentials for GalnAsN
Although the predictive power of the BAC parameteriza-and GalnPN X-valley andL-valley mixing effects in GaPN
tion is perhaps more limited in GaPN than in the other diluteand related materials, and the accuracy of the BAC model’s
nitride alloys owing to the proximity of thX valley and the effective-mass predictions when applied to the more exotic
complex experimental observations at “intermediate” com-dilute nitrides. Our recommendations concerning those pa-
positions, we nevertheless recommend the parametd™set rameters should be considered provisional, awaiting more
=2.18 eV andv=23.05 eV of Sharet al*'’ detailed and definitive experimental and theoretical evidence.
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—2.77. In Table XXVII, the correct values for the indirect-gap bowing
parameters for GaPSh a@(E})=1.7 eV andC(Eg)=1.7 eV.
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