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We present a comprehensive, up-to-date compilation of band parameters for the technologically
important 1lI-V zinc blende and wurtzite compound semiconductors: GaAs, GaSbh, GaP, GaN,
AlAs, AISb, AIP, AIN, InAs, InSb, InP, and InN, along with their ternary and quaternary alloys.
Based on a review of the existing literature, complete and consistent parameter sets are given for all
materials. Emphasizing the quantities required for band structure calculations, we tabulate the direct
and indirect energy gaps, spin-orbit, and crystal-field splittings, alloy bowing parameters, effective
masses for electrons, heavy, light, and split-off holes, Luttinger parameters, interband momentum
matrix elements, and deformation potentials, including temperature and alloy-composition
dependences where available. Heterostructure band offsets are also given, on an absolute scale that
allows any material to be aligned relative to any other. 2@01 American Institute of Physics.
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Appl. Phys. Rev.: Vurgaftman, Meyer, and Ram-Mohan

To fully exploit this flexibility, one clearly needs a reli-
able and up-to-date band parameter database for input to the
electronic structure calculations and device simulations.
However, after many years Volume 17 of the Landolt—
Bornstein seridsremains the most frequently quoted source
of Ill-V band parameters. Although that work contains
much of the required data for a broad range of materials, it is
nearly 20 yr old, lacks detailed descriptions of many of the
important 11—V alloys, and contains no information at all on
the crucial band offset alignments for heterostructures. A
popular compilation by Casey and Parfistovers the band
gaps for all Ill-V non-nitride binary materials and 12 ternary
alloys, but the rapid progress in growth and characterization
of many of those materials taking place since its publication
in 1978 has decreased its usefulness. While a number of
recent books and reviews on individual material systems are
available>~1° they are not necessarily complete or mutually
consistent. A useful recent compilation of band structure pa-
rameters by Levinshteiet al!! does not contain in-depth
information on aluminum-containing elemental semiconduc-
tors, is often based on a limited number of original sources,
and considers only six ternary and two quaternary alloys.

The objective of the present work is to fill the gap in the
existing literature by providing a comprehensive and mutu-
ally consistent source of the latest band parameters for all of
the common ll1-V zinc blende and wurtzite semiconductors
(GaAs, AlAs, InAs, GaP, AIP, InP, GaSh, AlSb, InSh, GaN,
AIN, and InN) and their ternary and quaternary alloys. The
reviewed parameters are the most critical for band structure
calculations, the most commonly measured and calculated,
and often the most controversial. They inclu@B:direct and
indirect energy gaps and their temperature depende(i@es;
spin-orbit splitting;(3) crystal-field splitting for nitrides(4)
electron effective masgpb) Luttinger parameters and split-
off hole mass;(6) interband matrix elemer, and the as-
sociatedr parameter which accounts for remote-band effects
in eight-bandk-P theory; (7) conduction and valence band
deformation potentials that account for strain effects in
pseudomorphic thin layers; arl) band offsets on an abso-
lute scale which allows the band alignments between any

At present, IlI-V compound semiconductors provide thecombination of materials to be determined. All parameter
materials basis for a number of well-established commerciadets are fully consistent with each other and are intended to
technologies, as well as new cutting-edge classes of elegeproduce the most reliable data from the literature. For com-
tronic and optoelectronic devices. Just a few examples inpleteness, lattice constants and elastic moduli for each mate-
clude high-electron-mobility and heterostructure bipolarrial will also be listed in the tables, but in most cases will not
transistors, diode lasers, light-emitting diodes, photodeteaeceive separate discussion in the text because they are gen-
tors, electro-optic modulators, and frequency-mixing compoerally well known and noncontroversial.
nents. The operating characteristics of these devices depend As a complement to the band parameter compilations,
critically on the physical properties of the constituent mate-which are the main focus of this work, we also provide an
rials, which are often combined in quantum heterostructuregverview of band structure computations. T®® method is
containing carriers confined to dimensions on the order of @utlined, followed by brief summaries of the tight-binding
nanometer. Because ternary and quaternary alloys may kghd pseudopotential approaches. The theoretical discussions
included in addition to the binary compounds, and the mateprovide a context for defining the various band parameters,
rials may be layered in an almost endless variety of configuand also illustrate their significance within each computa-

rations, a seemingly limitless flexibility is now available to tional method. The tables provide all of the input parameters
the quantum heterostructure device designer.

that are normally required for an eight-bakdP calculation.
While we have not attempted to cover every parameter that

3Author to whom correspondence should be addressed; electronic maiMay potentially be useful, most of those excludedy., thex
vurgaftman@nrl.navy.mil

andq parameters necessary for structures in a magnetic field
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and the inversion asymmetry paramgtare either poorly considerations regarding the major band parameters. The

characterized or have well-known best values that have nanain results for individual binary compounds, ternary alloys,

changed much over time and are easily obtained from otheand quaternary alloys are reviewed in Secs. I, IV, and V,

sources such as Landolt—Bornstein. respectively. A table summarizes the parameters recom-
To the extent possible, we have fully treated the 12 mamended for each material, while the text provides justifica-

jor 1=V binaries and their alloys. Other nominal IlI-V ma- tion for the choices. Section VI then reviews the band offsets

terials that are not covered include BN and other boronthat are needed to calculate energy bands in quantum hetero-

containing compoundéwhich are commonly considered to structure. Those results are presented in a format that refer-

be insulators rather than semiconductorss well as the ences all offsets to the valence band maximum of InSb,

narrow-gap InSbBi, InTISb, InTIAs, and InTIP alloys, which which allows a determination of the relative band alignment

up to now have not achieved technological importance. Non&r any possible combination of the materials covered in this

of these materials has been integrated appreciably into any @fork.

the mainline systems, and in most cases a paucity of band

structure information precludes the recommendation of defitl. RELATION TO BAND STRUCTURE THEORY AND

nite parameter values. On the other hand, we attempt to préisENERAL CONSIDERATIONS

vide a complete and up-to-date description of the nitride

family of materials, including those with a wurtzite crystal

Iattlc.e,t in light of |tt_s |rtl_creasmg prtcl)mt;ngnce an(;;l trt'e dnumer'heterostructuﬂé‘zoband structures. Since the present review
ous Intense investigations currently beéing conaucted. is intended to focus on band-parameter compilation rather

. llt |shnatrL]JraIIy |mpOSS|_ZIedfc_)rfus to 9“'Ver3?"y C|te| eve:cy than theoretical underpinnings, this survey is aimed prima-
article that has ever provided information or given values fony 4 nroviding a context for the definitions of the various

the relevant band parameters. The reference list for such rameters. The section is limited to a discussion of the bare

review would number in the 10’s of thousands, which wouldggqentials for treating heterostructures and a brief description

be impractical even for a book-length treatment. We havey ye practical approaches. A more detailed description of
therefore judiciously selected those results that are most Celhe theory will be presented elsewhere.

tral to the purpose of the compilation. In some cases, wide _
agreement on the value of a given parameter already existd; Multiband k -P method

and/or previous works have critically and comprehensively  The most economical description of the energy bands in
reviewed the available information. Under those circum-semiconductors is the effective mass approximation, which
stances, we have limited the discussion to a summary of thg z1s0 known as the envelope function approximation or
final conclusions, along with references to the earlier reviewsnyitipandk-P method. It uses a minimal set of parameters
where additional information may be found. In other casesihat are determined empirically from experiments. By means
we discuss more recent data that have modified or altered thﬂ a perturbative approach, it provides a continuation in the

earlier flndlngS The most difficult tOpiCS are those for Whichwave vectork of the energy bands in the V|C|n|ty of some
there is substantial disagreement in the literature. In thosgpecial point in the Brillouin zonéBZ).

instances, we summarize the divergent views, but nonethe- The electronic wave functions that satisfy the Sehro
less choose a particular result that is either judged to be thginger equation with a periodic lattice potential in a bulk
most reliable, or represents a composite combining a varietyrysta| are given by Bloch’s theorem:
of experimental and/or theoretical findings. Although such ik
selections are inevitably subjective, since they require an as- ¥(F)=€" Uni(r). (2.7)
sessment of the relative merits and reliabilities, in each casghe cell-periodic Bloch functions,,,(r) depend on the band
we inform the reader of the basis for our judgment. index n and the envelope function wave vectorThe wave
A guiding principle has been the maintenance of fullfunctionsy(r) form a complete set of states as do the wave
internal consistency, both in terms of temperature depenfunctions based on Bloch functions at any other wave vector,
dences of the parameters for a given material and with regariécluding the wave vectors at special points in the BZn
to variations with alloy composition. For example, treating the optical and electronic properties of direct gap
composition-dependent  parameter values for  theemiconductors, it is natural to consider the zone-center
Al,Ga,_,As alloy employ the best information at those in- T'-point Bloch functionsu,q(r) for our wave function expan-
termediate compositions for which data are available, busions, and we drop the reference to k0 index for these
also invariably agree with the results for GaAs and AlAsfunctions.
when evaluated at=0 andx=1. In a few cases, this has For our purposes here, the general form of the wave
required the introduction of additional bowing parameters infunctions may be considered to be a linear combination of a
contexts where they are not usually applied. We have alsfinite number of band wave functions of the form
been as complete as possible in gathering all available infor- G i _
mation on the less common ternary and quaternary alloy sys- Y1) = fo(2) €1 un (1) =F () un(r). 22
tems. The envelope functions ,(r) are typically considered to be
The review is organized as follows. Discussions of theslowly varying, whereas the cell periodic and more oscilla-
k-P, tight-binding, and pseudopotential band structure calcutory Bloch functions satisfy Schdinger's equation with
lations are presented in Sec. Il, along with some generdband-edge energies. We distinguish envelope functions cor-

A number of excellent books and review articles have
summarized the methods for calculating Béik* and
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responding to thd"; conductionc, I';s valencer, and the and

energetically higher remote bands with an indexF, 1\l [(X|plus)|?

={F.,F,,F,}. The remote bands are assumed to have band- §= ( ) Al

edge energie$E, —E,,|>|E.—E,|=E4, whereE, is the

direct energy gap. If the conduction-band states were not included into our
Next, Lowdin's perturbation theof§is applied in order  analysis explicitly, the additional contribution of the neacby

to eliminate the functionB, in favor of perturbation termsin  phands would enter the sum over intermediate states in the

the equations for the conduction and valence bands. In thgacond-order perturbation theory for theparameter. We
bulk k-P theory, these terms correspond to the Kanegenote this revised value as:

modef>?* for the band structure, with quadrati©(k?)]

2 TEE) 28

6mg

terms within the conduction and the valence bah#sas L 1 % (XIpJS)® Ep )
well as the appropriate interbagecbnduction-valenggerms. gm0 3my) < (E,—E.) _0+6_Eg' 2.9

Now, theot, 8, and s parameter set is simply related to the
1. Zinc blende materials standard definitions of the Luttinger parametgis y,, and

. . . ]
The zinc blende crystal consists of two interpenetrating .
face-centered-cubic lattices, one having a group-lll element  ¥1=—1+20"+4m+44,

atom (e.g., Ga and the oth.er a group—y element gtcﬁmg., . yy=at— 7428, (2.10
As). A zinc blende crystal is characterized by a single lattice
constanta. Yys=ot+m—6.

The matrix elements of the momentum operator betwee

the conduction and valence bands can be expressed in terr%g of the terms appearing in the valencef-_band Hamiltonian
of a single paramete?, originally defined by Kane: may be cast in terms of the three quantitiess, and =, or
' equivalently in terms of the Luttinger parameters.

—inh So.X 23 The inclusion of electron spin and spin-orbit interaction
= mg (SIpudX), (2.3 effects are straightforwaﬂi‘,and we obtain a 86 valence-
band Hamiltonian. The matrix elements of the spin-orbit in-

where (S|p,|X) is the momentum matrix element bewV‘:"enteraction, witho being the Pauli spin matrices here

the slike conduction bands ang-like valence bands. Its
value in a given material is usually reported in energy units

(eV) as: SOZ4mSC2 AVXp-o, (2.11)
Ep= : Op2. (2.4) 3:; parameterized by the quantity called the spin-orbit split-
The Ep matrix element is one of the band parameters that is 3%i oV WV,
extensively reviewed in the subsequent section. Afm(XIg Py— 0—,_px|Y>' (212
0 y

Through second-order perturbation theory, the higher-
band contributions to the conduction band are parameterizetihe atomic potentiaV appears in the above expressions.
by the Kane parametd¥, whose values are reviewed in the The spin-orbit interaction splits the sixfold degeneracy at the
subsequent sections: zone center into fourfold degenerate heavy-h@ib) plus

1 (Slp,Jup)? light-hole (Ih) bands ofl'g symmetry with total angular mo-

F=—> T (2.5 ~mentumJ=3/2, and a doubly degenerate split-¢§b) band

Mo (Ec—E/) of I'; symmetry withJ=1/2. In practice, the values of the

where(S|p,/u,) is the momentum matrix element between Aso Parameter are determined experimentally. _

the s-ike conduction bands and remote bandsnd my is For a bulk system, the eight-baikaP model gives rise

the free electron mass. to eight coupled differential equations, which define the
The second-order valence-band terms include those witRchrainger eigenvalue problem for the energy bands near

possible intermediate states that belong to energetically the center of the BZ. With the envelope functions repre-

higher bands with the symmetry of(I'y), p(I'y), and Sented bye="", we have the usual 88 Hamiltonian with

d(I'19) atomic orbital® We define the following quantities €rms linear and quadratic ik In a bulk semiconductor,

in terms of matrix elements betwegnlike valence bands Poth direct and indirect energy gaps in semiconductor mate-

(whose symmetry here and in the following is indicateckas rials are temperature-dependent quantities, with the func-

Y, 2 and remote bands: tional form often fitted to the empirical Varshni foffn
r T?
1)@ [(Xpun)l? Ey(T)=Ey(T=0)— —— (2.13
o= _(3m0) 2 E ) 20 B TA

I ) where « and B are adjustablgVarshnj parameters. Al-
D [(X[py|ur)| (2.7  though other, more physically justified and possibly guanti-
r (E,—E) ' ' tatively accurate, functional forms have been propd&éd,

B 1
=71 3m,
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they have yet to gain widespread acceptance. In this article, ( m

z
0
we compile consistent sets of Varshni parameters for all ma- F) =71t 272,
Ih

terials.
The effective massn* at the conduction and valence mo | 1119 1
band edges can be obtained from the bulk energy dispersion |+ =5 271+ 72+373), (2.17
0 Ih
Q(k) as
mo [111]
92 52 oy =71t273
Wﬂ(k) k=0 = F (2.14) Ih
E=E, and
Using this procedure, the conduction band effective massis Mo _ Erlso
given in terms of the band parameters mg, 3E4(Eg+Asy
my Ep(Ey+2043) Equ.at|on(2.18), which relates the spht-_off hole mass to the_
—=(1+2F)+ ————— (2.15 Luttinger parameters, should in principle contain an addi-
Me Eg(EgTAso) tional parameter to account for the effects of remote bands

. . L (analogous td~). However, those remote bands are not nec-
Both Ep [defined in Eq(2.4)] andF [Eq. (2.5] appearing in essarily the same ones that produce the largest correction to

Eq. (2.19 are usually taken to be independent of temperay,q glectron mass. At present, not enough data exist for any

ture, which means that the temperature variation of the efyt the 11—\ materials to fix the effect of the interaction with

fective mass arises only through the temperature depenzmote bands on the split-off hole mass.
dences of the energy gaps as in E2.13. Unfortunately, In any theoretical model, being able to reproduce the

despite their importancEp andF are inherently difficult 10 - act effective masses at the center of the BZ ensures that

determine accurately, since the remote-band effects can hfq o\,vature of the energy bands is properly reproduced. In
calculated but not directly measured. One alternative eXPerihe context of heterostructures, using incorrect effective

mental technique is to rely on measuring the effecgfac- 5555 could lead to severe deviations from experiment, e.g.,

t_or, which is not as lnfl.uenced by rgmote bapds as the effeqy, yhe pound state spectrum of a quantum well. For thin-layer
tive mass. In this article, we .derlve conslstent setsFof - gyantum structures, it is also important to have a good model
parameters from the best available experimental reports Cf%r the nonparabolic dispersion away from the center of the

electron effective masses, energy gaps, spin-orbit splitting%ZI The eight-banck-P model compares well with more
andmomentum matrix elements. There has been no previoygy oo calculations up to about a quarter of the way to the
attempt to compile reliable, self-consist¢hparameters for g> boundary, and extra bands may be included in order to

such a broad range of materials. improve the agreemeft:> As an illustration, we show in

_Inpolar semiconductors such as the IlI-V compounds, itrig 1(a) the full-zone band structure in the vicinity of the
is the nonresonant polardrmass that is actually measured. energy gap obtained for GaAs using the pseudopotential

That quantity exceeds the bare electron mass by 1%—2%athod(see Sec. IIBR Note the anticrossing of the con-
depending on the strength of the electron—phonon interagy,tion band with a higher band along the-X direction,

tion. However, since the band structure is governed by thg 1i-h sets one limit on the accuracy of perturbative ap-
bareelectron mass, we attempt to present the latter value ang,»ches. A more detailed plot of the band structure near the
note the approximate magnitude of the polaronic <:orrecti0rBZ center in GaAs is given in Fig.(h).
whenever the information is available. _ _ The filled points in Fig. 2 shoW-valley energy gaps as
__ Atthe valence-band edge, the hh effective masses in thg ,ction of lattice constant for zinc blende forms of the 12
d_n‘ferent crystallographic directions are given by the rela'binary -V semiconductors reviewed in this work. The
tions connecting curves represent band gaps for the random ter-
, nary alloys, although in a few casésg., GaAsN and InPN
(1:3) =y~ 2y,; the extrapolated dependences extend well beyond the regions
M that are reliably characterized. We also emphasize that the
I'-valley direct gap is not necessarily the smallest, since sev-
Mg [110]_ 1 ) eral of the materials are indirect-gap semiconductors in
mE, =5 (2717 773%3); (218 \yhich thex andL conduction-band valleys lie lower than the
I' minimum. For the non-nitride 111-Vs, Fig. 3 shows a simi-
me | (124 lar plot of thelowestforbidden gap in each material, with
(m_*> =vy1—2v;3. X-valley andL-valley indirect gaps indicated by the dashed
hh and dotted lines, respectively.
These expressions show the relationship of the Luttinger pa- ) )
rameters, which are not as physically meaningful but more?- Nitrides with wurtzite structure
convenient to work with theoretically, to the hh effective The wurtzite crystal consists of two interpenetrating hex-
masses that can typically be measured in a more direct mamagonal close-packed lattices, one having a group-Ill element
ner. The lh and so hole effective masses are given by atom(e.g., Ga and the other a group-V element atdeng.,
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02 0.1 0 01 02
<111> <001>
k (2n/a,)

FIG. 1. Diagram of the band structure in the vicinity of the energy gap of
GaAs: (a) throughout the first Brillouin zonéreproduced with permission
from Ref. 81, (b) a magnified view near the zone center.

N). A wurtzite crystal is characterized by two lattice con-
stantsa,; and c.. A major difference between zinc blende
and waurtzite structures is that the in-plane behavior of the
bands in a wurtzite crystal is different from the behavior
along the[0001] axis (the c axis). Thel';; conduction bands
ares like at the center of the BZ, while the valence bands
belong to the{l'g, :{X,Y}+1I"1,:{Z}} representations. The
nearest higher-order conduction bands belong to Ithg
states offX,Y} symmetry and thé';. states transforming like

the {Z} representation.

Due to the anisotropy of the crystal, there are two dis-
tinct interband matrix elements arising from the, :{X,Y}
and I'y, :{Z} representations, defined by analogy with Eq.
(2.3). These are in practice derived from the anisotropic ef
fective mass using expressions similar to Ej15 (assum-

Appl. Phys. Rev.: Vurgaftman, Meyer, and Ram-Mohan

6 IN T T T T T T T T
zinc-blende

T=0K

I-valley energy gap (eV)

Lattice constant (A)

FIG. 2. DirectI'-valley energy gap as a function of lattice constant for the
zinc blende form of 12 11—V binary compound semiconduct@@sints and

some of their random ternary alloysurves at zero temperature. The en-
ergy gaps for certain ternaries such as AlAsP, InAsN, GaAsN, InPN, and
GaPN are extended into regions where no experimental data have been
reported. For GaAsN and InPN, the arrows indicate the boundaries of the
regions where the gap dependence on composition may be predicted with
any accuracy.

ing negligible crystal-field and spin-orbit splittingsAl-
though the different conduction-band energy contributions
from the higherI'g.={X,Y} and I'3.={Z} intermediate
states lead to two distinét parameters, no experiments that
would enable us to establish independent values for the latter
have been reported. The compilations in the following sec-
tions take thé- parameters in the wurtzite nitrides to be zero.

The second-order valence-band terms in the Hamiltonian
are evaluated in a manner similar to the earlier discussion for
zinc blende structures. The procedure leads to six disfinct
parameters, which are to a large extent analogous to the Lut-
tinger parameters in zinc blende materials. The detailed defi-
nitions have appeared in the literatdfe>®

In contrast to the zinc blende materials, the wurtzite
structure does not give a triply degenerate valence band

3.0 v T T T T T v T T

—
-valley

Energy gap (eV)

0'0 1 1 1 1 1
5.4 5.6 5.8 6.0 6.2 6.4 6.6

Lattice constant (A)

FIG. 3. Lowest forbidden gap as a function of lattice constant for non-
nitride 11I-V compound semiconductokpointy and their random ternary

“alloys (lines) at zero temperature. The materials with X-, andL-valley

gaps are indicated by solid, dotted, and dashed lines, respectively.
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=Cs3, Mxyy™ C12y Mz~ Ci3y Myaxz~=Casa. The values for

the elastic constants will be included in our compilation of
the band parameters for completeness. Note that, at least for
the non-nitride materials, there is little controversy regarding
their values, and the datasets given below are widely ac-
cepted.

(@ The physical deformation of the crystal leads to a distor-
tion of the atomic locations, which in turn affects the energy

0.00 levels of the band electrort$ The procedure for generating

Wz

GaN
N HH ? additional terms due to the presence of the strain has been
3 0o @ described in detail by Bir and Piktfsand Bahdef! In the
5 010 case of hydrostatic compression, the change in the
§ conduction-band-edge energy . due to the relative change
Y015 CH b in volumeAV/V= (e, +eyy+&,,) can be parametrized by a

®) linear relation between the change in energy and the hydro-

i
o
[N
[~

static strain. The constant of proportionality is the empirical
deformation potential constarm.. Unfortunately, this pa-
o _ _ o ~rameter is difficult to isolate experimentally. Instead it is the
FIG. 4. (a_1) Scherr_lanc |IIust_rat|on of the spin-orbit §p||tt|ng and crystal-field deformation potential constaaf associated with the change
splitting in wurtzite materials as compared to zinc blende materif)s. . . . .
Schematic diagram of the valence band structure of a wurtzite material nedd Pand gapEy due to a hydrostatic deformation, that is
the zone center with the heavy-hdldH), light-hole (LH), and crystal-hole measured. Due to the nature of the atomic bonding in IlI-V
(CH) valence bands explicitly identified. materials, the band gap increases for a compressive strain.
Under positive hydrostatic pressure, i.e., negative strain, the
edge. The crystal-field splitting leads to the band-edge enehange in energhEq=a(e+eyy+e,;) must be positive.
gies: This implies a negative value fa=a.+a,. Note that our
sign convention fora, is different from many other works
(X[HeX)=(Y[Hc|Y)=E,+ A4, (2.19  found in the literature. It is generally believed that the con-
and duction band edge moves upward in energy while the va-
lence band moves downward, with most of the change being
(Z|HolZ)=E,. (220 in the conduction band edge, although Wei and Zunger re-

The spin-orbit splitting is parameterized by the relations ~ cently argued that this is not always the c&g&he distribu-
tion of the hydrostatic pressure shift between the conduction

0.2 0.1 0 0.1 0.2
k, (1/A) k, (1/A)

(X|Hsoal Y) = =145, (229 and valence bands is generally based from theoretical predic-
and tions in this review.
_ From the Bir—Pikus strain interaction for the valence
(Y[H(sox1Z)=(Z|H(sy|X) = —iAs. (222 pangsi it may be observed that the single deformation po-

Although in principle, two different spin-orbit splitting pa- tentiala, , which parameterizes the shift of the valence-band
rameters arise, they are commonly assumed equgl ( edgeAE,=a,(exxt exxt &xx), IS insufficient to describe the
=A;). However, the crystal-field splittingA(;) is in general  full effect of strain. Two additional potentials and d are

not related to the spin-orbit splitting. Thie,=A,; andA,, necessary to describe the shear deformations terms that split
=3A, parameters are tabulated for wurtzite materials in théhe heavy/light-hole degeneracy. For the growth of pseudo-
following sections. The definition of the spin-orbit and morphic layers along thf001] direction, only the value of
crystal-field splitting in the wurtzite materials is further illus- the potentiab is relevant. All of the deformation potentials
trated in Fig. 4a). A typical valence band structure for a are tabulated for each material in the sections that follow.
wurtzite material is shown in Fig.(8). For the 6x6 valence-band strain Hamiltonian that is not
reproduced here, the reader is referred to the textbooks by
Bir and Pikus* and by Chuang®

To model the strain in a pseudomorphically grown het- The preceding discussion applies to the zinc blende crys-

erostructure such as a quantum well, quantum wire, or quaﬁ‘-"" structure. In a wurtzite material, the crystal anisotropy
tum dot, the elastic continuum theory is usually invoked. |n/eads to two distinct conduction-band deformation potentials.

elastic continuum theory, the atomic displacements are reg-urthermore, six deformation potential constabis arise
resented by a local vector field! —r=u(r). Ignoring the from a full treatment of the effect of strain on the six-band

quadratic term for small deformations, we define the local’@/€nce-band structure as shown by Bir and Pi'léut;hesg
strain tensole;; via u;(r)=ez;r; 3940 The stress tensar; D; are tabulated for each nitride material in the following

that generates the above strain is given by the relatipn ~S€ctions.
=\ijjxiex - In crystals with cubic symmetry, there are only
three linearly independent constants;,=Ci1, Ayxyy

=C12, Ayyxy= Casq. For the wurtzite structure, there are five Under an externally applied stress, IlI-V semiconduc-
linearly independent elastic constanks,,,=Ci1, \,;;, tors develop an electric moment whose magnitude is propor-

3. Strain in heterostructures

4. Piezoelectric effect in Il —V semiconductors
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tional to the stres&“® The strain-induced polarizatior®  We tabulate both piezoelectric coefficients and spontaneous
can be related to the strain tensef using piezoelectric ~polarizations for the wurtzite nitride materials.
coefficientse;;, of the form

S__

PT=Cijkejic- 2.23 So far we have considered the band parameters of indi-
The symmetry of the strain under interchange of its indicesidual materials in the presence of strain. The misalignment
allows us to writeg;j in a more compact form. Converting of energy band gaps in adjacent layers of a quantum hetero-
from the tensor notation to the matrix notation we write  structure is taken into account by specifying a reference layer
and defining a band offset function relative to it. In general,
{e11,822,833,(€23,832}, (£31,813} (812,821} } this potential energy is given as a functidp(z) of the
={e1,£2,£3,84,85,8¢}, (2.24  coordinate in the growth direction and defines the band edge

profile for the top of the valence band. Wit (z) =0 in the

5. Band structure in layered heterostructures

and reference layer, the conduction band edge profil®&/ d6z)
€im» (i=1,2,3m=1,2,3); =E4(2) —E4(ref)+Vp(2). Valence band offsets have been
€ijk=1 1 (2.295 determined experimentally by optical spectroscopy of quan-

2€m, (1=1,23m=45,6), tum well structures, x-ray photoelectron spectroscopy, elec-

where it is standard practice to introduce the factor of 1/2 irifical capacitance measurements, and other techniques. On

front of thee, , for m=4,5,6 in order to obtain the following the theoretical side, this is supplemented by pseudopotential
form without factors of 1/2: supercell calculations that include atomic layers on either

. side of a heterointerface. A critical review of valence band
Pr=eiie1+ee T igeztegestesesteees. (220  offset determinations was given by Yu, McCaldin, and
McGill.®® In Sec. VII we will provide an updated review of

In the zinc blende materials, only off-diagonal terms in T g )
the valence band offsets in zinc blende and wurtzite materi-

the strain give rise to the electric polarization componé&tits

and als, putting the main emphasis on the compilation of a fully
consistent set of band offsets.
PP=ewuej, |#k, (2.27) The coupled Schdinger differential equations for a lay-

. . : - .. ered heterostructure may be solved using the finite-difference
where e, is the one independent piezoelectric coefficient . .
14 P P method®>*? the transfer matrix methotf; % or the finite el-

that survives due to the zinc blende symmetry. The piezo- &7-59which is a variational approach that may

electric effect is negligible unless the epitaxial structure isement metho : o o .
be considered a discretization of the action integral itself.
further details are available from the references cited above.
The k-P model has also been extended to include the
J':ntrinsic inversion asymmetry of the zinc blende
structure?®=%3and, more phenomenologically, to include the

effects ofI" and X, valley mixing in order to include such

grown along a less common direction such a%1].

On the other hand, in a wurtzite crystal, the three distinc
piezoelectric coefficients almy,= €35, €33, ande;s=e,4 can
be derived from symmetry considerations. The piezoelectri
polarization is given in component form by

PS=ei513, effects in modeling resonant double-barrier tunnefh§®
s These parameterizations are beyond the framework of the
Py=e€ise12, (228 considerations presented here.
P§= €318 111 €318 0+ €33€ 33. B. Relation of k -P to other band structure models
where we have reverted to the tensor form for the strains The k-P model is the most economical in terms of as-

Thus both diagonal and off-diagonal strain components casuring agreement with the observed bulk energy band gaps
generate strong built-in fields in wurtzite materials that mustand effective masses at the center of the BZ. However, for a
be taken into account in any realistic band structure calculamore complete picture of the energy bands throughout the
tion. The piezoelectric contribution to the total polarizationBZ, it is necessary to adopt another approach that requires
may be specified alternatively in terms of mattixelated to  additional information as input.

matrix e via the elastic constants
1. Empirical tight binding model

Pi=2 €€}, In the empirical tight-binding modéETBM) introduced
! by Slater and Koste® the electronic states are considered to
(2.29 be linear combinations of atomics,p,d,...) orbitals. The
PFE dikfszz 2 dikCyjej Hamiltonian’s matrix elements between the atomic orbital
k j k . . .
states are not evaluated directly, but are instead introduced as
wheree; and oy are the components of the strain and stresdree parameters to be determined by fitting the band gaps and
tensors in simplified notatiofsee Eq.(2.24)], respectively.  band curvaturegeffective massesat critical points in the
The nitrides also exhibit spontaneous polarization, withBZ. Depending on the number of orbitals and nearest neigh-
polarity specified by the terminating anion or cation at thebors used to represent the states, the ETBM requires that the
layer surface. Further details are available from recenbverlap integrals be determined in terms of the measured
publication4®4’ and review$®4°In the sections that follow, direct and indirect band gaps and/or effective masses in the
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bulk material’*’? For example, thesp’s* basis with the are presented by Cohen and Chelikowkgnd in the re-
second-nearest-neighbor schéfmi@rns out to have 27 pa- views by Heine and Cohef3:#3Ab initio approaches employ
rameters for the zinc blende lattice structure, and the energieslculated band parametdisg., from the density-functional
and effective masses obtained from the diagonalization otheory) in lieu of experimental data. Combinationsaidf ini-

the Hamiltonian and the resulting energy bands are nonlineaio and empirical methods have been developed to a high
functions of these parameters, which can be fitted by trialevel of sophisticatio?* Extension of the pseudopotential
and error or using, e.g., genetic algorithf&The lack of a method to heterostructures entails the construction of a su-
transparent relationship between the input parameters and tipercell to assure the proper periodic boundary conditions.
experimentally determined quantities is probably the singldVith atomic potentials as the essential input, the electronic
greatest disadvantage of the tight-binding method in makingroperties of the heterostructure can be determined, although
complicated band structure calculations. In this review, wehe required computational effort far exceeds the demands of
make no attempt to give a standardized set of tight-bindinghe k-P method. The relative merits of tHeP and pseudo-
parameters. The ETBM can also be applied to superlatticpotential approaches have been asse$s¥d.

band structure calculatiort$.*

lll. BINARY COMPOUNDS

A. GaAs
While the inclusion of additional bands and overlaps of . ) _
higher orbitals is a possible approach to improving the tight- ~ S@As is the most technologically important and the most

binding modeling of energy bands in bulk semiconductorsStudied compound semiconductor matefiadany band

the effective bond orbital mod@ 8 (EBOM) uses spin- structure parameters for GaAs are known with a greater pre-
cision than for any other compound semiconductor. This is

Oespecially true of the fundamental energy gap with a value of
tight-binding formulations is that the and p orbitals are 1-219 €V at 0 K7 The analysis by Thurmofillindicated

centered on the face-centered cubic lattice sites of the zing = 0-2405meV/K andg=204K [in Eq. (2.13]. A more

blende crystal rather than on both of the two real atoms perrecent examination of a large number of samples by ellip-

lattice site. The resulting somewhati hocformulation of- ~ SOMetry prodliced a very similar parameter SeEgfT=0)

fers considerable computational savings in comparison with~ 1-517 €V, a=0.55meV/K, and8=225K.” The two re-

the ETBM. However, the main significance of the EBOM sults are well within the quoted experimental uncertainty of
approach derives from the fact that the resulting secular me&€2ch other and several other experimental determinatiths,
trix has a smalk expansion that exactly reproduces the form@/though somewnhat different parameter sets have been pro-
of the eight-banck-P Hamiltonian. This allows the EBOM posed recently on the basis of photoluminescence measure-

input parameters to be readily expressed in terms of the eX"®NS: Eg(T:%zjzl'Slg eV, «=0.895-1.06 meV/K, and
perimentally measured parameters, such as the band gap, e 538_6,71_ K. ,
The original controversy about the ordering of thé

split-off gap, and the zone-center mass of each band, which o %
has not been accomplished using the more involved ETBM@Nd X-valley minima was resolved by Aspneswho pro-
In fact, the EBOM can be thought of as an extension of thd?osed on the Pass of numerous earlier experiments the fol-
k-P method to provide an approximate representation of théPWing sets:Eqg(T=0)=1.815eV, «-=0.605meV/K, and

X _ _ X_ . _ -
energy bands over the full BZ. Since short-period superlatEg(T=0)=1.981eV, a”=0.460 meV/K withf=204K in

tice bands sample wavevectors throughout the BZ, we ma9_°th cases. Sphottky—barrier eIectroreerctar!ce measurements
expect the EBOM to be more accurate than khe model _ylelded the widely acceg}ed value for the split-off energy gap
for thin-layer structures. However, the EBOM is consider-I" GaAs:As=0.341eV.

ably less efficient computationally thdaP, especially for Electron effective masses ofn; =0.0665n, and
thicker superlattices. Each lattice position must be repred-0636n, were observed al =60 and 290 K, respectively,

sented in the supercell technique, i.e., no envelope functioRY St_radlingﬁaglsd Woatl using magnetophonon resonance
approximation is made. experimentS®~8 A low-temperature value of 0.06% was

determined for the bare electron mass once the polaronic
correction was subtractéd. While a somewhat larger mass
of ~0.07m, was derived theoretically in severab initio

The influence of core electrons in keeping the valenceand semiempirical band structure studi®s;!%’recent cyclo-
electrons outside of the core may be represented by an effetron resonance measureméfitsndicate a low-temperature
tive repulsive potential in the core region. When this is addedesult of 0.067, at the band edge. This is the value we
to the attractive ionic potential, the net “pseudopotential” adopt following the recommendation of Nakwaski in his
nearly cancelS"® at short distances. The valence states areomprehensive review* which is based on reports employ-
orthogonal to the core states, and the resulting band structuieg a wide variety of different experimental techniques. At
theory corresponds to the nearly free-electron model. In theoom temperature, the currently accepted value is 08635
empirical pseudopotential model, the crystal potential is repas confirmed, for example, by photoluminescence
resented by a linear superposition of atomic potentials, whicimeasurement€® We employ the effective masses for the
are modified to obtain good fits to the experimental directand X valleys given by Adacfiand Levinshteinet al,
and indirect band gaps and effective masses. Further detailghich were compiled from a variety of measurements.

2. Effective bond orbital model

3. Empirical pseudopotential model
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Many different sets of Luttinger parameters are availableother hand, studies of the valence-band deformation
in the literature® The most popular sety;=6.85, y,  potentiaf'?®1?’suggest a smad, . In order to be consistent
=2.10, andy;=2.90 (also given in Landolt—Bornstel)y  with the experimental hydrostatic pressure shift, we recom-
which was derived by Lawaét? on the basis of five-level mend using the valuea,=—7.17eV anda,=—1.16eV,
(14-band k-P calculations, is in good agreement with early which were derived from the “model-solid” formalism by
cyclotron  resonanc®’  magnetoreflection®® and  Van de Walle!?® However, the first-principles calculations
magnetoexcitolf® experiments. While two-photon magneto- of Wei and Zungé¥ show that the energy of the valence-
absorption measuremeht$indicated very little warping in  band maximum increases as the unit cell volume decreases
the valence band, those results are contradicted by opticédr a number of 1ll-V semiconductors including GaAs, GaP,
spectroscopy' and Raman scatterittf studies of GaAs GaSb, InP, InAs, and InSh, whereas it has the opposite sign
quantum wells as well as by fits to the shallow acceptoin other materials. Whatever the direction of the valence-
spectra**>'**Here we prefer a composite data set, which isband maximum, it is generally agreed that the conduction
within the experimental error of all accurate determinationgdand moves much faster with pressure. Heterolayer band-
and reproduces well the measured hole masses argiructure calculations are relatively insensitive to the value of
warping?®1%4y, =6.98, y,=2.06, andy;=2.93. a, when it is close to zero.

While its value is usually less critical to the device de- ~ The shear deformation potentidisandd have been de-
sign and band structure computations, the split-off hole mastgrmined both experimentally and theoreticalfy!126:128-131
in GaAs has also been measured and calculated using a vifloreover, a ratio of the deformation potentiadéb=2.4
riety of approache¥®!* A composite valuen? =0.165n, +0.1 was recently derived from studies of acceptor-bound
was derived by Adachi,which is in excellent agreement €xcitons in biaxially and uniaxially strained GaAs
with the recent calculation by Pfeffer and Zawad¥kiHow-  epilayers:** The various values for the deformation potential
ever, we will use a slightly different value)*,=0.172n,, in b varied between-1.66 and—3.9 eV, although recent re-

order to provide self-consistency with theP expression in  sults tend toward the lower end of that range. We propose
Eq. (2.18. the following composite values:b=-2.0eV and d

The first electron-spin-resonance measurements of the —4.8eV, which are consistent with the vast majority of
interband matrix element in GaAs, which were reported bymeasurements and several calculations.

Chadi et al’® and Hermann and WeisbuéH yielded Ep All of the recommended parameters for GaAs are com-
=28.8-29.0eV. However, Shantharane a7 sug- Piled in Table I.

gested that those analyses overestimated the influence of re-

mote bands outside of the 14-bakd® model and gavép
=25.0+0.5eV. Theoretical studigs'*®have derived inter-
mediate values. Since the analysis by Shantharmtnaa ap- Because of its frequent incorporation into GaAs-based
pears to have internal consistency problems, we adopt thigeterostructures, AlAs is also one of the most important elec-
Hermann and Weisbuch valgenplying F=—1.94), which  tronic and optoelectronic materia§:2Unlike GaAs, AlAs is

has been used with some success in the literature to detesin indirect-gap semiconductor with tixe-L—I" ordering of
mine the optical gain in GaAs quantum-well las&t. the conduction valley minima. Thé-valley minimum is lo-

The greatest uncertainty in the GaAs band structure pacated at a wave vectde=(0.903,0,0). The exciton energies
rameters is associated with the deformation potentials, whichorresponding to th&-valley energy gap were measured by
are needed to calculate strain effects in pseudomorphicallylonemat®® to be 3.13 and 3.03 eV at 4 and 300 K, respec-
grown layers. In this review, we will consider only deforma- tively. A small (=10 me\) correction for the exciton binding
tion potentials for thd” valley. The total hydrostatic defor- energy is presumably necessaty Similar values were ob-
mation potentiah is proportional to the pressure coefficient tained by Ontort>® Garriga et al,**® and Dumkeet al*’
of the direct band gap, where the constant of proportionalitySince direct measurements on AlAs are difficult owing to its
is approximately the bulk modulus. Some trends in the bandapid oxidation upon exposure to air, we choose parameters
gap pressure coefficients were noted by Weal*>*?°The  that are consistent with the more readily available data on the
experimental hydrostatic pressure dependenceEpffor  AlGaAs alloy discussed in detail below as well as with the
GaAs implies a total deformation potentild=a.+a, foregoing measurements on bulk AlAs. The temperature de-
~—8.5eV ! where the minus sign represents the fact thapendence of the direct energy gap, which is similar to that
the band gap expands when the crystal is compregssté  for GaAs, was given in an extrapolated form by Logothetidis
that our sign convention fa, is different from a large num- et al,**® although better agreement with the results of
ber of articles. The conduction-band deformation potential Monemat®3 can be obtained by increasimyto 530 K.

a. corresponds to the shift of the conduction band edge with  The low-temperaturX-1I" indirect gap in AlIAs was mea-
applied strain. Pseudopotent@ and linear-muffin-  sured to be~2.23-2.25 e\}313713%ye suggest the follow-
tin-orbitaf'?® calculations yielded, as large as-18.3 eV, ing temperature-dependence parameters, which are some-
whereas various analyses of mobility =% using standard what different from the empirical suggestion of Guzzi
deformation-potential scattering models are consistent witfet al,*® but are more consistent with the experimental re-
a, falling in the range—6.3 to —13.5 eV. A recent study of sults of Monemat*® o=0.70meV/K andB=530K. Not
acoustic—phonon scattering in GaAs/AlGaAs quantummany data are available on the temperature variation of the
wells'® produced an estimate af=—11.5+0.5eV. Onthe L-I" gap, although it should be similar to that in GaAs. At

B. AlAs
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TABLE I|. Band structure parameters for GaAs.

Parameters Recommended values Range
ae (A) 5.65325+ 3.88x 10 °(T—300)

Eg (eV) 1.519 1.420-1.438300 K)
a(l") (meV/K) 0.5405 0.51-1.06
B(I) (K) 204 190-671
Ey (eV) 1.981

a(X) (meV/K) 0.460
B(X) (K) 204

Eg (eV) 1.815

a(L) (meV/K) 0.605
B(L) (K) 204
Ay (eV) 0.341 0.32-0.36
m} (I) 0.067 0.065-0.070 K), 0.0635-0.067300 K)
m (L) 1.9

m* (L) 0.0754

mEog(L) 0.56

mf (X) 1.3

m* (X) 0.23

mEos(X) 0.85

V1 6.98 6.79-7.20
Ya 2.06 1.9-2.88
Vs 2.93 2.681-3.05
mz, 0.172 0.133-0.388
Ep (eV) 28.8 25.5-29.0
F —-1.94 0.764-2)
VBO (eV) —-0.80

a. (ev) -7.17 -6.3(-18.3
a, (eV) -1.16 —0.2—(-2.1)
b (eV) -2.0 —1.66«—3.9
d (eV) -4.8 —2.7+-6.0
cy1 (GPa 1221 e

¢y, (GPa 566

C4s (GPA 600

room temperature, a gap o0f2.35 eV is generally etall®? represent the most reliable values available at

adopted?>140141A gplit-off gap of 0.275 eV was measured present. For the longitudinal and transverse effective masses
by Onton® although the extrapolations by Aubet all*>  of the L valley, we employ the calculated results of Hess
and Wrobelet al}*?indicated higher values. et al1%®

TheTI-valley electron effective mass in AlAs is difficult The band edge hole masses in AlAs are also not known
to determine for the same reasons that the band gaps awéth a great degree of precision. Both theorefitét*¢and
uncertain, and also because, in contrast to GaAs, it is impogxperimentaf'! sets of Luttinger parameters have been pub-
sible to maintain d'-valley electron population in thermal lished. Unfortunately, the latter was obtained from a fit to
equilibrium. Various calculations and measurements haveneasurements on GaAs/AlGaAs quantum wells, which had
been compiled by Adachiand Nakwaski®* As pointed out only limited sensitivity to the AlAs parameters. However,
by Adachi, the indirect determinatiol{§**employing reso- the agreement between different calculations of the hole
nant tunneling diodes with AIAs barriers give an effective masses is rather good. We propose a composite Luttinger
mass comparable to that in GaAs, but are less trustworthgarameter set based on an averaging of the heavy-hole and
than the extrapolations from AlGaX$!%" and theoretical light-hole masses from various sources and recommenda-
calculationd®48 which indicatem¥ =0.15m,. A slightly  tions by Nakwaskt** y,=3.76, y,=0.82, andy;=1.42.
lower value of 0.12m, was inferred from a fit to absorption These values are quite similar to the composite parameters
data®®’ suggested by AdacRiFor the split-off hole mass, we adopt

Electron effective masses for thevalley with an ellip- a value of 0.2& for consistency with theEp value of
soidal constant-energy surface were calculated using th2l.1eV(F =—0.48) given by Lawaet?’® This mass falls
pseudopotential methdd® and measured by Faraday midway between the recommendations by Pavesi and
rotationt*® and cyclotron resonanc¢&**°°The former experi-  Guzzi** and Adach?
ment in fact measured only the ratio between the longitudinal ~ Very few determinations of the electron and hole defor-
and transverse massés 5.7), and there is some evidence mation potentials in AlAs exist. Most of the experimental
that the assumed value fon, was inconsistent with other values are in fact extrapolations from AlGafsee below.
data’®**5! For reasons that are discussed in some detail bs for the case of GaAs, we recommend using the values

Nakwaskil% it appears that the recent results by Goirana,=—5.64eV anda,=—2.47 eV derived from the model-
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TABLE Il. Band structure parameters for AlAs. TABLE Ill. Band structure parameters for InAs.
Parameters Recommended values Range Parameters Recommended values Range

ae (A) 5.6611 2.90< 10 5(T—300) ae (A) 6.0583+2.74x 10" 5(T—300)
Eg (eV) 3.099 2.9-3.14 Eg (eV) 0.417 0.410-0.450
a(") (meV/K) 0.885 a(T") (meV/K) 0.276
BI) (K) 530 BI) (K) 93
Ey (eV) 2.24 2.23-2.25 Ey (eV) 1.433
a(X) (meV/K) 0.70 a(X) (meV/K) 0.276
B(X) (K) 530 B(X) (K) 93
Eg (eV) 2.46 2.35-2.53 Eg (eV) 1.133 1.13-1.175
a(L) (meV/K) 0.605 a(L) (meV/K) 0.276
B(L) (K) 204 B(L) (K) 93
Ag (V) 0.28 0.275-0.31 Ag (eV) 0.39 0.37-0.41
m? (T") 0.15 0.06-0.15 m3 (T') 0.026 0.023-0.03
m (L) 1.32 m (L) 0.64
m# (L) 0.15 m* (L) 0.05
m;* (X) 0.97 miog(L) 0.29
m{ (X) 0.22 mf* (X) 1.13
" 3.76 3.42-4.04 m* (X) 0.16
Vo 0.82 0.67-1.23 My os(X) 0.64
Ya 1.42 1.17-1.57 1 20.0 6.79-7.20
m¥, 0.28 0.24-0.68 Vo 8.5 1.9-2.88
Ep (eV) 21.1 Y3 9.2 2.681-3.05
F —0.48 my, 0.14 0.09-0.15
VBO (eV) —1.33 Ep (eV) 215 21.5-22.2
a. (eV) —-5.64 0.74-5.64 F —2.90 04—2.90
a, (eVv) —2.47 -1.2--2.6 VBO (eV) —0.59
b (eV) -2.3 -1.4-+-3.9 a; (ev) -5.08 —5.08«-11.7
d (eV) —-34 —2.74-6.0 a, (eV) —1.00 -1.00«-5.2
¢y (GP3 1250 b (eV) -1.8 —8—(—2.57)
cq, (GPa 534 d (eV) —3.6
C44 (GP2 542 c,; (GPa 832.9

¢y, (GPa 452.6

C44 (GPQ 395.9

solid formalism by Van de Wall&?® For the shear deforma-

tion potentials, the following values are suggestéd: o

~2.3e\i% and d=—3.4eV3 The former is supported by to 0 K. The temperature dependences of the indirect gaps are
ellipsometry measurements of the heavy-light hole excitorf2k€" t0 be identical to the direct gap, since no determina-

splittings in AlGaAs epitaxial layers, whereas further experi-t'or_]s, appear to' be available. The experlmental spin-orbit
ments are necessary to confirm the latter. splittings given in Landolt—Bornsteirfall in the 0.37-0.41

All of the recommended parameters for AlAs are com-ev range. We take an average Qf 0.39 eV, which alfg? agrees
piled in Table II. well with the more recgnt experl_ments of Zveretval. _

The electron effective mass in InAs has been determined
by magnetophonon resonance, magnetoabsorption, cyclotron
resonance, and band structure calculatiort§*162168-179

InAs has assumed increasing importance in recent yeaf@wing to the strong conduction-band nonparabolicity in this
as the electron quantum well material for InAs/GaSb/AlSbh-narrow-gap semiconductor, considerable care must be taken
based electront¢* and long-wavelength optoelectrofic  to measure the mass at the band edge rather than at the Fermi
devices. The vast majority of experimental low-temperaturdevel®® The majority of results at both low and high
energy gaps fall in the 0.41-0.42 eV rarlg&;**°although  temperatures fall between 0.0205* and 0.026n,."*
somewhat higher values have also been repdfetf*We  Although a few theoretical and experimental studies
adopt the value 0.417 eV that was obtained from recent medrave obtained low-temperature masses as high as
surements on a high-purity InAs sampf&,in which it was  0.03m,,01192.10418 hese values were most likely influenced
possible to separate shallow impurity, exciton, and band-toby the strong nonparabolicity. While a value near the bottom
band transitions. The temperature dependence of the bamd the reported range is usually recommended since the band
gap has also been reported by several authtrt®>-1%°Al-  edge mass represents a lower limit on the measured
though there is considerable variation in the proposedjuantity’®* many of the results supporting such a mass were
Varshni parameters, most of the data agree reasonably well fact performed at room temperature. Since there are al-
with the values given by Fargf al.'®*«=0.276 meV/K and most no credible reports of an effective mass lower than
B=93K. Energies for thé& and X conduction-band minima  0.0215n, at any temperatur€* our recommended low-
in InAs have not been studied experimentally. Our recomtemperature value is 0.08% which, accounting for the shift
mended values are based on the suggestions by Af&chi of the energy gap, implies 0.088 at 300 K. The smal{1%)
and Levinshteiret al1! extrapolated from room temperature polaronic correction is well within the experimental uncer-

C. InAs
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tainty in this case. The density-of-states effective masses fagreement with piezomodulation spectroscopy results by Au-
the X and L valleys are taken from Levinshteigt al!* By  vergneet al®8 The L-valley minimum is located~0.37 eV
employing typical experimentain,/m, ratios for related above theX valley? although its temperature dependence has
-V materials (such as GaAs and Gaploorresponding not been determined. The low-temperature value for the di-
longitudinal and transverse masses have been estimated arett excitonic band gap was found to be 2.86—-2.87 eV from
listed in Table III. absorption measuremertts:*"18An exciton binding en-
Although Luttinger parameters for InAs were deter- ergy of 20 meV is added to obtain the energy for interband
mined experimentally by Kanskayet al,'*® those param- transitions, although the precise value is not well known.
eters appear to disagree with the heavy-hole masses for vazaP has a small spin-orbit splitting of 0.08 &¥°
ous directions given in the same reference. The valueg of The electron effective mass in thevalley is estimated
and y3 given in that reference are very close to a previousrom theory to be 0.09,,%° although higher values have
determination of Pidgeoet al!>” A number of theoretical also been reporte?'%The diamagnetic shifts measured in
works' %1% redict a much higher degree of anisotropy in magnetoluminescence experiments on GaAB, alloys
the valence band. Surveying the data available to datayith x<0.45"°° suggest an effective mass 6f0.13n, for
Nakwaskt® concludes that further experimental work is GaP, which is in good agreement with tight-binding calcula-
needed to resolve the matter. Noting the considerable uncefions by Shen and Faii*
tainty involved in this estimate, we suggest the following There have been a number of experimental
composite sety;=20, y,=8.5, andy3=9.2. Experimental  determinationS” of the X-valley longitudinal and transverse
studies® have suggested a split-off mass of Oridin InAs.  masses, although the measurements are complicated by the
The interband matrix element in InAs appears to havecamel's back structure that makes the longitudinal mass
been determined relatively accurately owing to the lagge highly nonparabolic. This nonparabolicity must be accounted
factor in this narrow-gap semiconductor. Whereas early studfor in any treatment of the density of electron states in GaP,
ies suggested a value of 22.2 &¥:'*® more recentlyEr  and is in fact more crucial than the precise valuepffar
=21.5eV has gained acceptarit&'**We recommend this apove the camel's back. Effective masses of &y have
value, which leads td-=—2.90. This is somewhat larger peen reported for the bottom of the camel's b&tkyhereas
than the effect predicted by other workef8which also as-  m* ~2m, high above® Estimates for the transverse mass
sumed a smaller low-temperature electron mass (g4 range from 0.16,'% to 0.275n,,'%® although the present
The hydrostatic deformation potential in InAs was deter-consensus puts the value at 0185*°® We have taken lon-
mined to bea=—6.0eV." We take the conduction and gitydinal and transverse effective masses for thealley
valence-band deformation potentials of Van de Wdfe, minimum from Levinshteiret alt
who estimates that most of the energy shift occurs in the e Luttinger parameters for GaP were first calculated
conduction band. Somewhat different values were caIcuIategy Lawaetz'°® Subsequent cyclotron resonance experiments
by Blachaet al'** and Wei and Zunge¥. The shear defor- |afined the masses along tfe11]*%5-1%8and[100]**8 direc-
mation potentials adopted from !_andolt—Borns’r?gzre iN" tions. Street and Senske also determined Luttinger param-
good agreement with the calculations of Blagft@l.""“ An-  gters from acceptor binding energi€&Those parameters as
other set of deformation potentials has been calculated by, rected in Landolt—Bornstdinare in reasonably good

86 i i
Wanget al.™ Unfortunately, at present there exist little ex- agreement with cyclotron resonance results, and may be con-
perimental data from which to judge the relative merits ofgijered the most reliable’y; =4.05, y,=0.49, and y;

the above calculations. All of the recommended parameters | o5 A split-off hole mass of 0.23—0.8% was calculated

for InAs are compiled in Table Iil. by Lawaetz’® and by Krijn®* We use a slightly higher

value of 0.2 in order to be consistent with the interband
matrix element.

Lawaetz obtaine®,=22.2 eV using a rather high theo-
Nitrogen-doped GaP has for a long time been used as theetical estimate for thd-valley effective mass in Gat®
active material for visible light-emitting dioded.EDs).'®®>  Recently, more accurate determinations of the interband ma-

GaP is the only indirect-gafwith X—L—I" ordering of the trix element in GaAsP have been publisHéd'! By anal-
conduction-band minimabinary semiconductor we will con- ogy with the case of GaAs discussed above, these imply a
sider that does not contain Al. The band structure is somemuch higherEp of 31.4 eV, which leads t¢= —2.04. Al-
what similar to that of AlAs, with theX-valley minimum at  though such an extrapolation from data on As-rich alloys is
k=(0.95,0,0)° Indirect X—I" energy gaps of 2.338—2.350 somewhat questionable, there is acriori reason that an
eV have been reportdd®8’The main uncertainty in deter- interband matrix element in GaP so much different from that
mining the various energy gaps for GaP is that excitonidn GaAs is unreasonable.

rather than band-to-band absorption lines typically dominate, The hydrostatic deformation potential for the direct en-
so that a calculated exciton binding energyhich presum- ergy gap in GaP was measured by Mathétal2®° to bea
ably has a weak temperature dependgmeast be added to = —9.9eV. Van de Wall¥® estimated that the valence-band
the experimental results. The situation is further complicateghift is small compared with the conduction-band shift. We
by the camel’'s back structure of thévalley conduction- recommend his valence-band deformation potential, with the
band minimumt®” The most commonly employed Varshni conduction-band contribution corrected to reproduce the re-
parameters, reported in Casey and Pafiate in excellent sult of Mathieuet al?°® A number of theoretical and experi-

D. GaP
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TABLE V. Band structure parameters for GaP. TABLE V. Band structure parameters for AlP.
Parameters Recommended values Range Parameters Recommended values Range

ac (A) 5.4505+ 2.92x 10~ (T —300) .. a; (A) 5.4672+2.92x< 10" °(T—300) ..
El (eV) 2.886+0.1081[1-coth(164T)] 2.86-2.895 Eg (eV) 3.63 3.62(77 K), 3.56(300 K)
E% (eV) 2.35 2.338-2.350 (") (meV/K) 0.5771
a(X) (meV/K) 0.5771 BI) (K) 372
B(X) (K) 372 Eé (eV) 2.52 2.49-2.53
Ej (eV) 2.72 a(X) (meV/K) 0.318
a(L) (meV/K) 0.5771 B(X) (K) 588
B(L) (K) 372 Eg (eV) 3.57
Ag (V) 0.08 0.08-0.13 a(L) (meV/K) 0.318
m% (T) 0.13 0.09-0.17 B(L) (K) 588
m/" (X) 2.0 (camel back 2-7 Ag (eV) 0.07 0.06-0.07
m{ (X) 0.253(camel back 0.19-0.275 ms (T') 0.22
m;* (L) 1.2 mf (X) 2.68 2.68-3.67
m* (L) 0.15 m* (X) 0.155 0.155-0.212
Y1 4.05 4.04-4.20 Y1 3.35 ‘e
Vs 2.93 Ys 1.23
mi, 0.25 0.23-0.25 m, 0.30 0.29-0.34
Ep (eV) 31.4 22.2-31.4 Ep (eV) 17.7
F —2.04 04—2.09 F -0.65
VBO (eV) —1.27 VBO (eV) —1.74
a. (eV) -8.2 —-6.3«(-18.3 a. (eV) —-5.7 —5.54«—5.7)
a, (eV) -1.7 -0.2+(-2.1) a, (ev) -3.0 —-3.0(-3.1H
b (eV) -1.6 -1.66+—3.9 b (eV) -1.5 -1.4-(-4.])
d (eV) —4.6 -2.7-+-6.0 d(eV) —4.6
cy; (GPa 1405 e cy; (GPa 1330
¢y, (GPa 620.3 e cy, (GPa 630
c4s (GPA 703.3 e cs (GP3 615

mental values have been repof@d®’?%for the shear de-
formation potentials, which are generally in good agreemen
with each other. We suggest the following composite values

=0.212m, for the X valley, although Issiket al2°° obtained
E)etter agreement with photoluminescence results for AIP/

b=—1.6eV andd= —4.6eV. GaP heterostructurgs using a somewhat sma_ﬂena_lley
All of the recommended parameters for GaP are comMmass. We have adjusted the theoretical longitudinal anq
piled in Table IV. transverse masses by the'same factor to conform to thaF fit-
ting, although further studies are clearly needed to confirm
E AP our projections. Composite values for the Luttinger param-

eters and the split-off hole mass have been taken from vari-

AlP, with the largest direct gap of the 1l1I-V compound ous calculation$®*%:182 An interband matrix element of
semiconductors, is undoubtedly the most “exotic” and least17.7 eV = —0.65) is given by Lawaet?®
studied. Nevertheless, the essential characteristics have been The hydrostatic deformation potentials were calculated
known for some time. It is unclear whether the conduction-by Van de Walleg"?® although a slight correction was found
band minima follow theX—T'—L?°* or X—L-T"*®2 ordering,  to be necessary when energy level alignments in a GalnP/
since no actual measurements of thealley position appear AlGalnP laser structure were fit® We selecb=—1.5¢eV in
to have been performed. The indirect energy gap of 2.5 e\accordance with the calculations of O'Refft§and Krijn 1%
and its temperature dependence are given in Casey amthough higher values have been computed by Blacha
PanisR with appropriate corrections to the original determi- et al*?> No values for the shear deformation potentiaap-
nations. A similar value has been obtained by extrapolatiopear to have been reported. In the absence of other informa-
from AlGaP alloys by Alferowet al?°® The direct gap of AIP  tion, we recommend the value of= —4.6 eV derived for
was measured by Monentatto be 3.63 eV at 4 K and 3.62 GaP(see previous subsection
eV at 77 K, while Bouret al?°® obtained an extrapolation to All of the band structure parameters for AIP are col-
300 K of 3.56 eV. The required correction of these resultdected in Table V.
due to the exciton binding energy is unclear. The spin-orbit
splitting in AIP should be small, on the order of 0.06—0.07
eV 191204 5ithough the actual value has apparently nevef " "P
been measured. InP is a direct-gap semiconductor of great technological

Almost no experimental data are available on the effecsignificance’~"1? since it serves as the substrate for most
tive masses in AIP. A’-valley mass of 0.22, was calcu- optoelectronic devices operating at the communications
lated using the augmented spherical wave apprédchn-  wavelength of 1.55:m. Numerous studies of the band struc-
other ab initio calculatiort® yielded m¥ =3.67m, and m¥ ture parameters for InP and its alloys have been carried out.
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Rochon and Fortit?’ found the low-temperature direct band TABLE V1. Band structure parameters for InP.
gap to be 1.423 eV, with most other reports agreeing to

e 1 . . Parameters Recommended values Range
within a few meV: Since exciton rather than interband tran-
sitions are usually observed in such absorption measure-® A) 5.8697+2.79< 10 °(T—~300)

- E! (eV) 1.4236 1.420-1.432
ments, the binding energy of 5 meV has been added to theagr) (meviK) 0,363 0.51-1.06
spectral position of the resonanc®.’ The temperature de- B(I) (K) 162 190-671
pendence of the direct band gap has been reported byE} (ev) 2.384-3.K 10 “T 1.48-2.39
Varshni?’ Casey and Panishl.autenschlageet al,?°® Hang ES (eV) 2.014 1.82-2.12
et al,?®® and Paveset al?’® WhenT> g, the gap decreases a(L) (meV/K) 0.363
linearly with temperature and use of the Varshni expression f(L) (K) 01f§8 010501
is not necessaryi.e., B=0). Lautenschlageret al. and m2°((;3)\/) 0.0795 0.'068__0.'084
Pavesiet al. did not use the Varshni functional form, and mx (L) 0.47 0.25-0.47
Hang et al. focused primarily on fitting higher-temperature mgog(X) 0.88 0.32-0.88
band gaps up to 870 K. We recommend using the Casey and: 5.08 4.61-6.28
Panish temperature dependeiwéh a corrected value dt zz 2'6138 (1)'2‘2‘:2'(7)2
at T=0) if one’s interest is primarily in the temperature mzo 021 017-0.21
range fran 0 K to somewhat above room temperature. How- E; (ev) 20.7 16.6-20.7
ever, the Lautenschlagat al?'! and Hanget al?'? forms F -1.31 0.4-1.31
are more appropriate at temperatures well above 300 K. VBO (&V) i%%“ ety

There are greater uncertainties in the positions of the ZC Ei\\g 06 _0.'41_7.1))
X-valley andL-valley conduction-band minima in InP. The p (ev) 2.0 ~1.04-2.0
L-valley minimum is believed to lie 0.4-0.7 eV above the d (V) -5.0 -4.2(-5.0
I'-valley minimum, with the most reliable values favoring an €1 (GPa 1011
approximately 0.6 eV separation. The temperature depen-zz Eggg igé

dence is uncledr®12%1The I'— X separation has been stud-
ied more closely, and the different works have been com-
pared in detaif!3 The inferred low-temperature value is 0.96
eV, with dEr_y/dT=—0.37meV/K. The spin-orbit split- Lawaet?®® and Gorczyceet al*® calculated the inter-
ting was determined as\,,=0.108eV by wavelength- band matrix elemenEp in InP to be close to 20 eV. This

modulated reflectidit* and photovoltaic effeét” measure- result is in good agreement with the value of 20.7 eV pro-
ments. posed by Hermann and WeisbutfiHowever, a number of

The I'-valley electron effective mass in InP has beenother experimental determinations have favored a value close

6,117,207,219,22 i : . .
investigated in great detail by cyclotron resonance, magné® 16.5 eV? This discrepancy is easily resolved

tophonon resonance, and magnetospectroscopy of don8PCe it is realized that the majority of references did not
transitons. While values have spanned the rangé:onsider remote-band effects on the electron mass. The dif-

0.068—0.08¢, %7 98:108.173.207.215-23% oaly and ambiguous  [€rence between gge results of Hermann and Weis_HEahd
ghantharam@t al” has already been discussed in connec-
tion with the interband matrix element for GaAs. We adopt
the former value ofEp=20.7 for InP, which impliesF
=—1.31 (the latter result would implyF~0), although a
more detailed examination of this issue is called for in view
of the large divergence between the two results.

[ 118

determinations are excluded and the polaron correction i
estimated to retrieve the bare md$é!8the reasonable range
for m§ (T=0) narrows to 0.077-0.08%,. Averaging the
results from different groups, we obtaimj (T=0)
=0.0795n,, which is slightly smaller tflzalrg the typically rec-
?nrggir;dfodr tﬂuzz d;f vg.lﬁa?g_aorgﬂti—k;an f-lr—greiq g‘;ﬁ;’ g\ll_e There is a great deal of variation in the experimental and

thouah there i i thi int and a diff theoretical deformation potentials for InP as compiled by
ougn fhere IS some controversy on this poim a?l a dil€TAdachi? The most reliable values for the conduction-band
ent set of parameters was given by Levinshttial.

, _ deformation potential are probably those of Notteal?’
Luttinger parameters for InP have been measured USING_7 e\ and Van de Wall®® (—5.04 e\). In combination

cyclotron resonanc€;’ magnetoreflectancd?***the piezo- it the reported direct-gap deformation potential-06.6
modulated photovoltaic effect and magnetoabsorptich! gy 1 these values imply a rather small shift in the valence
FL_thhermore, the valence-band warping.was accurately detefand. The shear deformation potentialand d have been
mined _by Alekseev et al. _using hqt-carrler determined by Camasset al?'* and are in good agreement
photoluminescenc&®?* and theoretical calculations have \yith exciton reflectance measuremeris.

also been performeld*In arriving at our composite pa- All of the band structure parameters for InP are collected
rameters, we follow the procedure of averaging the reportegh Taple ViI.

values for heavy-hole and light-hole masses alond 1@€)]
and [111] directions. The resulting set of;=5.08, vy,
=1.60, andy3;=2.10 is in good agreement with all of the G. Gasb

most reliable experimental results. The split-off hole mass  GaSb is often referred to an intermediate-gap semicon-
was measured by Rochon and Fattirto be 0.2in,. ductor, i.e., its gap 0f0.8 eV is neither as wide as in GaAs
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and InP nor as narrow as in InAs and InSb. Since GaSBABLE VII. Band structure parameters for GaSbh.
forms an increasingly important component of mid-infrared
optoelectronic deviceS? its various alloys have been inves-
tigated in some detail. Duttet al. have recently published a  ac (A) 6.0959+4.72<10°(T—300)

Parameters Recommended values Range

; ; ; El (e 0.812 0.811-0.813
gg;ng;egzgsggf review of the material and structural proper- a?rg (\r’)neV/K) 0.417 0.108-0.453
- _ ) BI) (K) 140 —-10-186
Photoluminescence measurements on high-purity IayersE; (eV) 1.141 1.12-1.242
grown by liquid-phase epitaxy yielded a free exciton transi- a(X) (meV/K) 0.475
tion energy of 0.810 eV at 16 K2 Correcting for the exci- ~ B(X) K) 94
ton binding energy and extrapolating the temperature, we Eg (eV) 0.875 0.871-0.92
. . . a(L) (meV/K) 0.597
obtainEy(T=0)=0.812eV, which agrees to within 1 meV B(L) (K) 140
with earlier determinatiorfsand also with the recent trans-  _, (ev) 0.76 0.749-0.82
mission measurements of Ghez al?*® Varshni param-  m(I') 0.039 0.039-0.042
eters for the direct gap have been given by Casey and™ (L) 13 11-1.4
Panish? Wu and Chen (8:T<215K),2*? Ghezziet al,?® mi (L) 0.10 0.085-0.14
Bellani et al.,>** and Joullieet al?3® (numerical values used 2&&; ég;
in that work are given in Ref. 231The four results that fit ylt 13.4 11-14.5
the data to room temperature are in excellent agreement withy, 4.7 3-5.3
each other, and recommended values have been obtained bys 6.0 4.4-6.6
simply averaging the Varshni parameterand . gso V) 2'713 0'1.2f0'14
At low temperatures, thd valley in GaSb is only FP 163
0.063-0.100 meV higher than tHe valley 1:231235.236:237 by o\ ~0.03
The values near the bottom of that range, which were ob- a. (eV) -75
tained by electroreflectan@® and  modulation @ (V) —08
spectroscop§>® appear to be the most reliable. The tempera- 3223 :421'3
ture dependence of the-valley minimum is known to be . cpy 884.2
stronger than that of thE valley****®The position and tem- ¢, (GPa 402.6
perature dependence of thevalley minimum were deter-  ca (GPa 432.2

mined by Lee and Woolle$?® although there was some
spread in the earlier reportsThe spin-orbit splitting was
measured by a number of techniqdesith a value of 0.76
eV?3 being commonly accepted. and y3=6.0, which are weighted toward the more recent

TheT-valley band-edge electron mass in GaSh has beefXperiments, but are also quite close to the ones typically

studied by a variety of techniqué®233239-243yhich pro-  used in the literatur&® The split-off hole mass in GasSb was
’ ; 239

duced low-temperature values in the rather narrow range dheasured by Reinet al” .
0.039-0.04@,. The smallness of the spread is rather sur- The interband matrix element for GaSb has been esti-

) ’ ) 6,239-243,
prising in consideration of the indirect nature of many of themated by several workefs: Here the band structure
determinations, which are complicated by the relativelylS more sensitive to the adopted valueE than in most
strong conduction-band nonparabolicity in GaSb. Oncénaterials, because the energy gap is nearly equal to the split-
again, care must be taken to separate results for the polar&if 9ap- _Theref%re, instead of using the result of Hermann
and bare effective masses, although as is often the case tR8d We'SbUC'_J" we determine a composite valuBp
polaron correction is no greater than the experimental uncer=27-0 €V, which is within the experimental uncertainty of
tainty. Averaging produces a bare effective massndf nearly all the reports. This composite impli€s=—1.63,
—0.039n, at 0 K. Somewhat higher values for the effective Which is quite close to the results of Reieeal 2 and Roth

' ' . 243
mass have been calculated theoreticifiy1® and Fortint . _

Owing to the small'—L energy separation in GaSb and An average value for the direct-gap deformation poten-
the much lower density of states at theminimum, at room tial a=—8.3 eV was determined for GaSb by uniaxial stress
temperature a significant fraction of the electrons occupy"d 'irzgnsmlssmn experimerttsWe adopt the Van de
L-valley states. Effective masses for those states were me¥Yalle"™ suggestion for the valence-band potential af
sured by cyclotron resonantk?#24Faraday rotatioh,and ~ — —0.8eV, and adjust_hlaC slightly to produce the consis-
piezoresistanckOn the basis of these results, we form com-{€nt value ofa. There is good agreement between various
posite values ofn} =0.10m, andm} =1.3m. A large non- measurements of the shear deformation potentials in GaSb,
parabolicity at the point has also been reportélf Effec- @S summarized in Landolt-Bomnstéin.
tive masses for theX valley are taken from Levinshtein All of the band structure parameters for GaSb are col-
etall lected in Table VII.

The Luttinger parameters for GaSb have been deter- AlSh
mined using a number of experimental and theoreticaﬁ'
approached?6.239.240.242,243.246.246 the basis of these re- AISb is an indirect-gap semiconductor with a lattice con-
sults, we suggest the composite valugs=13.4, y,=4.7, stant only slightly larger than that of GaSb. In recent years it
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has found considerable use as the barrier material in highFABLE VIil. Band structure parameters for AlSb.
mobility electroni¢® and long-wavelength optoelectrofic

devices. The direct gap in AlISb was measured using modu- Parameters Recommended values Range
lation spectroscopy by Aliberet al,?*® spectroscopic ellip-  ac (A) 6.1355+ 2.60x 10 °(T—300)
sometry by Zolineret al,2*° and also using other methotls. s (V) / 2.386 2:35-2.39
Bulk AISb samples were found to exhibit a gap of 2.35-2.39 ;ER Er}?)ev K (i':'g o
eV at liquid-helium temperature, andladependence similar EX (eV) 1.696 1.68-1.70
to that in GaSb. The conduction-band minima ordering iS «(X) (meV/K) 0.39
believed to be the same as in GaP and AlXs:L-T", with B(X) (K) 140
the L valley only 60—90 meV above thE valley?®® (also ~ Eg (€V) 2.329 2.327-2.329
quite similar to GaSp The indirect gap associated with the ZEB Er}?)eWK) (i'fg
lowestX valley was investigated by Sirota and LukomsRf, 5 _ev) 0.676
Mathieuet al,?* and Alibertet al**® It has been suggested  m*(r) 0.14 0.09-0.18
that early estimates of the band gap needed to be revised (L) 1.64
since the exciton binding energy is 19 nfé¥nstead of the ~ M (L) 0.23
assumed value of 10 me¥?° We employ the resulting low- 2'*&; éig;
temperature value given in Landolt—Bornstéialong with h 518 4.15-5.89
composite Varshni parameters. The spin-orbit splitting is 5, 1.19 1.01-1.29
taken from Alibertet al,?® which falls near the data com-  »s 1.97 1.75-2.25
piled in Landolt—Bornstein. m, 0.22
The electron mass in thE valley was measured using E° (¢V) 18.7
. ) F -0.56
hot-electron luminescené@® While the L-valley and  \pq V) o1
X-valley effective masses have been calculdt®dthere ap- a, (eV) 45
pear to be no definitive measurements. It is likely thatXhe a, (ev) -1.4
valley in AlSh exhibits a camel’s back structure by analogy b€V -135
with AlAs and GaP. Little information is available on the 9V 43
) 3955 ) ci; (GPa 876.9
hole masses in AISE>2>We form our composite values of ¢1, (GP3 4341

the Luttinger parameters on the basis of theoretical ¢, (GpPa 407.6
studieg?1196:182.2%4n conjunction with literature values for
the hole masses. The interband matrix element is taken from

Lawaetz!% and the split-off mass is taken to be consistent

with Eq. (2.18), although it could be argued that both param- it splitting energy was measured to be 0.81-0.82
eters have a high degree of uncertainty. e\/ 183260

The deformation potentials in AlISb were measured at 77 Experimental and theoretical studies have found band-
K using a wavelength modulation technigti& Once again, edge electron masses for InSb in the range
we take the valence-band hydrostatic deformation potentiaé_012_0_01510_95,106,168,171,260,262,265_27% bare effective
calculated by Van de Wal® and make the rest of the mass of 0.0138, at 0 K is in good agreement with a ma-
results consistent with what appears to be the sole experjgyity of the investigations. On the other hand, little informa-
mental determination. tion on the effective masses in the indirect valleys is avail-

All of the band structure parameters for AISb are col-gpje | evinshteiret al. quotes a density-of-states effective
lected in Table VIII. mass of 0.261, for the L valley}* We have found no explicit
theoretical or experimental results for thevalley effective
masses, although in principle it should be possible to extract
them from pseudopotential calculations that have already
been performed for bulk InSb.

InSh is the 1lI-V binary semiconductor with the smallest A wide variety of experimental and theoretical tech-
band gap. For many years it has been a touchstone for bamiques such as magnetophonon resonance and other
structure computational methotf, partly because of the magneto-optical approaches have been employed to investi-

I. InSb

strong band mixing and nonparabolicity that result from thegate the valence-band structure of
small gap. The primary technological importance of InSbinSh106:168:243,265266.269.276-248y, ayeraging the values for
arises from mid-infrared optoelectronics applicatiés. ¥1, M}, (001), andm,(111), we deduce the composite set:

Numerous studies of the fundamental energy gap and ity,;=34.8,y,=15.5,y;=16.5. These parameters are in good
temperature dependence have been conducted over the lasa@eement with the majority of the values found in the cited
decaded:>11:160161,164.243.259-28jle there is a broad con- references. Owing to the narrow energy gap, the light-hole
sensus thaEy(T=0)=0.235eV, several different sets of effective mass in InSb is only slightly larger than the elec-
Varshni parameters have been propastd:25926426ver-  tron mass88:260.265.267.282.28Fhe gplit-off hole mass is esti-
aging parameters from the most reliable references, we obmated to be 0.10—0.h,. 126260
tain the composite setr=0.32meV/K andB=170K. The Our composite interband matrix element for InSb is 23.2
L- andX-valley energies are taken from Adacff.The spin- eV .106:118:263.269.28} gightly higher value was deduced by

Downloaded 26 Aug 2001 to 128.42.12.177. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



5832 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Appl. Phys. Rev.: Vurgaftman, Meyer, and Ram-Mohan

TABLE IX. Band structures parameters for InSh. 1. Wurtzite GaN
Parameters Recommended values Range Unlike any of the non-nitride wide-gap 1l1-V semicon-
a &) 6.4794- 3.48< 10 (T—300) ductors discu;sed above, GaN i; a d.irect.—gap material, which
El (eV) 0.235 has Igg3 to its successful appllcatlon in blue lasers and
o) (MmeV/K) 032 0.299-0.6 LEDs~*° It has been known since the early 1970’s that the
B() (K) 170 106-500  energy gap in wurtzite GaN is about 3.5 &%:**>However,
Ey (eV) 0.63 a precise determination from luminescence experiments is
Eg (eV) 0.93 not straightforward, since what is usually measured at cryo-
Aso (V) 0.81 08-09  genjc temperatures are the energies for various pronounced
23(3) 06?%25 0'01_2_f0'015 exciton transitions. The identification of these closely spaced
o 348 324-385 resonances is nontrivial. For example, at very low tempera-
Y2 15.5 13.4-18.1  tures, the lowest-ordeh, B, and C exciton types related to
Y3 16.5 15.15-18  the three valence bands can be resolved, as well as higher-
me, 0.11 orderA(2s,2p) exciton transition$% The situation is further
EP (V) _23'233 complicated by the excitons bound to various impurities,
VBO (eV) 0 such as neutral donof’ All of these considerations contrib-
a. (ev) —6.94 ute to the rather large experimental uncertainty in the bare
a, (eV) —0.36 direct energy gap at low temperatures.
b(ev) —20 Early measurements of the temperature-dependent direct
Sl(le(\gP 3 E;S‘E gap in wurtzite GaN, which are still the most frequently
¢, (GPa 3735 quoted in the nitride device literature, were performed by
Cas (GP 3111 Monemar?®"?%® Those experiments yielded a fréeexciton

transition energy of 3.475 eV and an estimate of 28 meV for
the binding energy. Numerous other PL and absorption stud-
ies were published in the 1998%;2°°-2%which broadened
Hermann and Weisbuchi® possibly due to an overestimate the range of reported-exciton transition energies at 0 K to
of the effectiveg factor. Somewhat lower values f&» are  3.474-3.507 eV. It has been suggested that this spread is due
also encountered in the literatuf&?°°Our corresponding  to variations of the strain conditions present in the different
paramete(—0.23) is close to other determinatiof&:?%* experiments® If we average all of the available experimen-
The deformation potentials in InSb have been studied bya| values, an exciton transition energy of 3.484 eV is ob-
various optical and electrical techniqueg>2?®°For the total  tained. Experimental binding energies for tide exciton
hydrostatic deformation potential, we take an average valugange from 18 to 28 me?°298:302,303.306,310-31y accurate
of —7.3 eV. According to the model-solid calculations of theoretical determinatidh’ is out of reach at present owing
Van de Walle'? the valence-band deformation potential is to the large uncertainty in the reduced mgssmarily asso-
rather small by analogy with the other 1ll-V materials. Thereciated with the poorly known hole effective masé/e there-
appears to be a consensus on values for the shear defornfare average the most reliable experimental binding energies

tion potentials in INSbb= —2.0 andd= —4.7.12%-2% deduced from the difference between the ground-state
All of the recommended band structure parameters fognd first-excited-state energies of the A
InSb are given in Table IX. exciton?96:302,303:306,308,310.3 ¢ his gives 23 meV for the ex-

citon binding energy, which implies 3.507 eV for the zero-
temperature energy gap.

The temperature dependence of the GaN energy gap was

GaN is a wide-gap semiconductor that usually crystalfirst reported by Monema&®® who obtained a=
lizes in the wurtzite latticelalso known as hexagonal or —0.508 meV/K andB=—996 K. While the signs of his
a-GaN). However, under certain conditions zinc blende GaNVarshni coefficients are opposite to all of the other materials
(sometimes referred to as cubic@GaN) can also be grown considered in this review, a large number of subsequent stud-
on zinc blende substrates under certain conditions. Undees have derived less anomalous results. From optical absorp-
very high pressure, GaN and other nitrides experience &on measurements on bulk and epitaxial layers grown
phase transition to the rocksalt lattice structtifdf the crys- on  sapphire, Teisseyre etal®* obtained «
tal structure of a nitride semiconductor is not stated in what=0.939-1.08 meV/K an@=745-772 K. For the tempera-
follows, the wurtzite phase is implied, whereas the zincture variation of theA exciton resonance, Shai al. reported
blende phase is always explicitly specified. A review of thea=0.832 meV/K and3=836 K2 Petalaset al3'® fixed 8
physical properties of GaN and other group-IIl nitride semi-=700 K and foundx=0.858 meV/K using spectroscopic el-
conductors up to 1994 was edited by Ed§&rThe status of lipsometry. Salvadoet al3® obtaineda=0.732 meV/K and
GaN work in the 1970's was summarized in two 8=700K based on PL results. Manasi¥hreported o
reviews®%?°1 as well as in Landolt-BornstethFor a com- =0.566—1.156 meV/K an@=738—1187 K from absorption
prehensive recent review of the growth, characterization, antheasurements on samples grown by MBE and metalorganic
various properties of nitride materials, we refer the reader t@hemical vapor deposition. The contactless electroreflectance
the article by Jairet al2%? study of Li et al®* led to a=1.28 meV/K andB=1190K

J. GaN
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for the A exciton transition energy. Finally, Zubrilaat al3'’  found in the reviews from the 1976%?**°However, a con-
suggestecr=0.74 meV/K andB=600K based on exciton siderable body of recent work has led to more precise evalu-
luminescence spectra. It is not obvious how to reconciletions of the effective mass. Meyet al3! and Witowski
these diverse parameter sets, especially since in several casgsl>*? used measurements of the shallow-donor transition
considerably different values are inferred even in the samenergies to obtain masses of 0.886and 0.22%,, respec-
study. Much of the difficulty stems from the fact that the tively. The latter result has the smallest error bounds quoted
resonances dominating the exciton spectra at low temperaa the literature(0.2%). Drechsleret al. pointed out the im-
tures are not readily distinguishable at ambient temperaturg@ortance of the polaron correction in GaN since it is so
Our recommended Varshni parameters represent a simple astrongly polar(10%), and derived a bare mass of 020
erage of the various reported values except the anomalodeom cyclotron resonance measuremetitsPerlin et al 33
results of Monema?®® This yieldsa=0.909 meV/K and8  obtained similar results using infrared-reflectivity and Hall-
=830K, which are in good agreement with the parametergffect measurements, and additionally found the anisotropy
suggested by absorption measurements on AlGaNegli- to be less than 1%. A slightly higher dressed mass 0fffig23
gible composition dependence was reporfefiIt is fortu-  was recently obtained by Wareg al2*® and Knapet al. The
nate that owing to the small relative change in the band gaformer may require a slight downward revision because the
energy (only 72 meV between 0 and 300)Kthe precise electron gas was confined in a quantum well, whereas the
choice of Varshni parameters has only a modest impact ofatter report apparently corrected for that efféttNo appre-
the device characteristics. ciable correction appears to be necessary for the measure-
The indirect energy gaps in GaN are much larger thamment by infrared ellipsometry on bulkdoped GaN reported
the direct gap. Few studies have attempted to resolve therby Kasicet al,**’ in which a marginally anisotropic electron
although various estimates of the critical points are availableffective mass with the values of 0.280.006n, and
from theory and experiment®-319-32Considering the huge 0.228+0.008n, along the two axes was obtained. Finally,
uncertainties in the indirect gaps and their lack of importancé&lhamri et al.>*® Saxleret al.**° Wong et al.>*° and Wang
to device applications, we do not recommended values foet al>*! determined masses ranging from Orig8to 0.23n,
the wurtzite forms of the nitride materials. Zinc blende indi- from Shubnikov—de Haas oscillations in the two-
rect gaps are specified in the tables, however, because thdimensional(2D) electron gas at a GaN/AlIGaN heterojunc-
are smaller and somewhat better known. tion. It was suggestédf that strain effects may have to some
In contrast to most zinc blende materials, for which onlyextent compromised the masses obtained by some of the
the spin-orbit splitting must be specified, in wurtzite materi-other studies. Our recommendation of Gr0for the bare
als the crystal-field splitting is at least as important and canmass is close to the consensus from the investigations of
not be ignored if one wishes to recover a realistic descriptioulk materials, and to the average from the studies of 2D
of the valence-band statésee Sec. Il for details$?* In the  electrons.
following, we takeA,=A3;=A,/3 andA;=A. An early The experimental information presently available is suf-
study of Dingle etal. found A,=22meV and Ay, ficient only to suggest an approximate band-edge effective
=11meV?* A more recent and detailed analysis by Gil mass for the holes. Factors contributing to this uncertainty
et al. yielded the values\,=10meV andA,,=18meV3' include strong nonparabolicity near the valence-band edge
Reynolds et al. obtained A,,=25meV andA,,=17meV and the close proximity of heavy-, light-, and crystal-hole
from a fit of their exciton datd! Using a more precise de- bandgsee the schematic diagram in Figh¥.3% In order to
scription of the strain variation of the valence band-edge enderive the various parameters needed to characterize the va-
ergies, Chuang and Chang reanalyzed theeGdl. data and lence band of a wurtzite material, one must resort to theoret-
derived A= 16 meV andA =12 meV3?® From a similar ical projections’?’342|n the cubic approximation, these pa-
approach, Shikanaet al. obtained A,=22meV andA,, rameters may also be recast in terms of the Luttinger
=15meV from their own data.Ab initio theoretical parameters familiar from the case of the zinc blende
calculationd?® support a rather small value for the spin-orbit materials>2* While early work suggested a GaN hole effec-
splitting (<10 meV), but tend to overestimate the crystal- tive mass of 0.81,.290:3433%4consideration of the acceptor
field spliting. To obtain our recommended set Af,  binding energies led OrtdfP to suggest a much smaller
=19 meV andA ;=14 meV, we averaged all of the reported value of 0.4ny. An even smaller mass of 0§ was ob-
values with the exception of those from the first-principlestained by Salvadoet al. from a fit to the PL result$'® On
theory. the other hand, the excess-carrier lifetime measurements of
The bottom of the conduction band in GaN is well ap-Im et al.indicated a very heavy hole mass of @ %> Merz
proximated by a parabolic dispersion relation, although @t al. obtained an isotropically averaged heavy-hole mass of
slight anisotropy(resulting from the reduced lattice symme- 0.54m, from luminescence dati° Fits of the exciton bind-
try) is not ruled ouf?” In early studies, Barker and ing energies yielded hole masses in the range
llegems?® obtained an effective mass of 089 from  0.9-1.2n,.3%83%Finally, an infrared ellipsometric study by
plasma reflection measurements, Rheinlander an#asic et al. yielded a hole mass of I, for p-doped
Neumanri?® inferred 0.2Tn, from the Faraday rotation, and GaNZ2*’ It should be pointed out that most of these experi-
Sidorov et al>* derived values of Orhy—0.28n,, depend- mental values are somewhat lower than the theoretical
ing on what primary scattering channel was assumed, frormasses derived by Suzuki al,*?’ which are commonly
fits to the thermoelectric power. Other early values may beised in band structure calculations, and are much lower than
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the pseudopotential results of Yest al3?®> On the other tween the various experimental results, so that in contrast to
hand, first-principles calculations by Chehal. produced a the zinc blende materials the elastic constants for GaN re-
smaller density-of-states effective mass ofr,6°°> An al-  main somewhat controversial.
ternative set of effective-mass parameters was recently cal- Very few measurements of the piezoelectric coefficients
culated from a pseudopotential model by Dugdeteal3*’ in GaN have been reported. Gt al>*53%" performed a
Their electron mass is lower than the experimental results;areful study, which pointed out the differences between the
which may indicate lower accuracy of tieparameters. Yet coefficients in a bulk material versus a strained thin film.
another parameter set was extracted from empirical pseud&oefficients ofdz;= 3.7 pm/V andd; 3= — 1.9 pm/V were de-
potential calculations by Reet al3 That work succeeded in duced for the bulk GaN from the single-crystal thin-film
theoretically extracting the inversion parameteh;  valuedss;=2.8 pm/V and the relatiod;;=—d3zy/2. Another
=93.7 meV/A from a comparison with empirical pseudopo-measurement by Luenet al. yielded a thin-film valueds;
tential calculations. Our recommendation is to use the=2.13 pm/V3*®The latter measurement had the inherent un-
effective-mass parameters of Suzuwial,*?’ which imply  certainty of an AIN buffer layer being present. Bykhovski
an average hole mass approximately equal to the free eleét al. attempted to derive the;; and eg; coefficients from
tron value (). It is hoped that a theoretical band structurethe e, coefficient in zinc blende GaN, obtaining values of
picture that is fully consistent with the recent experimentales;= —0.22 C/nf and ez;=0.43 C/n?.%*° Bernardini et al.
results will be developed in the near future. employed a first-principles calculation to derives;

In principle, there are two independent momentum ma-= —0.49 C/nf and ez3=0.73 C/n.**° A calculation of Shi-
trix elements in wurtzite GaN. However, the assumption thafada et al. yielded values ofey=—0.32C/nf and e;;
the electron mass anisotropy is small implies that these are 0.63 C/nf.***We recommend using thiecoefficients from
nearly equal. Insofar as no information is available on thehe experimental study of Gugt al. and use the assumed
effects of remote bands on the wurtzite GaN band structureglastic constants to obtain thee coefficients: e;;
that interaction is neglected. If one then derives an interbang® —0.35 C/nf and e33=1.27 C/nf, which turn out to be
matrix element directly from the electron effective mass, thesomewhat different from those calculated in the original
result isEp=14 eV(F=0). While there is one repff of  report™’
Ep=7.7eV in wurtzite GaN, that would imply a unrealistic ~ Only two first-principles calculations of the spontaneous
positive F parameter. polarization in GaN are availabf&®3?very different values

Six distinct valence-band deformation potentials, in ad-0f Ps;= —0.029 C/nf andPg,= —0.074 C/nf were reported.
dition to the strain tensor and the overall hydrostatic deforIn 0ne of the paper€}?it was noted that the computed spon-
mation potential, are necessary to describe the band structuf@€ous polarization is highly sensitive to the values of the
of GaN under strain. Using the cubic approximation, thesdnternal structure parameters such as the lengths of the
can be re-expressed in terms of the more famdiar b, and atomic bonds. This consideration may prevent an accurate
d potentials®?* Christensen and Gorczyta reported a hy- theoretical evaluation of the spontaneous polarization for re-

drostatic deformation potentizh=—7.8€eV, which is in alistic nitride structures. Since ontjifferencesin the spon-
good agreement with fits to the data of Gil al. (—8.16 taneous polarization are important in heterostructure band

eV).3L A somewhat lowea= — 6.9 eV was derived from an calculations, we defer a full discussion of the experimental
ab initio calculation by Kimet al348 Shanet al*° noted that ~ Probes of the spontaneous polarization in GaN/AlGaN quan-

the hydrostatic deformation potential should be anisotropidUm Wells until the AIN section. The band structure param-
due to the reduced symmetry of the wurtzite crystal, andters for wurtzite GaN are compiled in Table X.
gave the valuesa;= —6.5eV anda,= —11.8 eV for the two )
components. These are our recommended values. NumerogsZinc blende GaN
sets of valence-band deformation potentials have been de- A number of theoretical and experimental studies of the
rived from both first-principles calculatiofs3*%**%and fits energy gap for the zinc blende phase of GaN have been
to experimental dat}3%®34There are considerable dis- reported®®3¢3-3"1Some works rely on an explicit compari-
crepancies between the reported data, with variations afon with the better understood case of wurtzite GaN, whereas
nearly a factor of 6 in some cases. Obviously, further work ishe most accurate appear to come from low-temperature lu-
needed to resolve this controversy. We form our compositeninescence measuremefits>’# of the free-exciton peak,
set of deformation potentials by selecting those values thawhich is estimated to be 26.5 meV below the energy gap.
seem to be most representative of the majority of resultsExperimentally, the low-temperature energy gaps range from
D,;=-3.0eV>® D,=36eV>* D;=882eVv3 D, 3.2t03.5eV, although the most reliable values fall approxi-
=—4.41eV¥® D,=-4.0eV>° and Dg=—5.1eV (de- mately midway, between 3.29 and 3.35 &»367368e rec-
rived by adopting the cubic approximatin. ommend a value of 3.299 eV obtained from averaging the
The determination of elastic constants for wurtzite GaNresults of the luminescence measurements. The temperature
has been reviewed by Wrigft' who compared the results of dependence of the energy gap was studied in detail by
a number of experiment¥3*®with two calculations*®*!  Ramirez-Floreset al**® and Petalast al®'® Although the
Overall, theory agrees best with the data of Pokaml,>*®>  two studies obtain the san@= 600K (using the more reli-
who obtained the recommended valu€s;=390 GPa,C,, able model 1 in Ref. 3)5the a parameters are different, and
=145GPa, C;3=106GPa, C33=398GPa, and C,,  we recommend using an average value of 0.593 meV/K. Al-
=105 GPa. However, there are significant disagreements bé&iough the indirect-gap energies have not been measured, a
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TABLE X. Recommended band structure parameters for wurtzite nitrideTABLE XI. Recommended band structure parameters for zinc blende ni-

binaries. tride binaries.

Parameters GaN AIN InN Parameters GaN AIN InN
ae (A) at T=300K 3.189 3.112 3.545 a. (A) at T=300K 4.50 4.38 4.98
¢ (A) at T=300K 5.185 4.982 5.703 Eg (eV) 3.299 4.9 1.94
= (eV) 3.507 6.23 1.994 a(I") (meV/K) 0.593 0.593 0.245
a (meV/K) 0.909 1.799 0.245 B(I) (K) 600 600 624
B (K) 830 1462 624 Ej (eV) 4.52 6.0 2.51
Ay (€V) 0.019 -0.164 0.041 a(X) (K) 0.593 0.593 0.245
Ag, (eV) 0.014 0.019 0.001 B(X) (meVIK) 600 600 624
ml, 0.20 0.28 0.12 Eg (eV) 5.59 9.3 5.82
mé 0.20 0.32 0.12 a(L) (K) 0.593 0.593 0.245
A —6.56 —-3.95 -8.21 B(L) (meVIK) 600 600 624
A, -0.91 -0.27 —-0.68 Ag (€V) 0.017 0.019 0.006
Ag 5.65 3.68 7.57 m (T') 0.15 0.25 0.12
A, -2.83 —-1.84 -5.23 m* (X) 0.5 0.53 0.48
As -3.13 —-1.95 -5.11 m? (X) 0.3 0.31 0.27
Ag —4.86 -2.91 —5.96 " 2.67 1.92 3.72
Ep (eV) 14.0 14.5 14.6 Vs 0.75 0.47 1.26
F 0 0 0 v 1.10 0.85 1.63
VBO (eV) —2.64 —3.44 —1.59 mé, 0.29 0.47 0.3
a, (eV) —-6.5 -9.0 -35 Ep (eV) 25.0 27.1 25.0
a, (eV) -11.8 -9.0 -35 F -0.92 0.76 —-0.92
D, (eV) -3.0 -3.0 -3.0 VBO (eV) —2.64 —3.44 —2.38
D, (eV) 3.6 3.6 3.6 a. (eV) —2.2 -6.0 -1.85
D; (eV) 8.82 9.6 8.82 a, (eV) -5.2 -3.4 -15
D, (eV) —4.41 —-4.8 —4.41 b (eV) —-2.2 -1.9 -1.2
D (eV) -4.0 -4.0 -4.0 d (eV) -3.4 -10 -9.3
D¢ (eV) -5.1 -5.1 -5.1 ¢y, (GPa 293 304 187
¢y, (GPa 390 396 223 cq, (GPa 159 160 125
¢y, (GP3 145 137 115 c4, (GPa 155 193 86
cq3 (GPa 106 108 92
g3 (GP3 398 373 224
c44 (GP3 105 116 48
€13 (C/m?) —-0.35 —0.50 —-0.57

Two theoretical values foEp in zinc blende GaN have
been reported in the literatufé*"° An average of the two
yields Ep=25.0eV, which in turn impliesF=-0.92. A
note of caution is that these values have not been verified
experimentally.

Various calculations put the hydrostatic deformation po-
tential for zinc blende GaN in the range betweef.4 and
—8.5 eV#2319.369.370376.38ye choose an average value of

. 69 — 368 a=—7.4eV. The same procedure is followed in obtaining
respectively’®® Ramirez-Floreset al3*® have measured the the recommended values af= —5.2 eV (~0.69 to —13.6

spin-orbit spl|tt|_ng in zinc blende GaN to be _17_meV. eV range and b= —2.2eV (—1.6 to —3.6 eV range The
Electron spin resonance measurements indicated an ele\(/:élue ofd= —3.4eV is an average between the onlv pub-
tron effective mass of 0.18, in zinc blende GaN’® Since ' d yp

; ) _lished values from Ohtoshét al®®° and Van de Walle and
this appears to be the only experimental result, we adopt it

our recommendation. Simildi-valley effective masses were eugebauet” NO expenmental gonf|rmat|ons of any of
derived from first-principles calculations by Chost al37® these deformation potentials for zinc blende GaN appear to

; exist. Elastic constants &,,=293 GPaC,=159 GPa, and
and Fanet al*® Effective masses ofnf=0.5mg and m  ~"7 -0 taken from the theoretical analvsis of
=0.3m, were recently calculated for thévalley in GaN3"° ad a are taen from the theorelica anays's o

: - . Wright 3! Very similar sets were calculat Kiet al 382
which are similar to values obtained by Fanal3®® The 9 ery similar sets were calculated by Kiet a

) ; and Bechstedet al®®? The band structure parameters for
convergence of results from two different studies allows us

zinc blende GaN are compiled in Table XI.

to adopt these as our recommended values.

Although the hole effective masses in zinc blende Ga AN
have not been measured, a number of theoretical sets of Lut-
tinger parameters are availaBf8-3"8in order to derive our Although binary AIN is rarely used in practical devices,
recommended values, we average the heavy-hole and lighit-represents the end point for the technologically important
hole masses alon@01] as well as the degree of anisotropy AlGaN alloy. As in the case of GaN, both wurtzite and zinc
v3—7v2. This results in the following parameter seg; blende forms of AIN can in principle be grown, although the
=2.67, y,=0.75, and y;=1.10. When all of the growth of zinc blende AIN has not been reported. Wurtzite
reported®®-3713"9gplit-off masses are averaged, we obtainAIN has the distinction of being the only Al-containing
m%,=0.29m,. II-V semiconductor compound with a direct energy gap.

€43 (C/mP) 1.27 1.79 0.97
Pgp (C/mP) —0.029 -0.081 —-0.032

recent calculation of Faet al. puts theX-valley andL-valley
minima at 1.19 and 2.26 eV above thE valley,
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Furthermore, it is the largest-gap material that is still com-  Several early measuremetits>® of the piezoelectric
monly considered to be a semiconductor. The absorptiogoefficient in AIN were compiled in Ref. 357. That reference
measurements of Yirat al>®3and Perry and Rut?*indicate  obtainedds;=5.6 pm/V andd;3=—2.8 pm/V, which were
that the energy gap in wurtzite AIN varies from 6.28 eV at 5Srather similar to the previous determinations. The available
K to 6.2 eV at room temperature. Varshni parametersrof calculationd®®¢1:3%are in reasonable agreement with the
=1.799 meV/K andB= 1462 K were reported by Guo and experimental values. Two rigorous calculatiiis®? of the
Yoshida, who also found the low-temperature gap to be 6.13pontaneous polarization in AIN have been performed with
eV A similar energy gap was reported by Vispeteal**¢  the reported results ofPg,=—0.081C/n and Pg,
With the aid of cathodoluminescence experiments, Tang=—0.12 C/nf. The effect of the spontaneous polarization on
et al3®¥ resolved at 300 K what they believed to be the freethe optical properties of GaN/AlGaN quantum wells was ob-
or shallow-impurity-bound exciton, at an energy of 6.11 eV.served by Lerouwet al3%3%However, it was found that the
We recommend an intermediate value of 6.23 eV for thgesults were consistent with a lower value for the spontane-
low-temperature band gap, in conjunction with the Varshnious polarization in AIN¢-0.051<Pg,< —0.036 C/nf). A
parameters of Guo and Yoshitfs. Although Brunner study of the charging of GaN/AlGaN field-effect transistors
et al318 also reported Varshni parameters, the finding of nded to similar conclusion®’ Hogg et al. were able to fit
significant differences from GaN for the entire compositiontheir luminescence data by assuming negligible spontaneous
range of the AlGaN alloy may indicate that their results arepolarization®®® Park and Chuanid® required Py,
somewhat less reliable. =—0.040C/n to reproduce their GaN/AlGaN quantum-
The crystal-field splitting in AIN is believed to be nega- Well data. On the other hand, Cingolatial. reported good
tive, which implies that the topmost valence band is crystargreement with experiment using the original Bernardini
hole-like. Suzuki etal®’ calculated A,=—58meV, etal®* calculation® The magnitude of the estimated spon-
whereas Wei and Zung®f obtainedA .= — 217 meV. Pugh taneous polarization is dependent on the assumed piezoelec-
et al3"! cited values of—104 and—169 meV from first- tric coefficients. It may be possible to explain the remaining
principles and semiempirical pseudopotential calculationsdiscrepancy between the majority of the experimental inves-
respectively, and Kimet al3% obtained A= —215meV. tigations and the Bernardirt al. calculation if a linear in-
Averaging all of the available theoretical crystal-field split- terpolation of P, is invalid for the AlGaN alloy, due to
tings, we obtain our recommended value df = either bowing or long-range ordering. At this juncture, we
—164meV. Spin-orbit splittings ranging from ¥ to 20 recommend the calculated value and note that the contro-

meV®?” have been cited in the literature. We adopt the valug/€rsy Will likely be resolved in future work. The recom-
of 19 meV suggested by Wei and Zung& .Again, it is mended band structure parameters for wurtzite AIN are com-

important to emphasize that our recommendations for thiled in Table X.

crystal-field and spin-orbit splittings in AIN have only pro-  Zinc blende AIN is projected to be an indirect-band gap
visional status, since it appears that no experimental datdaterial, withX-, l;éhggd L-valley gaps of 4.9, 6.0, and 9.3
exist. eV, respectively’'**%93"The spin-orbit splitting is believed

. . 326 .

A number of calculations are available for the electront® be the same as in wurtzite AIN9 meV). 3,7A1v3e7£%%n3%8
effective mass in AINZ/71383 greater anisotropy than in the theoretical results from different sourceg371:378.379,
wurtzite GaN is predictet?” The recommended values of W€ obtain the recommendeli-valley effective mass of
mL =0.28n, and m\.=0.32m, were obtained by averaging 0.25my. The longitudinal and transverse masses for Xhe

e " e " -
all available theoretical masses, although it is again noted@ll€y are 69pred|cted to be 068 and 0.3y,
that experimental studies are needed to verify these calculé‘?SpeCt'Velﬁ The same procedure employed for GaN

tions. We recommend the valence-band effective mass p&i€!ds 260 35?%8 470 385 recommended Luttinger
rameters of Suzukét al32” An alternative set ofA param- ~ Parameters==im=immim" 5, =1.92, y,=0.47, and ys
eters was recently published by Dugdade al®*’ The =0.85 (Mms;=0.47mg). The momentum matrix element is

79
apparent disagreement in signs in various paperéfoand  (@Ken to be an average of the reported vafifés! Ep
=27.1eV F=0.76). Hydrostatic deformation potentials of

Ag is ignored, since only absolute values of these parameters 19 69
enter the HamiltoniaA’.-3¢8 —9.0 eV*® and —9.8 e\#®° have been reported. Our recom-
The hydrostatic deformation potential for wurtzite AIN Mmended values for th‘iz Sggformatlon pg())ege?gt;als ae
is believed to lie in the range between7.1 and —9.5 — —9-4¢€V, ?3%;1_3'4‘9\/' “ b=-1.9eV,”"" and d
eV 319348 \\/a select a median value 6£9.0 eV. which is — —10.0eV>™** The elastic constants d@,=304 GPa,

consistent with the observation that the band gap pressur%lZ:_lGOGPa'.a”‘%mzl 193 GPa are adopted from the cal-
coefficients in AlGaN alloys have little dependence onculations of Wrigh£®! Similar sets were quoted in other the-
compositior?® Theoretical values are also available for a°retical works?*2*24%1 The recommended band structure

few of the valence-band deformation potentiai®- parameters for zinc blende AIN are compiled in Table XI.

=9.6eV,D,=—4.8e\).>*®The elastic constants in wurtzite
AIN were measured by Tsubouctt al>*® and McNeil

etal®*! We recommend the value€;;=396 GPa, C;, L. InN

=137GPa, C;3=108GPa, C33=373GPa, and C,, Although InN is rarely if ever used in devices in its
=116 GPa suggested by Wright, who provides a detailedbinary form, it forms an alloy with GaN that is at the core of
discussion of their expected accurdcy. the blue diode las&r® Especially since some degree of seg-
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regation is believed to occur when that alloy is grown, it isommended Luttinger parameter set=3.72,y,=1.26, and
important to understand the properties of bulk InN in itsy;=1.63 is from the results of Puggt al,>’* and the split-
wurtzite phase. Osamugd al*°> measured the energy gap at off mass is chosen to ba? =0.3m,.%"%3"* For the hydro-

78 K to be 2.0 eMalthough for the purposes of the quadratic static deformation potential, an average -68.35 eV from

fit for GaInN, a different gap was stated in the abstract ofthe theoreticdl®3*¢3"%ange of—2.2 to —4.85 eV is recom-
that articlg, which became approximately 60 meV lower at mended. Valence-band deformation potentials are taken from
room temperature. The absorption measurements of Puy combination of the calculations of Wei and ZungfeKim
chevrier and Menoré® on polycrystalline InN indicated etal,?® and Van de Walle and Neugebadét: a,
gaps of 2.21 and 2.09 eV at 77 and 300 K, respectively=—1.5eV,b=—-1.2eV, andl=—9.3 eV. Elastic constants
Another set of absorption measurements by Tyagail®*  of C,,=187 GPa, C,,=125GPa, andC,,=86 GPa have
yielded E;=2.05eV at 300 K. The result of Tansley and been adopted from the calculations of WrightSimilar sets
Foley/% E,=1.89eV at 300 K for high-purity InN thin were derived from other calculatioi¥:*** The recom-
films, is often quoted in the literature. It is judged more mended band structure parameters for zinc blende InN are
reliable than earlier experiments performed on samples witigompiled in Table XI.

high electron densities. An even lower gap was obtained by

Westra and Bret% although in their case a high electron

density was also present. Varshni parameters of V. TERNARY ALLOYS

=0.245meV/K andf=624K were reported by Guo and For all of the ternary alloys discussed below, the depen-

Yoshida® for wurtzite InN, along with low-temperature and yonce of the energy gap on alloy composition is assumed to
room-temperature gaps of 1.994 and 1.97 eV, respecuvel)ﬁt a simple quadratic forrfit°

These values, which closely resemble a previous result from
the same grouf’’ represent our recommended temperature  Eg(A1xB,) =(1—X)E4(A)+XE4(B) —x(1—x)C,
dependence. The recommended crystal-field and spin-orbit (4.)
splittings of 41 and 1 meV, respectively, are taken from theyhere the so-called bowing parame@raccounts for the
calculation of Wei and Zungéf? deviation from a linear interpolatiofvirtual-crystal approxi-
There appear to be only two measurements of the eleanation between the two binariea andB. The bowing pa-
tron mass in InN, which found values of 0rb3*® and  rameter for Ill-V alloys is typically positivéi.e., the alloy
0.12m,.“%® We recommend the latter, since it closely band gap is smaller than the linear interpolation resarid
matches the theoretical projectidit. Valence-band can in principle be a function of temperature. The physical
effective-mass parameters were calculated by ¥eal®*®  origin of the band gap bowing can be traced to disorder
using the empirical pseudopotential method, by Pugheffects created by the presence of different cations
etal® and Dugdaleet al**’ using essentially the same (anion3.*® A rough proportionality to the lattice mismatch
techniques. The results of the first two studies are quite simibetween the end-point binaries has also been rf3ted.
lar, and we recommend the parameters derived by Pugh In what follows, the bowing concept has been general-
et al®t ized to include quadratic terms in the alloy-composition se-
Christensen and Gorczyca predicted a hydrostatic defories expansions for several other band parameters as well,
mation potential of-4.1 eV for wurtzite INN3*° although a  which in some cases may be attributable to specific physical
smaller value of-2.8 eV was calculated by Kirat al>*¥We  mechanisms but in others simply represent empirical fits to
recommend the average af=—3.5eV. Since apparently the experimental data. We will employ the above functional
there have been no calculations of the valence-band defoferm for all parameters and, with minor exceptions, neglect
mation potentials, we recommend appropriating the sehigher-order terms in the expansions. Since full self-
specified above for GaN. While elastic constants were meaconsistency has been imposed upon all of the recommended
sured by Sheleg and SavasteriRowe recommend the im- parameter sets, we will give only bowing parameters for the
proved set of Wright®! C;,=223GPa,C,,=115GPa,C,; alloy properties, and note that the end points may be found in
=92 GPa,C33=224 GPa, an€C,,=48 GPa. The piezoelec- the tables corresponding to the relevant binaries.
tric coefficients and spontaneous polarization for InN are ~ We also point out that since tlévalley electron mass
taken from the calculation by Bernardigii al *° The recom- m?* can be obtained from E@2.15 in conjunction with the
mended band structure parameters for wurtzite InN are conspecified values foEy, Ep, Ag,, andF, it is not an inde-
piled in Table X. pendent quantity. In compiling the tables for binaries, we
Although the growth of zinc blende InN has been have assured that the values given for the mass and the other
reported®® only theoretical estimates are available for anyparameters are consistent with E®.15. For alloys, the
of its band parameters. It is predicted to be a direct-gap masuggested approach is td) interpolate linearly thé&p and
terial, withT-, X-, andL-valley gaps of 1.94, 2.51, and 5.82 F parameters!® (2) use the bowing parameter specified for
eV, respectively?’® The spin-orbit splitting is projected to be the alloy to deriveEy(T) andAg(T) from Eq.(4.1), and(3)
6 meV 326 We recommend an electron effective mass identi-obtain the temperature-dependent electron mass in the alloy
cal to that in wurtzite InN, 0.12,, which is in the middle of from Eq. (2.15. While this procedure yields a complex de-
the range 0.10-0.1, that has been calculaté*"13"® pendence of the effective mass on composition, it assures
The longitudinal and transverse masses forXhealley are  self-consistency and in all of the cases that we are aware of it
predicted to be 0.48, and 0.2Tn,, respectively’® The rec-  appears to be reliable. Simpler approximations are naturally
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sometimes possible. In the tables, we attempt to give electron GaAs AlAs
mass bowing parameters that are consistent with the above ' ' ' '
procedure. Al Ga, As

Linear interpolations are suggested for the electron 30F T=0K

masses in theX and L valleys, split-off hole mass, and

heavy-hole and light-hole masses along tH601] 2 25| L_va_n?y |
direction!*® In order to estimate the valence-band warping, & } T ---T - ]
i i i o Xvalley —  emtmn Tl
the suggested procedure is to interpolate $he v, differ- 3 20f. e ]
ence. Direct interpolation of the individual Luttinger param- @ |--"""
w

eters is not recommended. Lattice constants and elastic
moduli may also be linearly interpolated.

A. Arsenides 0.0 0.2 0.4 0.6 0.8 1.0
Composition x

1. AlGaAs
. . . FIG. 5. T-, X-, andL-valley gaps for the AlGaAs alloy af=0 K (solid,
AlGaAs is the most important and the most studiedgotted, and dashed curves, respectively

[lI-V semiconductor alloy. Its key role in a variety of tran-
sistor and optoelectronic devices has necessitated a precise
knowledge of the fundamental energy gap as well as théeliable. This result implies B—X crossover composition of
alignment of the three main conduction-band valleys. Invesx=0.38 at low temperaturegand 0.39 at 300 K which
tigations are complicated by the fact that whereas GaAs is agrees with the trend in the table compiled by AdalcBibm-
direct-gap material witl'—L—X valley ordering. AlAs is an  position dependences for all three of the direct and indirect
indirect material with exactly the reverse ordering. Particulargaps in AlGa, _,As are plotted in Fig. 5. Most studies find
attention has been devoted to the crossover point, at whicthat the split-off gap can be fit quite well by linear
the " and X valley minima have the same energies. interpolation:®-**¥1%3A value of C(A ) =0.147 eV derived
Bowing parameters from 0.14 to 0.66 eV have been proby Aubelet al}*2 cannot be considered fully reliable, since it
posed for thd -valley energy gap when E¢.1) is used for ~was based on data points in a rather narrow composition
all compositions of AlGa, _,As.89214014214341ca5ey and  range.
Panish suggested a lineardependence in the range<® Several studies of the composition dependence of the
<0.45 (also supported by other dat#~**°and a quadratic I'-valley electron mass have been reported for
dependence when 0.45<1.2 Using spectroscopic ellip- x<0.33!4%'*"*?1The points have been fit to a quadratic
sometry to derive the positions of the critical points, AspnesdepeﬂOlenCéz,1 although owing to the narrow composition
et al. obtained a composition-dependent bowing parameterrange and spread in the data points, it is difficult to judge the
C=(—-0.127+1.31%) eV.**® A small bowing parameter accuracy of such a scheme. From other reports, it appears
was favored on theoretical grounﬂg,although a more re- thatthe linear approximation gives adequate results for small
cent treatment by Magri and Zun§&r*8gave a complex x>!10*14014148ince the effective mass in AlAs was chosen
fourth-order dependence reminiscent of the Aspetes.re-  to be consistent with the results in AIGaAs, a zero bowing
sult. Although the bowing parameters that we recommend iparameter is recommended and gives good agreement with
all other casegwith the exception of the direct gap in Al- the interpolation procedures discussed at the beginning of
GaSh are not a function of composition, in the present caseéSec. V. The same procedures should be used to obtain the
it appears that much more accurate results can be obtained Kyvalley andL-valley electron masses, Luttinger parameters,
using the cubic form of Aspnest al. There is insufficient and hole masses.
data to determine the temperature dependence of the bowing Qianget al. have derived a hydrostatic deformation po-
parameter, since most of the determinations were performeigntial ofa= —10.6 to—10.85 eV forx=0.22?* However,
either at room temperature or at liquid-helium temperaturethe same authors obtained a much smaller valuea of
Varshni parameters for ABa_,As have been obtained =—8.6eV forx=0.27. The latter result is in good agree-
from photoluminescence, photoreflectance, and spectranent with a linear interpolation between the GaAs and AlAs
scopic ellipsometry studi€8:1%41°These are in reasonable values(a=—8.3eV, in this case A linear dependence of
agreement with our recommended assumption that the bowhe shear deformation potentials on composition was sug-
ing parameter is independent of temperature. gested by the ellipsometry study of exciton splittings and
Bowing parameters for th&-valley andL-valley gaps in

AlGaAs were determined using electrical measurements iqABLE XIl. Nonzero bowing parameters for AlGaAs

combination with a theoretical model by Lex al*° and

Saxend™ as well as empirically by Casey and Panish. Parametergev) Recommended values Range
TheszeO results and phcttolumlnescence excitation spectroscopy ; 0127+ 1310k 0.127-1.183
datd?® support aC(Ey) almost equal to zero. We select EX 0.055 0.055-0.245
C(E;)=0.055 eV obtained from photoluminescence v 0 0—0.055
measurementS**3which is near the bottom of the earlier A 0 0-0.147

range of values but is the most recent and seems the maost
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shifts by Logothetidiset al,*>® although their best fit was TABLE XIll. Nonzero bowing parameters for GalnAs.
obtained for a slightly smaller value &f in GaAs than we

. . . . Parameters Recommended values Range
recommend in Table I. The relative paucity of deformation- -
potential data for this important alloy is due in no small part Eg (€V) 0.477 0.32-0.46
to the very property that is one of its greatest attractions, E; (€V) 14 0.08-14
namely its excellent lattice match to GaAs that renders strain Eg (eV) 0.33 0.33-0.72
effects on the band structure rather insignificant. ﬁi"((re)v) ) 0.15-0.20
The recommended bowing parameters for AlGaAs are ¢ (001) 0145
collected in Table XIl. In those cases where no value is m%h(001) 0.0202
listed, linear variation should be assumed. Ya— V2 0.481
Ep (eV) -1.48
2. GalnAs F 177
_ ) ) VBO (eV) -0.38
The GalnAs alloy is a key component in the active re- 4, (ev) 261

gions of high-speed electronic devi¢&3 nfrared laseré?*
and long-wavelength quantum cascade la&&r.remains a
direct-gap material over its entire composition range. While
bowing parameters spanning the wide range 0.32-0.6 eV
have been reportdd!166:201410426-43fhe most recent and case of the energy gap, the most reliable data are for
seemingly most reliable values lie within the more restrictedGa, 44ny s5As lattice matched to InP. While early studies
vicinity of 0.45-0.5 eV. It has also been proposed that theproposed mZ =0.041m,.*43448-452 and even smaller
bowing depends on temperature, being almost flat below 10@alues**® more recent experiments in strong magnetic fields
K and decreasing rapidly at higher temperatdfé©wingto  have suggested that the polaron effective mass is in fact
the spread in values, we have fixed our recommendetigher*®That agrees with modeling of the diamagnetic shift
Ga,_,In,As bowing parameter by emphasizing the fit at theof the exciton absorption peaks in &angssAs/InP quan-
importantx=0.53 alloy that is lattice matched to InP. The tum wells***“%°In recent years, evidence has accumulated
fundamental energy gap of @aingsAs has been studied favoring a low-temperature value of m§
extensively, e.g., by absorptidft**® magnetoabsorptiof?’ ~ =0.043n,.*47*°°~*8 This result implies the presence of
photoluminescenc&%438:43%  gnd photoconductivity bowing if the electron mass is interpolated directly using an
experiment$#° On the basis of low-temperature results rang-expression similar to Eq4.1). Application of the more gen-
ing from 810 to 821 meV, we choose a composite average odral approach using E@2.15 in conjunction with interpo-
Ey(T=0)=816meV, which in turn implies a bowing pa- lated values for the interband matrix element and Fhea-
rameterC=0.477 eV. This is quite close to the recent deter-rameter is discussed below. Since no reliable data on the
minations of Paukt al. (0.475 eV},**! Karachevtsevat al.  bowing parameters for th¥- and L-valley electron masses
(0.486 eV},*** Kim et al. (0.479 eV},**® and Jensert al**!  appear to exist, we suggest linear interpolation.
This bowing parameter also agrees well with photoreflec-  For Ga 44ngsAs, Alavi et al*¥” suggested the set of
tance measurements on GaAs-rich GalnAs by Heingl**>  Luttinger parametersy,; =11.01,y,=4.18, y;=4.84. Those
We choose to assume that the bowing is temperaturealues are in good agreement with the light-hole masses de-
independent® in disagreement with Karachevtsestal ,***  rived from spin-polarized photoluminescence measurements
because the room-temperature gap implied by @@k) is by Hermann and Pears4f’ and with cyclotron resonance
higher than nearly all experimental valf88**°443The  experiment$®® On the other hand, Sugawasd al*>® ob-
composition dependence of the Varshni parameters obtainadined a much larger light-hole mass, although with consid-
in this manner is in good agreement with the functional formerable spread in the results. We suggest that the bowing pa-
of Karachevtsevat al*** rameters for the hole effective masses should be consistent
Bowing parameters for the indirect energy gaps werewith the results of Alaviet al*®” The split-off hole mass
calculated by Porod and Feffj using a modified virtual should be interpolated linearly.
crystal approximation. That study predicts large bowing pa-  Most studies have employed an interband matrix ele-
rameters for bothE)(1.4eV) andEg(0.72eV)!®® Tiwari  ment of Ep=25.3 eV for Gg 4Ang sAs™" 44845345 Ithough
and Franﬂ”glve a much different seC(EX) 0.08eV and Zielinski et al**® derived a much smaller value from an
C(E )=0.5eV. The only reliable experlmental result ap- analysis of absorption spectra. The former value is much
pears to be a determination Efi in Gay 44N sAs.*** That  more consistent with the matrix elements employed for
study supports a lower value for the bowing parameter. Th&aAs and InAs(see abovg and implies only a smalEp
experimental and theoretical bowing parameters for the splitbowing parameter. The bowing &f is then obtained using
off gap have been reported by Vishnubhatizal,*?® Van  the already-derived relations for the energy gap and the ef-
Vechtenet al,*® and Beroloet al**® These are in reason- fective mass.
ably good agreement with the electroreflectance measure- The hydrostatic deformation potential in £@ng ssAS
ment of Pereat al**® for Ga, 44Ny sAs, and implyC(A,)  was measured by Peopé¢ al*®'to bea=—7.79eV. A re-
=0.15eV. duction ina was also observed by Wilkinsoet al*%? in a
The electron effective mass in GalnAs has been studiedtudy of GalnAs strained to a GaAs substrate. These results
both theoretically and experimentafi{*17244644/as in the  indicate some bowing in the hydrostatic deformation poten-
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tial, which we ascribe to a nonlinear shift of the conductionTABLE XIV. Nonzero bowing parameters for AllnAs.

band edgé.
. Parameters Recommended values Range
The recommended nonzero bowing parameters for
GalnAs are collected in Table XIlI. Eq (€V) 0.70 0.24-0.74
X 0 —-0.5-0
Eg (eV)
Ag (eV) 0.15
3. AllnAs | e () 0.049
AllnAs serves as the barrier layer in the important E; (ev) -4.81
Ga) 4ANng 55AS/Alg 4dng 5AS  heterostructure system that is F —4.44
lattice matched to InP. For this reason, the most precise band;’Bg\f\’) *2-24
C - .

gap determinations are available for;AlIn,As with the x
=0.52 composition. While Matyas reported’avalley bow-
ing parameter of 0.24 eV for<0.7 on the basis of absorp-
tion measurement$® theoretical work indicated that it valence-band deformation potential opposite in sign from the
should be larget®**'8wakefieldet al*** reported a value of trend predicted by the model-solid theory of Van de
0.74 eV based on cathodoluminescence spectroscopy dat&alle1?® That result would imply a considerable bowing pa-
Similar results were recently obtained by Kagifal,**>and  rameter even within the, theory presented by Wei and
were also recommended in several compilations of bowingZunger*? Pending further confirmation, we recommend lin-
parameters®>*32 With the inclusion of strain effects, the ear interpolation.
temperature-dependent band gap of Aing s/As on InP re- The recommended nonzero bowing parameters for
ported by Abrahamet al. implies a bowing parameter of AllnAs are collected in Table XIV.
~0.66 eV*%® We select a composite value 6=0.70 eV to
reflect the majority of these results. B. Phosphides

In contrast to GalnAs, th& conduction valley is lower
than thel valley in AlAs-rich Al,In;_,As. Linear interpo- 1 GalnP
lations are usually employed to obtain thevalley and The GalnP alloy exhibits some of the largest direct gaps
L-valley minima in AllnAs. That approximation implies that among the non-nitride IlI-V semiconductors. Furthermore,
the X and I' valleys should cross at a composition ©f  GasilngsP (Eg=1.9eV at 300 K is lattice matched to
=0.64, which is slightly lower than the early experimental GaAs, which makes it an attractive material for wide-gap
result of x=0.68 by Lorenz and Ontoff/ Since the larger GaAs-based quantum well devices such as red diode
crossover composition would require a negative bowing palasers?’® This application has spurred extensive studies of
rameter for theX-valley gap, we recommen@=0. Krijn®®  the band structure characteristics of GalnP, which are at
gave a bowing parameter of 0.15 eV for the spin-orbit split-present rather well known.
ting, which is equal to the GalnAs value adopted in the pre-  For thel-valley band gap, early photoluminescence and
vious subsection. cathodoluminescence determinations yielded bowing param-

Optically detected cyclotron resonance measurementsters ranging from 0.39 to 0.76 €¥74’4-4"8Subsequent
have yieldedm} =0.10=0.01m, for Alg 4dNosAs.*8 On electroreflectance and modulation spectroscopy studies fa-
the other hand, Curgt al**" obtained a much smaller mass vored a value near the higher end of that raffge’®! The-
of 0.069n,, which is only a little lower than extrapolations oretical studies have also produced a wide range of bowing
from GalnAs-rich AIGalnAg*®*%5The smaller result is sup- parameterd??201:410418:48ith the most reliable results clus-
ported by the cyclotron-resonance measurements of Chaered around 0.5-0.75 eV. By analogy to GalnAs and
et al*®® Calculations by Shen and Fdf also indicate an AllnAs, it is useful to consider the Galng.d alloy for
effective mass o~0.075m,. The reasonably good agree- which the most extensive data are available. Unfortunately, a
ment of all but one result allows us to suggest’-walley  precise measurement for this lattice-matched alloy is some-
effective mass bowing parameter for AllnAs. In view of the what complicated by its proximity to the indirect crossover
lack of hard data, we recommend linear interpolation for thepoint, and by long-range ordering of the group-lll atoms
other masses in the AllInAs alloy. which can take the form of a monolayer InP—GaP superlat-

In order to explain the electron effective mass intice along the[111] direction?33-%%¢ The ordering-induced
AlGalnAs quaternaries, Fan and Chen introduced a disordereduction of the direct energy gap can be on the order of 100
induced conduction-valence band mixing. They found thameV*®" Low-temperature band gaps of 1.969-2.018 eV
an interband matrix element of 22.5 eV was necessary thave been reported for random GalnP alloys that are nomi-
account for the experimental results. This valueEgf re-  nally lattice matched to GaA¥®-%%* Using the result of
quiresF = —0.63 for consistency. We have derived bowing Emanuelssoret al,**® corrected for the exciton binding en-
parameters for AllnAs employing this system of values, al-ergy of 8 meV**3we obtain a recommended bowing param-
though it should be noted that the results depend sensitivelgter of C=0.65eV. That value is consistent with recent data
on the electron effective mass adopted fop AIngsAs.**®  for nonlattice-matched compositiofi&:+%7

The hydrostatic deformation potential far=0.52 was The X-valley gap energies in InP and GaP are nearly
measured by Fergusoet al*’* to be a=—6.7eV, which equal(2.38 and 2.35 eV, respectively, at 0,kand thel'—X
falls between the values adopted for InAs6.1 eV) and  crossover composition in GalnP is believed to be close to
AlAs (—8.1 eV). On the other hand, Yeét al*>obtained a =0.7%"° Although early work usually assumed a linear
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TABLE XV. Nonzero bowing parameters for GalnP. TABLE XVI. Nonzero bowing parameters for AllnP.
Parameters Recommended values Range  Parameters Recommended values Range
Eg (eV) 0.65 0.39-0.76 Eg (eV) -0.48 —0.48-0.38
E>E< (eV) 0.20 0-0.35 Eé (eV) 0.38
Eq (eV) 1.03 0.23-0.86 Ag (V) —-0.19
Ago (V) 0 —0.05-0 m% (I 0.22
m* (I 0.051
F 0.78
d (eV) 0 0-2.4

semiconductof. For a precise determination of the bowing
parameter, it is convenient to consider compositions close to
Al sJdng 4¢P, Which is lattice-matched to GaAs. However,
variation of theX-valley gap, Auvergneet al. have more the inherent difficulty of experimentally determinir@ in
recently suggeste@(E§)=O.147 eV on the basis of piezore- close proximity to the indirect-gap transition caused under-
flectance spectroscopy in the composition range near thestimates by some workers. Boeiral 2% obtained 0.38 eV
crossover point. Somewhat larger bowing parameters are infor the direct-gap bowing parameter from relatively early
plied by the pressure experiments of Getial*°® and Me-  electroreflectance measurements. Mowheagl > reported
ney et al’*® Our recommended value of(E})=0.2eV  a low-temperature direct excitonic gap of 2.680 eV for the
agrees with other experimental and theoretical reéfits. lattice-matched composition, which implies a negative
Early experimental and theoretical determinations of theThis result was supported by the work of Dawsairal >°6-°%7
bowing parameter for the L-valley gap were summarized byand by the ellipsometry experiments of Adaehial °°? and
Bugajskiet al*®2 TheT' —L crossover most likely occurs at ~ Schubertet al®®® In fact, a direct gap of 2.69 eV for
slightly smaller than thel'—X crossover point® which  Al,sJdng 4dP at 0 K(corrected for the exciton binding eneigy
makesL the lowest conduction valley fox greater than must be considered a better-established value than the 3.63
~0.67. Krutogolovet al**® suggestedC(Eg)=0.71eV, al- eV gap for AlP(see above However, instead of extrapolat-
though that article assumddvalley indirect band gaps in ing the AllnP gap to the AIP binary, we recommend using a
the end-point binaries that are considerably different fronnegative bowing parameter &= —0.48 eV, while noting
the ones adopted here. Modeling of the ellipsometric andhat considerable uncertainty exists for large
thermoreflectance data of Ozalkétal®® yielded Eg For Alg sdng 48P, indirectX-valley gaps of 2.34—2.36 eV
=2.25eV in GgsngsP at 300 K, which favors a small have been deduced from a variety of optical
L-valley bowing. In deriving our recommended bowing pa- measurement®2*°>0"Taking into account the correction
rameter, we employed thd'—L crossover point of for the exciton binding energga rough estimate insofar as
x=0.678249 which was confirmed recently by Interholz- precise values have not been calcultacbowing parameter
ingeret al>** The bowing of the spin-orbit splitting in GalnP  C(E})=0.38eV is deduced. Few data are available for the
is known to be very smaft!647647%with recent resulf®?  position of thel-valley minimum in AllnP, although a room-
implying a linear interpolation to within experimental uncer- temperature value d£;=2.7 eV is given by Ozaket al>®
tainty. Since that implies at most a very small bowing parameter,

The electron effective mass in a random alloy with linear interpolation is recommended. The spin-orbit splitting
=0.5 was measured by Emanuelssenal®® to be m*  in Alggng <P is thought to be 135 me¥?°*°which trans-
=0.092ny, which is somewhat lower than the linearly inter- lates into an upward bowing of 0.19 eV. No direct experi-
polated values quoted in other pap&ts*®° Similar results mental determinations of the effective masses in AllnP ap-
were obtained by Wongt al®® In the absence of reliable pear available, although various estimates putEhealley
data for the other electron and hole masses, linear interpolalectron mass close to 0rhg.>%%>°
tion is advised using the scheme outlined above. With a lin-  The recommended nonzero bowing parameters for AllnP
early interpolated value dEp=26 €V for the interband ma- are collected in Table XVI.
trix element in GgslngsP, we derive anF parameter of
—1.48, and from it the corresponding bowing. 3. AlGaP

The shear deformation potential was measured for The “exotic” AlGaP alloy has an indirect band gap
GalnP grown on GaA411)B substrate$>*While the results  throughout its composition rangé The lowest-energy op-
imply a bowing parameter of 2.4 eV, the large uncertaintiegica| transitions are typically associated with donor or accep-
in existing determinations make it difficult to conclusively tor impurities. Linear interpolation of the indiredt-valley

prefer this value over a linear interpolation. gap was found to give good agreement with photolumines-
The recommended nonzero bowing parameters for

GalnP are collected in Table XV.

TABLE XVII. Nonzero bowing parameters for AlGaP.

2. AlinP ParametergeV) Recommended values Range

Al,In; _,P has a direct energy gap %+ 0.44, and at the gl 0 0.0-0.49
crossover composition thE-valley value ong~2.4 eV is E% 0.13 0-0.13
the largest of any non-nitride direct-gap -V
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cence spectra, once impurity and phonon band transitionEABLE XVIIl. Nonzero bowing parameters for GalnSh.
were carefully separated from the interband transitf3hs!!

The direct gap in AlGaP was studied by Rodriguez
et al®*25 Using a limited number of data points, the au- Eg (€V) 0.415 0.36-0.43

Parameters Recommended values Range

thors concluded that either a linear variation or a quadratic E)g( (eV) 033 ~0.14-0.33
variation with a bowing parameter of 0.49 eV were consis- Eg (fe\\/)/) 8"11 8'823607'2
tent with the data. As in the case of AllnP, extrapolation to mi“ ) 0.0092 T
AIP gives a value forEg that is somewhat higher than the m;e; (001) 0.011

value listed in Table V for the binarfalso based on limited F —-6.84

datg. Recent cathodoluminescence experiments support &
small bowing of 0.13 eV for the lowesX-valley gap in
AlGapP>

We recommend that a linear variation be assumed for al
other band structure parameters of AIGaBe Table XVIJ.

ariation of the interband matrix element and determine the

bowing parameter from that assumption. Linear interpola-

tion is also suggested for the heavy-hole and split-off hole

masses. Levinshteiet al! give a large bowing of the light-

C. Antimonides hole mass, in agreement with the band structure model of

1 Gainsh Auvergneet al?®° Since the light-hole masses in InSb and

GaSb are only a little larger than the electron masses, it

Although GalnSb cannot by itself be lattice matched tofo|lows that the bowing should be similar in the two cases.

any of the readily available substrates, it serves as the holghile considerably larger masses were reported by Barjon

quantum well material in type-ll infrared laséts and et 4152 on the basis of a model of their galvanomagnetic

photodetectorS® with strain-balanced active regions. A measurements, the bowing parameter for light holes is cho-

number of experiment&**°*“*%and theoreticf®***studies  sen to be consistent with the results of Roth and Fffin.

of the direct band gap in GalnSbh have been published. The  The recommended nonzero bowing parameters for

different reports, which are generally in excellent agreemengainsh are collected in Table XVIIL.

with each other, support a bowing parameter of 0.415 eV.

Negligible dependence of the bowing parameter on temperaz— AlnSh

ture was obtained using the photovoltaic efféltyhereas ‘

the pseudopotential calculations of Bouarissa and Adtifag While not widely used, AlinSb provides a convenient

suggested a slow variation from 0.4808K to 0.415 at room  Strain-compensating barrier material for mid-IR interband
temperature. cascade lasets and other antimonide device structures.

Bowing parameters for thX- and L-valley gaps were Early absorption measurements of Agaev and Bekmedbva
estimated by Adachi® and Glissoret al?°* The method em-  Yielded a linear variation of the direct energy gap with com-
ployed by Adachi is rather indirect, in that an average of thedosition. However, that result was discouritééh favor of
bowing for two direct critical points is used to represent thethe electroreflectance determination @f=0.43eV by Iso-
bowing of the indirect gap. Nonetheless, in the absence ghuraet al,>**which is in good agreement with the empirical
experimental data for th¥-valley gap, it appears to be the curve charting the increase of the bowing parameter with
best available approximation. The pseudopotential calculdattice mismatch between the binary constituéfitswhile
tions of Bouarissa@t al>'® yielded very weak bowing of the Dai et al>?* recently found a linear variation of the direct
two indirect gaps. This finding is in apparent contradictione€nergy gap with alloy lattice constafite., composition for
with the limited data of Lorenzt al,>'® which suggest a InSb-rich AlinSb, those results were confined to a relatively
smallerL-valley gap for GalnSb than that for Ga$o es- small range of compositions and as such were conceivably

timate of theL-valley gap in InSb was available at the time, not sensitive enough to the quadratic bowing term. Since the
so the article assumed a linear variation with Composjtion electroreflectance measurements should have been more pre-

Also, the data presented in clear form by Zitowtial,>'®  cise than the absorption experiments of Agaev and Bekme-

which cover only part of the composition range, indicatedova, we recommend use of the bowing parameter deter-
appreciable bowing for both th& and L valleys. We con- Mmined by Isomureet al>*®

clude that the considerable uncertainty for the indirect gaps The only other band structure parameter whose compo-
in GaSb and especially InSb translates into a poor undessition dependence has been studied is the spin-orbit splitting.
standing of the indirect-gap bowing in GalnSb. We recom-lsomuraet al*** deduced a relatively strong bowing &f
mend using bowing parameters of 0.33 and 0.4 eV for the=0.25€V in the split-off gap. The recommended nonzero
X-valley andL-valley gaps, respectively, which are near thebowing parameters for AlinSb are collected in Table XIX.
top of the reported range. A small bowing parameter of 0.1

eV was found for the spin-orbit splitting in Galn$t5:2%°

. . . TABLE XIX. Nonzero bowing parameters for AllnSh.
A small bowing of the electron effective mass in the 9P

valley has been determined both experimentally andparametergev) Recommended values Range
theoretically?*****Roth and Fortif** compiled results from o 043 o 043
a number of references, from which Levinshteinal'* de- N 0.25

duced a bowing parameter of 0.0082 We assume a linear
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TABLE XX. Nonzero bowing parameters for AlGaSb. TABLE XXI. Nonzero bowing parameters for GaAsSb.
ParametergeV) Recommended values Range ParameterseV) Recommended values Range
Eg —0.044+ 1.2 —1.18-0.69 Eg 1.43 1.0-1.44
E>g< 0 0-0.48 Eg 1.2
= 0 0.21-0.754 EL 1.2
Ago 0.3 Ag 0.6 0.1-0.61
VBO —1.06
3. AlGasb better results than using the Landolt—Bornstein bowing

AlGasSh is an important material employed in high_speedoarameté'r or interpolating linearly between the masses in
electronié? and infrared optoelectrorii®® devices. Apart GaSb and AISb. _
from a considerably larger lattice mismatch, the GaSh/ The recommended nonzero bowing parameters for
AlGaShb heterostructure is a lower-gap analog of the GaAsflGaSb are collected in Table XX.
AlGaAs material system. The band structure in AlGaSb was
originally studied by piezomodulation, and bowing param-D. Arsenides antimonides
eters of 0.69 and 0.48 eV were proposed forlthealley and
X-valley gaps, respectivef?* A much more comprehensive 1. GaAsSb
investigation was carried out by Alibeet al,?*® who incor- GaAs _,Sh, is most often encountered with thxe=0.5
porated the results of many other reports. They obtainedomposition that matches the lattice constant of InP, al-
direct-gap bowing parameters of 0.48 and 0.47 eV at lowthough it should also be noted that x&0.91 is lattice
temperatures and room temperature, respectively, values thatatched to InAs. Direct-gap bowing parameters in the range
have been used by many subsequent worker&’ How-  1.0-1.2 eV have been determined by a number of workers
ever, recently Bignazzet al?>* obtained a better fit to the from absorption measurement$->*° It was noted in the
absorption spectra by assuming a linear band gap variation #itst study>® of epitaxial GaAg sSh, s on InP in 1984 that the
low Al mole fractions. Those results were confirmed by ther-apparent band gap of 0.804—0.807 eV was smaller than that
moreflectance spectroscopy performed by Bellanal®?®®  implied by previously determined bowing parametéfs>%
Consequently, a cubic band gap variation was proposed fdRecently, a Iow—temperaturlég of 0.813 eV was measured
the direct gap of AlGa _,Sh:C=—0.044+1.2%, which by Merkel et al>° and Huet al,>** and its temperature de-
produces little deviation from linearity at smallbut also  pendence was obtained. Those results implied a bowing pa-
bowing parameters in the range suggested by Mathiewameter of 1.42—1.44 eV, although it was suggested that or-
et al®and Alibertet al*®in the middle of the composition dering effects may have reduced the band Ham low-
range(with the inflection point ax=0.35. In spite of the temperature bowing parameter of 1.3 eV was determined for
fact that onlyx<0.5 alloys were investigated in that article, GaAs, 3oShy o; lattice matched to InA3* and quite recently
it must be considered to be the most reliable study to date.a bowing parameter of 1.41 eV was obtained by Ferrini
Although there was an early indication of appreciableet al>** from ellipsometry and photoreflectance studies.
X-valley bowing®! later reports have established that it is Since different growth temperatures were employed in recent
quite small or nonexistet?*® L-valley gap bowing param- studies of GaAs_,Sh, with a rather small range of compo-
eters ranging from 0.21 to 0.75 eV are encountered in thaitions neax~ 0.5, the evidence for ordering is inconclusive
literature?2%6:527528The ' crossover composition is quite at present. We recommend a bowing parameter of 1.43 eV,
sensitive to the exact choice of the bowing parameters, owalthough this value should be revised downward if additional
ing to the proximity of the two valleys in both GaSb and investigations substantiating the partial ordering in GaAsSb
AlISh. Crossover compositions @&f=0.27 andx=0.23 were  with compositions close to a lattice match with InP become
determined on the basis of photoluminescenceavailable.
measurement$’ and from wavelength-modulated absorption Rough estimates of the bowing parameters for the
spectré, respectively. If those crossover points are to be conX-valley andL-valley gaps(both 1.09 eV have been pub-
sistent with our choice for the direct gap’s dependence oflished by Adachit®® We recommend slightly higher values,
composition, we must choose a very wdakalley bowing. in order to assure consistency with both the experimental
Therefore, we recommer[d(E'g')=0 and note that with this crossover points and the larger adopted direct-gap bowing
choice the bowing in AlGaSb becomes rather similar to theparameterL-gap andX-gap bowing parameters of 1.1-1.2
case of AlGaAs covered above. A bowing parameter of 0.3V are consistent with the reported measuremen@n the
eV was deduced by Alibert al>*® for the spin-orbit split-  basis of rather limited data, Maet al>*? suggested a bow-
ting. ing parameter of 0.1 eV for the spin-orbit splitting in
For electron effective masses in the AlGaSb alloy, it isGaAsSb. On the other hand, theoretical studfe$® have
recommended that the procedure outlined in the AlGaAs sederived a considerably larger value of 0.6 eV, which we
tion be followed. That is, any nonlinearity in the composition recommend.
dependence of the effective mass stems entirely from the The composition dependence of the GaAsSb effective
bowing of the energy gaf’°?’ This is expected to give mass was determined by Delvint al>* Although they pro-
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posed a bowing parameter of 0.0%%2 the room-  TABLE XXIl. Nonzero bowing parameters for INAsSb.
temperature GaSb mass obtained in that study was signifi

. . Parameters Recommended values Range
cantly higher than our recommendation based on a consensus
of other data. A safer procedure is to take the mass nonlin- Eg (€V) 0.67 0.58-0.7
earity to arise from the band gap bowing as outlined above. Eg (€V) 0.6
The recommended nonzero bowing parameters for Eg (eV) 0.6 0.55-08
GaAsSb are collected in Table XXI. Aso(eV) 12
m? () 0.035 0.03-0.055
2. InNAsSbh

The InAsSb alloy has the lowest band gap among all . .
=V semiconductors. with values as small as 0.1 ey at"assin InAsSb is from a cyclotron resonance measurement

; 184 . ; )
room temperature. For that reason, it is an important materiify Stradltlnget al: tfor two alloy comI[I)osmons. J he'|r mea "
for a variety of mid-infrared optoelectronic devices, includ- surements appear to support a smafler mass bowing as we

ing laser&®® and photodetectofé® Initial reports put the as negative bowing for the interband matrix element, al-

direct-gap bowing parameter in InAsSb at 0.58_0_6though a great deal of uncer_tainty is inherent in assigning a
eV 160.161426547Those  studies were performed at tempera_value based on two data points. Our recommended bowing

tures above or near 100 K, and gaps were extrapolated Rarameter for the electron effective mass is Orig5which _
lower temperatures in a linear fashion. It is now understood® N€ar the bottom of the reported range and roughly consis-

that this resulted in an overestimate of the Iow—temperaturéent Wéth tthe Irets)uILs O:; assut;n ng the mass bowing to be
energy gap and an underestimate of the bowing paramete‘?‘."luse entirely by band gap bowing.
The recommended nonzero bowing parameters for

Theoretical considerations led to a higher projected bowin :
parameter of 0.7 e¥:® which is recommended by Rogalski anSSb are collected in Table XXII.
and Jozwikowskr*® This estimate was revised t@
—0.65eV by a more accurate pseudopotential calcul&fdn, 5 AMSSD
while Bouarissaet al®'® computed an even smaller value. AlAsSD is a versatile large-gap barrier material that can
More recent photoluminescence studies on MBE-grown Inbe lattice matched to InP, InAs, or GaSb substrates. Whereas
AsSb obtainedC=0.67—0.69 e\A84261.550 gimilar results many workers assume a linear variation of the direct energy
(e.g.,C=0.64eV) were obtained by Goret al®®*2from  gap in AlAsSb;* theoretical projections indicate a bowing
measurements on a sequence of InAs-rich samples. Eliggrameter in the 0.72—0.84 eV ran§é?*' The little experi-
et al>®® obtained Varshni parameters for InAsSh, o and ~ mental information that is available on AlIAsSD alloys lattice
suggested a temperature dependence of the bowing paramatched to GaSB° and InP®" can be interpreted to support
eter based on those results. The possible importance of oeither a smal(~0.25 e\}°® or a large(~0.8 e\)>** value.
dering has been discussed in several recent wiles and ~ We recommend the latter, but also note that the uncertainty
Zunger>®* Kurtz et al,>®® Marciniak et al®®9. Smaller than may not greatly affect most quantum heterostructures calcu-
expected band gaps were obtained for compositions close tations in view of the large absolute value of the gap. Bow-
the lattice-matching condition on GaSk=0.09) >” On the  ing parameters for the two indirect gaps are both chosen to
basis of all these investigations, we recommend a compositee 0.28 eV in accordance with photoluminescence and elec-
bowing parameter of 0.67 eV. Currently, the bowing param4roreflectance measurements, the results of which have been
eters for both theX-valley and L-valley gaps are both summarized by Ait Kacet al>®® The bowing parameter for
thought to be~0.6 e\y166:201:516 the spin-orbit splitting0.15 e\j is taken from the theoretical

Experimental and theoretical data for the compositionestimate of Krijn!%*
dependence of the spin-orbit splitting in INAsSb were col- The recommended nonzero bowing parameters for
lected by Berolcet al,**® who suggest a bowing parameter AlAsSh are collected in Table XXIII.
of 1.1-1.2 eV. The estimate¥ spin-orbit splitting of 0.325
eV in InAs, 9:Shy o9 (lattice matched to GaSlmplies a simi-
lar bowing parameter of 1.26 eV. 1. GaAsP

Plasma reflectance and other measurements of the elec- GaAs_,P, is a wide-band gap alloy that is often em-
tron effective mass in INAsSb were summarized by Thomagloyed in red LEDS®? The alloy becomes indirect fox
and Woolley'’* The best fit to the data collected in that >0.45(at 0 K)*82when theX valley minimum crosses below
article favored a mass of 0.01®3 for the alloy with the
smallest direct gap (InAsShyg). That result agreed well
with the theory developed by Berol@t al?*¢ While
magneto-optical measurements by Kuckgal. indicated an  parametersev) Recommended values Range
extrapolated band edge electron mass of 0.6988or

E. Arsenides phosphides

TABLE XXIII. Nonzero bowing parameters for AIAsSh.

r —
INASy 14551 g55 Which corresponds to a larger mass bowing, Eg (3'288 0”0_'84
that finding is inconsistent with a linear interpolation of the g 0.28
interband matrix elements arfel parameters between InAs Eg '
: ! . o 0.15
and InSb, and also disagrees with the model of Rogalski and g¢ 171

Jozwikowski®*® A recent report of the electron effective
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TABLE XXIV. Nonzero bowing parameters for GaAsP. TABLE XXV. Nonzero bowing parameters for InAsP.
ParameterseV) Recommended values Range ParameterseV) Recommended values Range
Eg 0.19 0.174-0.21 Eg 0.10 0.09-0.38
E; 0.24 0.20-0.28 Eg 0.27
E'g 0.16 0.16-0.25 E; 0.27
Ag 0.16

the I' valley minimum. Most experimental results for the
direct-gap bowing parameter lie within a relatively narrow The dependence of the energy gap on composition was
range, 0.175-0.21 eff,426:467:482562-50a small bowing pa-  originally studied by Vishnubhatlat al*?® and Antypas and
rameter is also expected on theoretical grounds, for both thgep 5’ Whereas the first group reported a bowing parameter
direct and indirect gapS"* However, it has been noted that of 0.27 eV at 300 K, the second group obtained a sin@ar
the bowing parameter more than doubles if CuPt-like orderat T=77 K but a much smaller valué.10 eV} at 300 K.
ing sets im® While a recent ellipsometry study of disor- Bodnaret al. later reported the opposite trend for the tem-
dered GaAsP alloys produced a direct-gap bowing parametgierature dependence 6£'°® and Nicholaset al. suggested
of 0.54 eV?*’ that outlying result lacks other verification and similar bowing parameters of 0.32—0.36 eV throughout the
relied on only two data points with intermediateWe there-  entire temperature rangé& A recent fitting of the absorption
fore assume that either it was anomalous or some orderingpectra of InAsP/InP strained quantum wells also yielded a
did occur. Since a meaningful temperature dependence cafveak temperature dependence, but with values between 0.10
not be extracted from the existing data, we recomménd and 0.12 e\?”® Similar results were reported by Wada
=0.19eV for the direct gap at all temperatures. This iset al,>’* who used a combination of PL, x-ray diffraction,
somewhat higher than the value suggested by Asphes,and absorption measurements. We recommend a val@e of
partly because we employ a larger band gap for GaP at 77 K=0.10 eV, which is consistent with the latest experimental
The X-valley gap bowing parameter was studied by aworks and is slightly lower than the theoretical estimate of
number of worker§®482:562.568560gain  there is not much .23 eV41°
controversy since the crossover composition is rather well  The bowing parameters for the indirect gaps were esti-
established. Our recommended val@=(0.24 eV) lies ap- mated by Adachf® and Glissoret al?°! Using their projec-
proximately in the middle of the reported range of 0.20—-0.28ions, we recommen@€=0.27 eV for bothX andL valleys.
eV. Both experimental and theoretical results forlthealley A bowing parameter of 0.16 eV was determined for the spin-
bowing parameter implyC=0.16eV>*“# The spin-orbit  orbit splitting**®
splitting was found to vary linearly with compositif? The electron effective mass in InAsP alloys was first
A linear variation of the electron effective mass witm  investigated by Kesamanlgt al”® This work and also the
GaAsP was reported by Wetzet al’®® A k-P calculation  subsequent magnetophonon experiments of Nicholas
with explicit inclusion of the higher conduction bands andet al>’2%"*found a nearly linear dependence of the mass on
slightly different band parameters predicts a small bowingcomposition. Although the authors conjectured a reduction in
parameter of 0.0086,.'"* We recommend following the the interband matrix element in the alloy, their quantitative
general procedure tying the mass bowing to the direct-gaponclusions are in doubt since they overestimated the direct-
bowing as outlined above, which yields reasonable agreegap bowing parameter as well as the interband matrix ele-
ment with that theory and experiment. ment for InAs. With these corrections, it is unclear whether a
The deformation potentials in GaAsP were studied bynonlinear term needs to be introduced Ey. The effective
Gonzalezet al>"® The shear deformation potentafound in  mass for InAs-rich alloys was determined by Kruzha¢wal.
that work lies between the recommended values for GaAgom tunneling magnetospectroscaffyand for three differ-
(—2.0 eV) and GaP(—1.7 eV). Although the hydrostatic ent compositions by Sotomayor Torres and Stradling using
deformation potentials were found to be somewhat smallefar-IR magneto-optics’’ Again, due to the experimental un-
than either of the binary values, that may have been an arteertainty it is difficult to determine whether the standard pro-
fact of the measurements rather than an alloy-specific progeedure needs to be supplemented. In fact, the most recent

erty. experimental results are in very good agreement with the
The recommended nonzero bowing parameters foassumption that both the interband matrix element andrthe

GaAsP are collected in Table XXIV. parameter vary linearly with composition.

2. InAsP

TABLE XXVI. Nonzero bowing parameters for AIAsP.

INAsP spans an interesting IR wavelength raf@87-3

um), retains a direct gap throughout, and has a high electronParametergeV) Recommended values Range
mobility. However, it has found far less practical use than its Er 0.22
guaternary cousin GalnAsP because except at the endpoints Ei 0.22
the InAsP;_, lattice constant does not match any of the EE 0.22

binary 1ll-V substrate materials.
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TABLE XXVII. Nonzero bowing parameters for GaPSb. TABLE XXIX. Nonzero bowing parameters for AIPSb.
ParameterseV) Recommended values Range ParameterseV) Recommended values Range
Eg 2.7 2.7-3.8 Eg 2.7 1.2-2.7
E; 27 Eg( 27
Elé 2.7 Elé 2.7

The recommended nonzero bowing parameters for Inpears to be the most useful. A recent experinfémbtained

AsP are collected in Table XXV. an energy gap of 0.48 eV for IgRSh, 3, lattice matched to
an InAs substrate, which implies an even larger value of the
3. AlAsP bowing parameter. Although further work will be needed to

If the exotic AIAsP alloy has ever been grown, it was establish complete confidence, our recommended direct-gap
apparently not reported. Glissoet al. surmised that the bowing parameter i€=1.9eV. Since the indirect gaps in
direct-gap bowing parameter in AIAsP would be quite smalllnPSb have not been studied, it is not unreasonable to as-
(0.22 e\).?%! Using the criterion relating to the bond-length sume the same values for their bowing. The bowing param-
difference in the endpoint binaries, one would not expect theter for the spin-orbit splitting has been calculated to be 0.75
bowing parameter to exceed those in GaABFL9 eVj and €V (see Table XXVII).'%"

INAsP (0.22 eV} (see Table XXV]J.

3. AIPSb
F. Phosphides antimonides The successful growth of AjRSh, ¢ lattice matched to
1. GaPSb InP has been reporté® An early projection of Glisson

The growth of GaPSb was first reported by Jou€tal’®*wasC=1.2eV for the direct-gap bowing parameter.
et al>"®%"°The primary object was to determine whether theHowever, considering the trends in the common group-lIi
energy gap in the GaRSh) s, alloy, which is lattice alloys, it is likely that the gaps corresponding to the three
matched to GaAs, is direct or indirect. Strong PL was ob-major valleys have bowing parameters that are not too dif-
served, which led the authors to conclude that the energy gdgrent from those in GaPSb. We therefore recommeénd
is direct. Large bowing parameters of 3.8 and 2.7(wer ~ =2.7 eV (see Table XXIX.
bound were derived for thd'-valley andX-valley gaps, re-
spectively. Since these greatly exceed the available theorets. Nitrides
cal estimate$?°®it cannot be ruled out that ordering sub-

. - 1. GalnN
stantially reduced the energy gaps in these and perhaps most
other investigated GaPSb alloys. Subsequently, Loualiche GalnN quantum wells represent a key constituent in the
et al %8 studied GaSped, 35 Which is lattice matched to an active regions of blue diode lasers and LEBSThis tech-
InP substrate. Since at this composition the direct nature dtological significance justifies the quest for a thorough un-
the energy gap is not in question, it may be argued that theerstanding of the bulk properties of wurtzite GalnN alloys.
analysis of their data should yield a more reliable value folnfortunately, however, there is still considerable disagree-
the direct-gap bowing paramete€€2.7eV). The room- ment over such fundamental parameters as the bowing of the
temperature PL measurements of Shimometral>®? pro-  energy gap. A(partia) phase decomposition of the GaInN
duced approximately the same result, which is our recomguantum wells employed in blue and green LEDs is believed
mended value. The san@is also recommended for th¢  to occur?® Nearly pure InN quantum dots are formed, which

andL-valley gaps, since no studies have been repoged act as efficient radiative recombination centers. Since it is
Table XXVII). not yet clear whether this phase segregation has been com-

2. InPSb TABLE XXX. Energy-gap bowing parameters for nitride ternaries. For
The energy gap in InNPSb remains direct at all composiether information available for these compounds, see Table XXXI and the

tions. Bowing parameters in the 1.2—2.0 eV range have bee@xt
reported for the direct gajy’66:201.579.580.583-58¢ e stydly

579 ) . Materials Recommended values
by Jouet al>’” of alloys with a range of compositions ap-
Wourtzite GalnN 3.0
Zinc blende GalnN 3.0
TABLE XXVIII. Nonzero bowing parameters for InPSb. Waurtzite AlGaN 1.0
Zinc blende AlGaN 0
ParametergeV) Recommended values Range Wurtzite AlInN 16-9.K%
T Zinc blende AlInN 16-9.%
) 1'3 12-20 Zinc blende GaAsN 20.4- 10X
Ey : Zinc blende GaPN 3.9
Eg 19 Zinc blende InPN 15
Ao 0.75 Zinc blende InAsN 4.22
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TABLE XXXI. Bowing parameters for quantities other than the energy gapsional quantities that will almost surely be revised in the

of nitride ternaries. course of future work. A further comment which applies to
ParameterseV) Materials Recommended values @l Of the nitride alloys as well as other systems affected by

unknown degrees and types of segregation, is that the param-

X :
& Zinc blende GainN 0.38 eter set most relevant to a given theoretical comparison with
EX Zinc blende AlGaN 0.61 . . .

g _ data may not be that representing the ideal materials, but
EL Zinc blende AlGaN 0.80 . . . oo

g _ rather the nonideal properties resulting from specific growth
Ago Zinc blende GaAsN 0

conditions of interest.
There is very little information on the other band param-
eters for GalnN. Tight-binding calculatiot?$ provide some

pletely avoided in thicker layers of GalnN, interpretation of SUPPOIt for our recommended standard procedure of using

the reported bowing parameters requires great caee the band-gap bowing parameter to derive the compositional
Tables XXX and XXX). variation of the electron effective mass and interpolating the

Early studies suggested an energy-gap bowing parameté‘?St of the quantities Imearly. For thévalley gap in zinc
C of between 0 and 1.0 et?25895%\wright and Nelson blehde GalnN, a.small' bo_wmglparameterCt}f: 0.38eV was
more recently derivecC=1 eV for zinc blende Galne*  €stimated from first principle¥.
which is relevant because of the common expectation that
the zinc blende and wurtzite alloys should have approxi-2. AIGaN
mately the same bowing parameters. Nakamura found that
this bowing parameter produced a good fit to the results ofjgctronic and optoelectronic devices. Initial studies of the
PL measu_rements for low In _composmo'??%.A slightly compositional dependence of the energy gap reported
larger bowing parametdd.6 eV if our values for the energy downward®* upward®® and negligiblé® bowing. Subse-
gaps of GaN and InN are employedas found by Lietal,  q,ent early PE7 and absorptio® measurements found a
on the basis of PL from GalnN/GaN superlatticesA simi- bowing parameter of 1.0 eV, which continues to be widely

lar bowing parameter of 1.4 eV was reported for zinc blendgseq in hand structure calculations even though a number of

GalnN; however, the results were given for relatively thin,qre recent investigations question the conclusions of the
GalnN layers, the strain in which cannot be considered fully,

£ , 55 ; early work. Several studig¥°%*®%found negligible bow-
relaxed™™" Bellaiche and Zunger™ investigated the effects g “anq it has been suggested that the other values resulted

of short-range atomic ordering in GalnN, and establisheq,,, a5 incomplete relaxation of strain in the AlGaN thin
that a large reduction in the band gap should be expected fgfj,5 609 This statement is supported to some extent by a

that scenario. Although all of these studies are consistqurge bowing parameter of 1.78 eV reported for highly
with a bowing parameter of-1 eV for the random GalnN = grained layers grown on Sié! Other workers quite re-
alloy, several more recent investigations of GalnN IayersCenﬂy calculate®#? and measurdd® smaller bowing param-

with small In fractions arrived at significantly larger values. eters(0.25-0.6 eV depending on the measurement method
The experimental band gap results of McClusletyal. for 5,4 assumed binary end point8runneret al® reported

Ga —xInkN epilayers withx<0.12 were found to be consis- ~_1 3eVv and the data of Huang and Hafifsimply an

. . 5

tent with bowing parameters as large as 3.5 BEurther- ¢ en larger bowing parameter for AlGaN epilayers grown by
more, first-principles calculations performed by those auyseq laser deposition, although in both cases residual strain
thors showed that the bowing parameter itself may be @e o the differing lattice and thermal expansion coefficients

strong function of composition, at least for small In fractions. . A|GaN and sapphire could have affected the results.

Similarly large bowing paramete(s the range 2.4-4.5 8V cathodoluminescence measurements for AlGaN epitaxially

were obtained in a large number of subsequent studies bdrown on Si111) suggestC=1.5eV55 We recommend

: 97-602 : ) )
different groups A bowing parameter of 2.7 eV can cqntinued use of the accepted bowing parameter of 1.0 eV

also beeognferred from a recent investigation of zinc blende, il 5 broader consensus is reached on the effects of strain
GalnN.** Some of those works tentatively attributed the pre-54 other issues.

vious reports of small bowing to erroneous estimates of the Theory projects that th&-valley bowing parameter in
alloy composition. On the other hand, Shanal®® sug- inc plende AlGaN is smafe®**IThis is consistent with the

gested that the more recent PL emission may have resulid herimental report of a linear variation of PL energies in
from local fluctuations in the In fraction, which could lead to thin films of cubic AIGaN®'® We therefore recommend a

overestimates of the bowing parameter. Since the most iMseq powing parameter for this case. Recommended values
portant pract!cal applications of Ga!nN alloys require only a¢y; the X-valley (0.61 eV} and L-valley (0.80 eV} bowing
small In fraction, we suggest a bowing parameter of 3 eV fof, 5 ameters are taken from the empirical pseudopotential
both the wurtzite and zinc-blende phases, although we emy,athod calculations of Faet al36°

phasize that at present there exists no verification thaithis
applies equally well to higher In compositions. There is also
a strong possibility that the alloys studied in recent works are
not truly random. It should be emphasized that the physical Al,In; _,N is drawing attention becauseyat 0.83 it can
understanding of these materials is far from complete, antde lattice matched to GaN. The first experimental study ob-

that the parameters recommended in this review are proviserved such a strong bowing that the band gap for the lattice-

AlGaN is often used as the barrier material for nitride

AllnN
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matched composition was found to be smaller than that ofvave function on the N sublattice. The projected bowing
GaN®!’ Furthermore, the standard quadratic expression digparameters were large and composition-dependerying

not fit the compositional variation of the band gap very well.in the range from 7 to 16 eV between GaAN,s and
Guoet al®*®and Kimet al®'® subsequently presented results GaAs, 4N, 1,0 whenever the dilute alloy displayed a local-
for InN-rich and AIN-rich AlInN, respectively, which indi- ized deep |mpur|ty level in the géﬁf}’essRecent experimen-
cated somewhat weaker bowing. Pestcal *° gave a cubic  tal work on GaAsN with N fractions as large as 15% con-
expression for the energy gap, based on results over the efirmed the strong composition dependence of the bowing,
tire range of compositions. A similarly large bowing was \yith values ranging from 20 eV for dilute alloys to 5 eV for
observed by Yamaguctet al®*! On the theoretical side, 8 .yncentrated alloy&9590n, the other hand, Uesugt al 4!

first-principles calculation for zinc blende AlInN yielded a found a more gradual reduction of the bowing parameter

bOW'T? [t)t? r';“.“ifr of tZ? 3 ‘Tl\ée)?;”(;‘]l‘;n wasthassum;e? tot b‘&D’Nith composition, and attributed the discrepancy to different
equal o that in the wurtzite alloy ese, the most trust- strain conditions in the different studies. On the basis of the

worthy quantitative report appears to be that of Penhgl. most complete available data §&,a compromise cubic

However, the suggested —expressiof,(300K)=1.97 form for the band-gap dependence on compositianall

+1.96%—6.9%2+9.1x3 eV, has been corrected to reflect our be derived with the followi i
recommendations for the binary end points. In the absence 8?mperature)zscan 3e erve with 1 € following nonfinear
erms: 20.4°—100<°eV. This expression avoids the early

further information, we recommend that the temperature det , 4 . ) X
pendence be incorporated by using the recommended efggmimetallic transitior{predicted by usingC=20eV) that
points to fix the constant and linear terms at e@ichnd then ~Was not observed in the single relevant experimental
use the Pengt al. quadratic and cubic terms at all tempera- study®*° A note of caution is that this expression is expected
tures. The same approach is recommended for zinc blend® Pe valid only in the regiorx<0.15, beyond which no

AlInN. experimental data are available. This description may in fact
be a rather crude approximation of the band-gap dependence
4. GaAsN over the entire range of compositions.

Although it has been known for a long time that small A alternative description of the energy gap in GaAs-
quantities of nitrogen form deep-level impurities in GaAs "ch GaAsN in termg of the level repulsion model has been
and GaP, growth of the GaAsN alloy with appreciatdiose ~ developed recently? The transformation from N acting as
to 19 N fractions has been reported only recefi}%The  an isoelectronic impurity to band formation was found to
somewhat unexpected discovery of a giant bowing parametédiccur atx=0.2%. The energy gap is sublinear with compo-
in this and other AB_,N, alloys in principle opens pros- sition for N fractions as small as a few percent. No upper
pects for growing direct-gap IlI-V semiconductors with limit on the composition, for which this description is valid,
band gaps in the near-IR onto Si substrates. is available at this moment and the results have been verified

As a general rule, the non-nitride constituents do notonly for x<3%. Nonetheless, in view of the strong evidence
easily take the wurtzite form. It is therefore expected thaffor its correctness, it may be advisable to use that description
GaAsN and the other analogous alloys will crystallize in arather than the nonlinear bowing approximation for low N
zinc blende lattice, and that a large miscibility gap will make compositions, which are of interest for most device applica-

it difficult to prepare alloys with large N fractions. Phase tions. A potentially more accurate four-level repulsion model
separation has indeed been observed in GaN-rich &ifdys. was recently introduced by Gif?

Furthermore, the substantial differences between the proper- The varshni parameters measured by Malikeval ®**
ties of the light-atom constituette.g., GaN and the heavy-  for two GaAsN alloys were found to lie between those of
atom constituente.g., GaAg call for a close scrutiny of the  Gaas and zinc-blende GaN. The temperature dependence of

usual quadratic relations for the alloy band parameters, sincg,q energy gap in a few GaAsN alloys was found to be much

one expects the alloy concentration dependence to be highWeaker(GO%) than that in GaAs for N fractions as small as
nonlinear.

. . . 1%5%° The spin-orbit splitting obtained from electroreflec-
An early theoretical study predicted a bowing paramete ° P PIEing

of 25 eV for the direct energy gap of GaASRE.C— 18 eV tance measuremefitéwas found to vary approximately lin-

was obtained from PL measurements of GaAsN with N frac-early in GaAsN. The interband matrix element of GaAsN

; ; 47
tions of no more than 1.59%6’ The same result was inferred (and other alloys such as GaPi predicted*’to be strongly

from studies of the GaAsN near the two binary limits, with reduced relative to the virtual crystal approximation. This
the decrease in the energy gap being linear for N fractions abeoretical result, which is important primarily at large N
high as 39628 A quadratic form withC~ 11 eV fit the results compositions, has yet to be verified experimentally. Further-
of an ellipsometry study fox<3.3% fairly well52° Other ~ MOre, an abrupt increase in the effective mass in GaAsN/
studies of dilute GaAsN indicated bowing parameters a$@As quantum wells with 1.2% and 2% N has been
large as 22 e\30-532A series of first-principles calculations reported*®®*° The effective mass is larger than that pre-
examined various aspects of the band structure for GaAsndicted on the basis of theoretical calculatiGi$?>

including ordering effect3®6-633-638rhose studies found that The valence-band shear deformation poterttial dilute

the band-edge wave functions in GaAsN tend to be localizesaAsN epilayers was studied by Zhaegal %! using elec-
impurity-like states, with the conduction-band wave functiontroreflectance measurements to determine the splitting be-
strongly localized on the As sublattice and the valence-bantiveen the heavy-hole and light-hole bands. The deformation
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potential did not follow a simple linear interpolation betweena significant band gap reduction that corresponded to a bow-
GaAs and GaN. The cause is not quite clear, since N incoring parameter in the range 13-17 eV. We recommend an
poration is expected to affect primarily the conduction bandaverage value oC=15eV, and refer the reader to Sec.
of GaAsN, and further studies over a wider compositionlV G 4 for the necessary caveats.

range are required to pin down tkygossibly complicatedN

fraction dependence.
7. InAsN

5. GaPN . .
) A theoretical calculation of the band structure of InAsN

Most of the band properties of GaPN are expected to b@as been reporteii! and one recent experimental study of
analogous to those of GaAsN, based on the simple observgye growth of this interesting ternary has been m%¥ddhe
tion that the N impurity behaves in a similar manner in bOthprimary importance of InAsN is that it serves as one of the
GaAs and GaP. The main complication is that GaP is arng points of the GalnAsN quaternary, which is promising
indirect-gap semiconductor. Both thievalley andX-valley  for 1.55 um semiconductor lasers on GaAs substrates. A
gaps in GaPN were predicted to have bowing parameters Qfght-binding calculatioff! deduced a bowing parameter of
14 eV and subsequent experimental data agreed Withy 22 eV, which was obtained assuming a particular value
those projection§>?~*>*Sakaiet al. used the same theoreti- (3.79 eV for the valence-band discontinuity between InAs
cal description and obtained similar resit& Recently, Bi  and InN. This is our recommended value, although it must be
and Tu were able to observe the energy-gap variation fopoteq that the quadratic fit in Ref. 661 was rather poor. An-
alloys incorporating up to 16% Rf® Their results are con- other recent tight-binding stu? showed that the band gap
sistent with the predictions of another model, which yields ariation for small N fractions depends on the degree of or-
bowing parameters of 10 and 3.9 eV for thevalley and  gering present in the material and that the maximally
I'-valley gaps, respectively. These results are quite close tQ_c|ystered alloy has a lower energy gap than the As-
the recent tight-binding calculations of Miyostii al®®*and  ¢jystered alloy. It remains to be determined which configu-
appear to be the best available values for interpolating beation can be realized experimentally.
tween GaP and zinc blende GaN using the conventional The recommended bowing parameters for all the nitride

model. Pseudopotential calculations indicate that eveRernary alloys are collected in Tables XXX and XXXI.
though both GaP and GaN have substantial matrix elements,

the momentum matrix element in GaPN is very small for
almost any concentrated GaPN alf§y.On the other hand, V. QUATERNARY ALLOYS
Xin et al®recently observed intense PL from GaPN alloys

with a N fraction larger than 0.43% and demonstrated a red The capabilities of I“._V q“ar?t“m well devices can fre-
LED based on GaRysdNo 01155 These results are quite con- guently be expanded by introducing quaternary layers to the
sistent with the piéture 'developed by Shanal.?58 which design. This increased flexibility does, however, come at the

challenges the once accepted wisdom that GaPN retains grpense of a more difficult growth coupled with the need for
indirect gap for very small N concentratiotis-1%). These multiple tedious calibration runs to accurately fix the com-
authors formulated a model based on the interaction betwe&osmon' Furthermore, extensive miscibility gaps limit the

highly localized nitrogen states and extended states af the range of stable compositions, since in ther”!a' equilibrium
conduction-band minimum. According to the so-calledthe components often tend to segregate into inhomogeneous
“band anticrossing” picture, incorporation of even small mixtures of binaries and ternaries. While the nonequilibrium

amounts of N into GaP changes the nature of the fundamerMBE. growth Process can extend t_h.e miscibility b_oundaries
tal optical transition from indirect to direct. The optical tran- considerably, inaccessible composition gaps remain for some

sition energy is smaller than the nitrogen level in GaRL8 of the lll-V quaternary S-‘/Ste."?s-

eV) by a term linear inx for small x and varying as for General methods for deriving qugterngry alloy band pa-
larger x. Another piece of the evidence supporting strongran:m_erlS frﬁm tho;,e of the undgrly:jng bbmary and ;ernary?
I'—X mixing is the recent measurement of a heavy (g0 "2 enilcsu l%az\é? een summarlze y & humber o
electron mass in GaR,dNo 0/GaP quantum well&® Pro- authors:"*°>“"*While no single approach guarantees good

vided the accuracy and validity limits of the “band anticross-reSUIts in all cases, the interpolation procedure introduced by

; 201 ; A
ing” picture are conclusively established, the theoretical ap-(.sllsson etal”™ usually provides a reasonable approxima

proach summarized in Ref. 658 should be employed tdion. It is applicable to the most commonly encountered qua-

determine the optical transition energies in GaPN. Similar{ernarles Oﬂlthezxflfnyle\)l, t)I/pe, ”:at Sr? mta;]de u? ff
considerations apply to other low-N-fraction-containing al- WO group-fli and two group-V: €lements. Using the notation

loys (see Sec. IVG# In this review, we refrain from ex- from Eq..(4.;), a given band parameter for the ternary
ploring the consequences of the band anticrossing model iff1-xBxC Is given by
more detail. Gpapc(X)=(1-X)Gact+XCge—X(1—X)Cpge, (5.9

whereG,c andGg are the values at the binary end points
6. InPN andC g is the appropriate bowing. The corresponding band
INPN with less than 1% N has been studied by Bi andparameter in the quaternam,B, ,CyD;_, is then ex-
Tu5% |n spite of the low solubility of N in InP, they, found pressed as a weighted sum of the related ternary values:
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X(1=x)[(1=Y)Gapp(X) Y Gagc(X) ]+ Y(1=Y)[XGpcp(Y) +(1=X)Ggcp(Y) ]

G X,y)= . 5.2
aecolX) XL Ty(1-y) 52
This approach can be extended to treat quaternary alloys &AByE€,D;__, andB,C,D;_,_,A types®
XYGapp(W)+Y(1—=X—Y)Ghep(v) +(1—X—Y)XGrop(W)
Ghpes(Xy) = YGagp(U) +Y( Y)Ggcp(v) +( Y)XGpcpl , 5.3

XYy+y(l—X—Yy)+(1l—X—y)X

whereu=(1—-x-y)/2, v=(2—x-2y)/2, andw=(2—-2x  AlInP, Eg. (5.4 can be used to find the lattice-matched Al-
—vy)/2. The approach of Eq$5.2) and (5.3 tends to give GalnP gaps for alz andT. For example, al =0 we obtain
better agreement with experiment than an alternative treakEy=[2.007(1-2)+2.692z—0.18&(1-2)] eV.
ment of Moonet al.®® which is known to overestimate the Using linear interpolation for th¥-valley energy gap in
quaternary bowing®:%%® Krijn1°! gives polynomial expan- AlGalnP (supported by the PL data of Najda al>®’), we
sions of Q(x,y) derived from Egs(5.2) and (5.3) for the find that the direct-to-indirect crossovéat O K) should oc-
energy gaps and spin-orbit splittings of several IlI-V quater<ur at z=0.55, which is in good agreement with
naries. experiment®*597 The composition-dependent variation of
Generally speaking, a given quaternary comprises a vashe 300 K energy gap in the lattice-matched quaternary
two-dimensional space of compositions,y]. In practice, (Al,Ga _,)osilngadf is plotted by Fig. 6, in which the
however, most experiments have focused on the oneF-valley gap is given by a solid curve and tevalley gap
dimensional subset$x,y(x)] that are(approximately lat- by a dashed curve. Linear interpolation between the lattice-
tice matched to one of the common binary substrate materimatched alloys is also suggested for thealley gap and the
als (GaAs, InP, InAs, or GaSbThe quaternary may then be spin-orbit splitting>°? There appears to be only one cyclotron
represented as a combination of two lattice-matched corresonance study of the electron mass i ABa, 3dng P, *%°
stituents, one of which must be a ternary while the other mayn which ordering and_-valley interactions could have dis-
be either a binary or a ternary. The treatment is considerabliorted the reported electron mass of 04 It is therefore
simplified by the usual absence of any strong bowing of thesuggested that the standard procedure be followed, except
band parameters for such an alloy, which is expected othat electron masses in the lattice-matched ternaries should
theoretical grounds because the two constituents have idebe used as the end points in place of binaries. In this particu-
tical lattice constants. lar example, linear interpolation of the end point ternary
In the following, we will assume two lattice matched masses should also give adequate results.
binary or ternary end points (e.g.,A;_,B,C) and 3 (e.g.,
AC,_,Dy), which are combined with arbitrary compositian 2 GalnAsP
to form the lattice-matched quaternary alley ,8,. We

then employ the expression Not very much !s known about the band structure
, ) ) of GalnAsP lattice matched to GaAs [or
Gop(2)=(1-2)G,+2Gs~2(1-2)C,p, (54  (GaAs)_,(Gasing..P),]. There has been little motivation

whereG/, andG}, are the values at the end points @y, is to pursue this quaternary, s_ince its direct band gap spans
the additional bowing associated with combining the two end©Ughly the same range as direct-gap AlGaAs, which is con-
point materials to form a quaternary. For lattice-matchecfiderably easier to grow. o .
quaternaries, using E€5.4) with the available experimental However, there has been some W™ on lattice-
evidence to determin€,,; for each property should lead to a matched and strained alloy the vicinity of z=0.67), for
better representation than either the procedure of Eq2)
and (5.3) or simple linear interpolation.

25 . T . .
A. Lattice matched to GaAs LM to GaAs (Ga, ,In, P, (Al _In_.P).

051 049 0.52" '0.48
1. AlGalnP

T=300K BN e S
(AlL,Ga ;) o51Ng.aP [or, more accurately,

(Al sdng 4dP)./ (Gay 51Ing 4P)1 ] lattice matched to GaAs is
often employed as the barrier and cladding material in
GalnP/AlGalnP red diode laset§“%® Early studies of
lattice-matched AlGalnP, which is a quaternary of the sec-
ond type(with one group-V elemet found that the band 15k
gap variation between Gagilng.d and A} sdng P is in-
deed nearly linear, as expect€d>°>%%" However, subse- , , ,
quent PL, PL excitation(PLE),*®" electroreflectance®? 0.0 0.2 0.4 0.6 0.8 1.0
thermoreflectanc&’and ellipsometry?® measurements indi- Composition z
cated that a small additional bowing parameter between 0.11IG 6. Lowest energy gaps as a function of composiion for
an_d 0.18 eV is ne_eded_ to fuI_Iy account for the data. Usin Aly A . P)o(Ga ol uP)s s aNd (G ey o), /(GaAS)_, quater-
C=0.18eV in conjunction with the recommended expres-payy aiioys, lattice matched to GaAs, 300 K. The region of AlGalnP
sions for the temperature-dependent direct gaps of GalnP ama which theX-valley gap is lowest is indicated with a dashed line.
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o
T
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P), 1
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which the quaternary constituents may be rewritten 1.5 - - - -
(GaP)(InAs); _, (with x~z for the case of lattice matching LM to InP
to GaA9. Absorption measuremefit8 yieldedx,=0.73 for

the direct-to-indirect crossover point. Since the authors

greatly overestimated th¥ valley gap in InAs, their corre- 2
sponding bowing parameter cannot be considered reliable. § 1ol
Instead we adopt their direct-gap bowing parameter of 0.40 2
eV and estimat&€y=—0.28 eV from the crossover compo- g

w

sition (note that these bowings are in termsxofvith GaP
and InAs as end points, natwith GaAs and Ggsqlng 4P as
end point$. It should be noted that results for the GaP-rich

(Ga, ,,In, :sA8), (GaAs Sb ),

047" '0.53

quaternary do not necessarily support upward bowing, 0'560 02 0z 06 08 10
whereas a linear variation does produce a reasonably good .
fit Composition z

Using the results for (GaR()InAs);_, discussed above, FIG. 7. Energy gaps as a function of composition for
a straightforward evaluation of the bowing parameters for théINP)(Ga.4dnosAS)1-z,  (Alo.adNosAS)(GaadNosAS)1-.,  and
lattice-matched quaternary (GaAs)(Gaysiing4P), gives (GaAg sShy ) ,(Gay 44N sAS); — , quaternary alloys, lattice matched to InP,
Cyx=0.53eV and Cy=-0.62eV. The composition- AT=300K.
dependent variation of the 300 K energy gap in GalnAsP
lattice matched to G_aAs is pI_otted in Fig. 6. The recom-g | attice matched to InP
mended parameters imply a direct band gap at all composi-

tions z. 1. GalnAsP
GalnAsP lattice matched to InP
3. AlGalnAs [(INP); _ ,(Gay 47Ang 54AS),, Which is Galn;_,As,P;_, with

Band gaps for strained AlGalnAs on GaAsith low Al x=0.47z,] is an extr.emely impqrtant quaternary alloy. It is
and In fractions have been reported by Jensenal,* on currgntly employed in comr_nerual optoelectroféspecially
the basis of PL measurements. semilconductgr Iasgrs emitting at 1.3 gnd ],Lﬂsﬁ) and glec-

tronic (especially high-electron-mobility transisjadevices.
This alloy has been the subject of numerous review
4. GalnAsN articles®429666.673nd at least one bodk.

The GalnAsN quaternary has drawn considerable atten- Numerous measurements of the direct energy gap in
tion recently, since the addition of a small N fraction com-GalnAsP have been report&d:**3678-58pearsall summa-
pensates the compressive strain that limits the critical thickrized the experimental results available by 1982 in his
ness of GalnAs layers grown on GaAs substrates. In terms otview®’’ and deduced a bowing parameter of 0.149 eV. For
the band structure properties, the alloy may be thought of athe most part, a small spread in the experimental data was
(GaAs), _,(InAsy sNy 39, and represents a quaternary ana-found, and it was pointed out that Peres al*® (C
log of the nitrogen-containing zinc blende ternaries discussee-0.25 e\) underestimated the gaps somewhat in analyzing
in the previous section. Unfortunately, the properties of In-their electroreflectance data. Further electroreflectance ex-
AsN have not been measured, and such experiments may rgeriments of Lahtinen and Tuoffi? indicated a substantially
into difficulty in the future owing to the expected miscibility smaller bowing parameter of 0.038 eV. An early tight-
gap. An alternative approach proposed by Creival®’®on  binding calculation also yielded a bowing parameter of 0.19
the basis of the experimental result of Jome=l®tis to  eV,*?® with error bounds sufficient to include almost all of
derive the energy gap from the GalnAs alloy with the samehe experimental data sets. We recommend using(kEd)

In fraction and themeduceit by (53A¢) eV, whereAe is the  with a bowing parameter o€=0.13 at all temperatures,
difference between the in-plane strains computed for the Inwhich is consistent with the relations currently employed to
containing ternary and quaternafwe have revised the co- estimate device characteristitsThis procedure yields€
efficient in order to fit our band-gap schem@&he results of =[1.4236(1-2z)+0.81&+0.1%*]eV at 0 K and =
absorptiofi”? and photomodulation spectrosc8fiare in ac-  =[1.353(1-z)+0.73%+0.1%°]eV at 300 K. The
cord with the PL measurement of Joretsal®’* Pseudopo-  composition-dependent variation of the 300 K energy gap in
tential calculation¥* are in good agreement with this ap- the lattice-matched quaternary (InP)(Gay 44ANos4AS), iS
proach for low N fractions. Calculations and measurementgplotted in Fig. 7.

for GalnAsN lattice matched to InP have also been Two studies have reported Varshni parameters for
reported®’4%"°Recently, a large increase in the electron massalnAsP?%82 Although the band gaps obtained in the two
in GalnAsN with a small N fraction was observed via reflec-studies were similar, the resulting Varshni parameters were
tivity measurement&’® This result appears to invalidate any very different. Deducing the temperature variation of the
simple interpolation scheme and favor the authors’ proposeduaternary band gap from the bulk Varshni parameters given
model of the interaction between localized N states and thabove is therefore probably a safer procedared gives rea-
extended states of the semiconductor matrix as discussed #onable agreement with the results of Satzkeal®®?). A
Sec. IVG4. linear variation is usually assumed for the indirect band gaps
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between the two end point materidlgjthough that depen- value of 0.225 eV between those two extrerf@swhile
dence has apparently not been verified experimentally. Shen and Fan calculated a rather small bowing using the
Electroreflectance studies have concluded that the bowtght-binding method with the virtual-crystal
ing parameter for the spin-orbit splitting is either close toapproximatiorf:’® Averaging the various experimental re-
zerd"®%80 or negative!**%7° This upward bowing was ex- sults, we obtain a composite direct-gap bowing parameter of
plained by considering the interband and intraband contribug.22 eV, which is close to the values of Olegbal **® and
tions to disorder-induced mixing of conduction-band andFan and Chefl®® The composition-dependent variation of
valence-band stat&8>We derive our recommended value of the 300 K energy gap in the lattice-matched quaternary
C(Ag)=—0.06eV, which implies A;,=[0.108(1-2) (Alg 4dng 50AS),(Gay 4ANg s5AS), —, IS plotted in Fig. 7.
+0.3%—0.062%2] eV, by averaging all reported spin-orbit The only other AlGalnAs band structure parameter with
bowing parameters. a validated nonlinear compositional variation is the electron
The electron mass in GalnAsP has been measured byedfective mass, for which there is strong evidence for a slight
variety of approaches such as cyclotron resonance, magnapward bowind®’4%° This can be explained by disorder-
tophonon resonance, Shubnikov—de Haas oscillations, aridduced band mixing*" % whose effect on the interband
shallow donor photoconductivif§f®-4514%3685ome studies matrix element is described by expressions in Refs. 447 and
found roughly zero bowin§*®44*584while others obtained 458. Whereas the evidence for a similar mechanism in Galn-
appreciable downward bowirfg®#°14%%|n the former case, AsP was inconclusive, here we suggest an effective-mass
it was claimed that the lack of effective mass bowing wasbowing parameter of-0.016n,. This is consistent with the
due to the band gap bowing being compensated by ather parameters Ep is assumed to have a quadratic depen-
disorder-induced bowing of the interband matrix elen?éht. dence, withC=—5.68eV adjusted to provide the correct
However, from a consideration of all available experimentalresult for AlGalnAs withx=0.5. TheF parameter is then
data there is no obvious reason to deviate from our standatidterpolated linearly(between—2.89 in Gg_44ngs5As and
mass-bowing procedur@.g., see Fig. 6.7 in Ref)4Using  —0.63 in Aly 4dng5,AS) in that scheme.
our adopted band gap variation and interpolating the inter-
band matrix element and tHe parameter linearly, we find 3. GalnAsSh
B 1 e o LenL VA ol PIOGRCLI®. _ Despte he presence of & miscbiy g2p, e grout o
9 gntly Mmetastable GalnAsSb lattice matched to Inpor

448, 449, and 684, but not nearly as small as in Ref. 453(Ga).47|n0.53As)z(GaASJ.SSb).Q17z:| has been reported over

The light-hole effective mass in GalnAsP lattice matchgd tothe entire composition rang&”**®However, the usefulness
InP was measured by Hermann and PeafSaidn the basis f this quaternary is limited because both end points have

of thos;a data, Adachi suggested a bowmg paramngr Oﬁearly the same energy gap, even though the cutoff wave-
0'03.“0' However, we Tecommer_‘d using a slightly modified lengths are close to the important 1.a6 low-loss window
version of the Adachi expressiomyj;,=(0.1208-0.09% for optical fiber communications

2 . . . .
+Q'0302 ) eY' In order to assure consistency W'th the end The first reported growth and characterization study of
point values in GglydnosAs and InP. Using linear interpo- . quaternary obtained little bowirf§’ whereas more re-

lation for the heavy-hole mass and the valence-band aniso(tl—
. . . ent PL measurements on bulk an S at 8 K
ropy, the split-off mass can be determined using E§<) implied a gap of 0.7654 €8 asc%grﬁbsgﬁeg'ii%)_gl o ot

andé2.18). ina th q d f the stimul tt e two end points. Based on this data point we recommend
y measuring the pressure dependence of the stimulate composition dependence dE,(T=0)=[0.808(1-2)

emission in a buried heterostructure near-IR diode laser, 308160 222(1—7)]eV. Further study is clearly desir-

hydr%sﬁcatlcedelformztlo; pote_?rt]lal_afo= 6_6855.?|'E'V was detetr- able. The recommended composition-dependent variation of
mined Tor HaiNy - AS,r - WIth y=1.5. IS TEPrESENtS e 300 K energy gap in the lattice-matched quaternary

a smaller absolute value than ir! either I0P6.6 eV) or (Gap4ANo s:AS),(GaAs, Shy0), , is plotted in Fig. 7. The
Gay.4ANo.sAS(—7.79 €V, and requires a rather large bowing approximate location of the miscibility gap according to re-

parameter oC = —6.7eV. While we recommend this value o510 atiorf8 is indicated with the dotted line. The

are necessary to confirm this strong bowing. procedure and temperature, and the growth of metastable

materials inside th is not rul t.
2. AlGalnAs aterials inside the gap is not ruled ou

Another important quaternary lattice matched to InP isc_ | attice matched to InAs
AlGalnAs [or (Alg4dngsAS),(Gay4Angs4AS)1--], which
combines two lattice-matched ternary alloys. Initial charac-1- C&lnAsSb
terization of this quaternary was performed by Olego  GAInAsSb  lattice  matched to  InAs [or
et al,**® who found a direct-gap bowing parameter of 0.20(InAs);_,(GaAs, 0sShy o,),] has been studied by a number of
eV [when cast into the form of Eq5.4)]. Subsequent PL authors'®>%%®1The growth of slightly strained GalnAsSh
measurements of Kopt al*®® and Curyet al**” implied a  layers has also been reported by Séiral °°2 Although data
linear variation of the energy gap, whereas the low-for the composition dependence of the direct band gap are
temperature PL results of Bohret al® suggested a large somewhat sparse, the available results are consistent with the
bowing parameter of 0.68 eV. Fan and Chen obtained aelatively large bowing parameter ef0.6 eV suggested by
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15 - - - - fully grown on InAs substrate§(InAs),_,(INSky 3Py 69z »
LM to InAs wherez=x+y] by several groupg3®°°-%9"Because of the
T=300K large uncertainty in the In3Rk4Py g0 €nergy gap, the first

study tried to use the quaternary data, assuming a linear
variation between the InAs and IpgSh, 3; end points, to
deduce the bowing parameter for the termdfySubsequent
studies similarly derived a vanishing bowing parameter for
the quaternary®>—®%" Since with that assumption the most
recent dat®®°" are consistent with our adopted band gap
for InP, ¢oShy 3, We recommendC=0. However, Adachf®
suggested the possibility of upward bowing based on the
005 o5 o2 o5 o3 To general quaternary relations of Glissenal,”* and the data

of Voroninaet al%% can possibly be explained in that man-

ner. The recommended composition-dependent variation of
FIG. 8. Energy gaps as a function of composition for the 300 K energy gap in INASSbP lattice matched to InAs is
I("t]t('\s)lfz(t'”hs?jmtép?ﬁizs a;‘Td (gé)p(\)sl%%Er?eag%Drf)fibhggtzecvcj)iiirgr?;yo?Ir?ﬁsii plotted in Fig. 8. The approximate location of the miscibility
t?ilitl;(jegg:)as(;rz indicated by dotted .Iines. i gapis mdl(_:ated _Wlth _a_dOt_ted line.

The spin-orbit splitting in INASSbP has been found to be

larger than in either InAs or InRShy 35, although only
Levinshteinet al!! (see also Fig. 3 of Ref. 691This is our  theoretical estimates are available for the latter. The mea-
recommended value, which implieEy(T=0)=[0.412 surements imply the form:A=0.39(1-2)+0.16&
+0.876(1-2)—0.6z(1—2z)] eV. In the following section it +0.7%(1—2z), where the upward bowing parameter is
will be seen that this value is similar to the recommendedarger than in Ref. 696 owing to a different value assumed
bowing parameter for GalnAsSb on GaSh, which is not surfor InPSb. While an electron effective mass of 0.087
prising in view of the near equality of the InAs and GaSb determinef® for InAs; ¢,Shy 1P, 26 is lower than the value
lattice constants. The empirical relation suggested in Refof 0.0288n, derived from a linear interpolation of the inter-
691 also appears to produce good agreement with the dataand matrix element and theparameter, the latter is none-
although it cannot be recast in the form of E.4) with a  theless quite close to the band edge mass found from the
constant bowing parameter. While in one study Varshni paband structure fits to the carrier density dependence per-
rameters have been deduced for GalnAsSb on Ak, is formed in the same reference. We therefore recommend em-
recommended that our usual procedure be followed to derivgloying the usual procedure.
the temperature dependence of the energy gap in this quater-
nary. The composition-dependent variation of the 300 K enp_ |attice matched to GaSbh
ergy gap in GalnAsSb lattice matched to InAs is plotted in
Fig. 8. The approximate location of the miscibility gap is 1- GalnAsSb
indicated by the dotted line. Bouari§4obtains X-valley GalnAsSb  lattice  matched to  GaSb [or
and L-valley bowing parameters of 0.15 and 0.60 eV from(GaSb) _,(InAsy.0;Shy 09),] is particularly well studied®®in
pseudopotential calculations accommodating the effects gfart because it is an important active-region constituent of
alloy disorder. diode lasers emitting at=2 um.” Early worl®87:6%0.701gp

the direct band gap in GaSb-rich GalnAsSb was summarized
2. AlGaAsSh by Karoutaet al,>®® who suggested a bowing parameter of
0.6 eV. At the other extreme, data for InAsSh, ogrich al-

loys were found to be consistent with a slightly higher bow-
matched to InAsfor (GaAgesSheds (AlASo 165064 iné parameter of 0.65—-0.73 eﬁ\gﬁ'mzPhotorgfleé/tan%e stud-

were studied theoretically by Adach® and Anwar and ies by Herrera-Peramt al’® and ial ellinsometr
Webster®® They respectively employed expressions sug—reS Ity “\7 tnea-telgozz al. rta o \?prfchiah trevplso fﬁer y
gested by Glissoret al?°* and Moonet al®5 (who com- 'coults OFMUNOZL al.= support an éven higher value

bined the direct and indirect-gap composition dependencesSim”arly’ recent reports of GalnAsSb grown by liquid-phase

: H : 706
Abid et al®® also treated AlGaAsSb, using the empirical EP'&XY tend toward higher bowing parametéfst®® Our

pseudopotential method with the virtual crystal approxima—recomwlendeOI value d@=0.75eV is a composite obtained

tion. That little bowing was found for any of the energy gapsby avere_ltgmg _aII t?]f th_E al/az)laSblIZ rf_suIthr. OTgAef;E%e%dze;ce on
may be an artifact of neglecting the disorder potential. weeomposition IS then. ¢=10.812(1-2)+0. 7

: . = —2z)]eV at 0 K andEy=[0.727(1-2)+0.28%—0.75(1
'E)heei(r)?,\tofroer r,ffg;?ggdoﬁsg Sstle bowing parameters specified z)]eV at 300 K. The data of Karoutet al>*® suggesiC

=—0.26 eV for the spin-orbit splitting, which impliest,
=[0.76(1-2z)+0.3%+0.262(1—z)] eV. However, this ex-
3. InAsSbP pression is at variance with the recent ellipsometric data of
InAs; , ,ShP, is the only quaternary with three Munozet al, which suggests downward bowing of the spin-
group-V elements that has been studied in the literature. lorbit splitting with C=0.25eV.%* The latter result was ob-
spite of some miscibility-gap problems, it has been succesdained only for compositions ofz=0.14—0.15. Both the

e
o

e
n

Energy gap (eV)

Composition z

The direct and indirect energy gaps in AlGaAsSb lattice
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25 T T T E. Other substrates

LM to GaSb 1. AlGaAsP

AlGaAsP has been grown on commercially available
GaAg, 1P 30 Substrate$!="13 |t can be considered as a
combination of GaAsP and AlAsP alloys with phosphorus
fractions similar to the substrate. A careful investigation of
the pump intensity dependence of the PL peaks revealed both
impurity and band-to-band transitiofis. Those results imply
a surprisingly large direct-gap bowing parameter of 1.3 eV
for the quaternary. However, that value would be reduced
00 , , , considerably if it turns out that the theoretical projection of
0.0 0.2 0.4 0.6 0.8 1.0 0.22 eV for the bowing parameter in AlAsBee aboveis

Composition z too small.

2.0

N
n

-
o

Energy gap (eV)

bt
»n

FIG. 9. Energy gaps as a function of composition for

(GaSh) _,(AlAs eShy gy, and (INAg :Shy o9 1-,(GaSb) quaternary al-

loys, lattice matched to GaSb, &t=300 K. The approximate location of a The growth of AlGalnN has been report@B;GZl al-

miscibility gap for InGaAsSb is indicated by a dotted fine. though little is known about its band structure properties.
Recent results indicate a nearly linear band gap reduction for
small In compositiong<2%).”** The cutoff wavelengths of

downward bowing of the energy gap and the upward bowinga|GalnN (lattice matched to GaNultraviolet photodetectors

of the spin-orbit splitting are well describ®d quantitatively  were also generally consistent with a linear interpolafin.

by the expression of Mooet al,*®® although it should be |mproved crystal quality in comparison with AlGaN has also

remarked that in performing such calculations some authorseen noted® Until more precise data become available, we

used different bowing parameters for the related ternarguggest employing the usual quaternary expressions in order

alloys®®® Energy gaps for certain strained GalnAsSh compo+o estimate the parameters of this poorly explored material.

sitions have also been report€d- "% The composition-

dependent variation of the 300 K energy gap in GalnAsShy/|. HETEROSTRUCTURE BAND OFFSETS

lattice matched to GaSb is plotted in Fig. 9. The approximate

location of the miscibility gap is indicated by the dotted line. ties of IlI-V semiconductors and their alloys in isolation. In

Pseudopotential results of BouariSsepredict bowing this section, we turn to a consideration of the conduction and

parameters of 0.85 and 0.43 eV for ihaalley andX-valley \(/]alence band alignments that result when the materials are
gaps, respectively. The direct-gap bowing parameter quoted. 1o form heterojunctions in various combinations. For-

in that reference is in reasonably good agreement with th o o .
unately, it is usually a good approximation to view the va-

experimental results. lence band position as a bulk parameter for each individual
material, which can then be subtracted to determine the rela-
2 AlGaAsSh t|ye band ah_gnr_nent at a_glven.heterOJunctmn. The _mterface
dipole contribution, that is particular to each material com-
AlGaAsSb  Ilattice matched to  GaSb [or  bination tends to be small, since it is largely screened even
(Gash) ,(AlAsg oeShy o), is a natural barrier and cladding when the interface bonding configurations are vastly differ-
material for mid-infrared semiconductor lasers. Relations folent. However, it will be seen below that at least for the case
the direct and indirect energy gaps were calculated byf an InAs/GaSb interface, which has no common anion or
Adachil®® and the experimental results have been summaeation, there is reliable experimental evidence for a small
rized by Ait Kaciet al®®® The quoted direct-gap bowing pa- dependence of the offset on the interface bond type.
rameter of 0.47 eV agreed well with the pseudopotential cal-  Our discussion will build upon the previous summary of
culation of Abid etal® and the photoreflectance Yu et al’*” who comprehensively reviewed the understand-
measurements of Herrera-Pertzl°® Based on all of these ing of band offsets as of 1991. That work, which may be
data points, we recommend a composite result @f considered an update of earlier reviews by Kroef@fL®
=0.48eV. The band gap at 300 K is thef;=[0.727(1  also provided an excellent overview of the methods com-

F. Nitride quaternaries

The preceding sections have discussed the bulk proper-

—2)+2.297%2—-0.48&(1—2)] eV. This composition- monly used in experimental band offset determinations.
dependent variation of the direct energy gap in AlGaAsSb  Some of the existing theories, such as the model solid
lattice matched to GaSb is plotted in Fig. 9. theory of Van de Wallé?® assert that very little bowing of

Although general considerations imply that the bowingthe valence band offset should be expedi@though some
of the L-valley gap should be similar while thevalley gap  bowing may arise if there is a strong nonlinearity in the
should display little  bowind®® pseudopotential ~spin-orbit splitting. However, if we are to maintain consis-
calculation§®* have suggested bowing parameters of 0.80%ency with the most reliable experimental results for a variety
and 1.454 eV, respectively. A consequence of the largef heterojunctions(e.g., GaAs/AlAs and lattice-matched
X-valley bowing would be a decrease of the predicted directGa, 44ng 55AS/Alg 4dNg 55AS), a bowing parameter must be
to-indirect crossover composition =0.14. assigned to some of the ternary alloys. Since there are almost
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FIG. 12. Conduction band offsets corresponding to the VBOs in Fig. 11.

FIG. 10. Conductior(filled) and valence(oper) band offsets for the 12 The various points and curves have the same meaning as in that figure.

binaries. Thel-valley energy gap for a given binary corresponds to the
difference between the conduction and valence band positions, i.e., the

length of the vertical line connecting the filled and open points. Similarly, . . .
the conduction(valence band offset between two distinct binaries corre- €Nd point offsets yields the VBO for any desired quaternary
sponds to the energy difference between their respective conduction or valloy. The dashed lines illustrate VBO variations in a number

lence band positions on the absolute energy scale of the figure. of important lattice-mismatched ternary aIons. Correspond-
ing conduction-band offsets are given in Fig. 12. Although

no reports of temperature variations that exceed the exper‘ls-traln effe(;:ts are negletl:tedd ('jn thzse plo_ts, tf;}ey are relatively
mental uncertainties, in all cases we will take the valence7ONd and must be included to determine the correct CBO.
band offsets to be independent Bf Note also that since the band gap variation with composition

Recommended valence band offset¢BOs) (open is in general nonlineaftand sometimes double valled

points and conduction band offset€BOS (filled points given poi_nt on one of Fhe verFich lines in Fig. 12 does not
for all 12 of the binaries are summarized in Fig. 10. Then_e.cessarlly map to a single, distinct quaternary alloy compo-
extent of the energy gap for each material is indicated by th&'tion.
vertical line. Relative positions of the CBOs and VBOSs in A. GaAs/AlAs
this figure may be compared to determine the offset for any
given heterojunction combination.

The recommended VBOs for materials lattice matche

The GaAs/AlAs heterojunction, which is uniqgue among
he 1lI-V semiconductors in terms of growth quality and
ttice match, is also the one that has received the most in-

to the common substrate materials of GaAs, InP, InAs, an ensive investigation over the years. Although the early work
GaSb are shown in Fig. 11. The points indicate offsets foby Dingle et al272Lsuggested that nearly all of the discon-

binary and ternary compounds, while the vertical lines sig-.

: : . : inuity was in the conduction band, later measurements es-
nify VBO ranges that are available using Iattlce-matchec{ . ) ) .
guaternaries. Since a linear variation with composition is as-ab“Shed the well-known 65:35 split between the conduction

. . . . nd valence bands, respectivély Batey and Wright exam-
sumed for all quaternaries, simple interpolation between thIned the full range of AlGaAs compositions and found that a
linear variation of the band offset with Al fraction fitted the
PPV o= results quite well?? Although other reports have implied a
0200507 " GaRS, ;S| GaSh slight deviation from linearity?*we will take the small bow-
e IAS, ,.Sb, o] ing to occur entirely in the CBO. With this assumption, we
% OAISb average the results obtained for GaAs/AlGaAs by various
RIS SLhrit o B N measurement method$24~"43t0 obtain the relative VBO
7 T nSb P between GaAs and AlAs. The result &E,=0.53eV

A glNy g AS =0.34AE,, which is the best known value for all of the

g )
#“InP I1I-V semiconductors and is well within the uncertainty lim-
‘ its of most experiments.
] Ref. 717 presented a compilation of early theoretical re-
-CAL_In P sults for the GaAs/AlAs band offset. While our composite
- L ' experimental value agrees quite well with the predictions of
5.6 5.8 6.0 6.2 . o ) .
Lattice constant (A) first-principles calculations by Christenséf, Lambrecht
! et al,”*® and Wei and Zunget*® the model-solid theory of
FIG. 11. Valence band offset as a function of lattice constant. The offsetd/an de Wallé?® obtained a slightly larger offset oAE,
for binaries and lattice-matched ternaries are indicated by points, offset=(.59 eV and the transition-metal impurity theory of Langer

varlgtlons with corr_1p05|t|0n for lattice-mismatched ternafiest including et al. yielded a smaller value of 0.453 &7 Similarly small
strain effecty are given by dashed curves, and the VBO ranges for quater-

nary alloys lattice matched to a particular substrate maté@alAs, Inp,  values were also predicted b_y the dielectric midgap energy
InAs, or GaSh are given by the vertical solid lines. models of Cardona and Christené&hand Lambrecht and

00F

VBO w. r. 1. InSb VBM (eV)
o)
Q
>
N
‘\
\
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Segall’*® Offsets ranging from 0.36 to 0.54 eV were ob- Using the GgsANngsaAS/Alg 4dngs/AS results, we can
tained by Wanget al. from the alignment of the average also extract reliable band offsets for the jG#ng ssAs/INP
bonding—antibonding energy on the two sides of theand Al 4dngsAS/INP heterojunctions. On the basis of ex-
heterojunction’® The interface dipole theory of Ohlet al.  perimental reports up to 1991, Yai al.”}” suggested that the
yielded the lowest of the recently reported valuas:, CBO for Gg 44N 5As/InP constituted approximately 40%
=0.38 eV.*! Considering the uncertainties involved in reli- of the total band gap discontinuity of 0.608—0.616 eV. This
ably calculating band offsets, it must be concluded that thessignment is in excellent agreement with the later work of
bulk of the theoretical work agrees reasonably well with theBohreret al%87°9SJightly smaller CBOs of 0.22 and 0.2 eV
experiments. were obtained by Lee and Forré8tand Guillot et al,’®’

respectively, usingc—V techniques. A much larger CBO of

0.41 eV was reported from the results of absorption spectros-
B. GalnAs/AlInAs /InP copy by Koteles?? and the XPS measurements of Waldrop
et al. yielded a VBO of 0.34 eV(corresponding toAE.

_ 761 ; 9
Gay 4ANo sAS/Aly 4dNo s AS/INP. This system is especially — 0-27 ev)ﬁ',ss, Theoretical work by Van de walté and
interesting in that it provides a direct test of the degree of YPertsen™ indicated CBOs in the 0.2-0.26 eV range.
offset bowing, since the lattice-matched GalnAs and AlinAs A number of works have reported nontransitivity of the
alloys have nearly identical InAs fractions. In light of the C.4aNosAS/INP band offset. Landesmagt al. used ultra-
well-established GaAs/AlAs result, the expected VBO in theV0lt transmission spectroscopy to study the junction and
absence of any bowing would keE, =0.25 eV (with AE, found a considerabl€l80 me\ difference between the off-

v " . . .
=0.46-0.465 ey, However, both the early evidence sum- sets resulting from the two possible growth sequeriegih
marized by Yuet al’' and subsequent data have consis-different interface bond type$®® The average VBO of 0.35
tently favored a CBO in the 0.50-0.53 eV range. For ex- €V obtained in that study is in good agreement with the
ample, CBO determinations include 0.52 eV by Wedttal. results given in other reports. A smaller noncommutativity of
from low-temperature PL studié®2 0.505 eV by Satzke 86 MeV was also reported by Seidztlal,”* whose average
et al.from electroabsorption dafa®0.53 eV by Morriset al. ~ ©BO 0f 0.23 eV once again agreed reasonably well with the

from Schottky diode transpoft* 0.51—-0.52 eV by Baltagi experiments that did not find transitivity violations. The issue
et al. from photoreflectance’ data on single quantumOf noncommutativity at heterojunctions with no common an-

wells755756 0.49 eV by Huang and Chang from an admit- ion across the interface is controversial from the theoretical

tance spectroscopy technigiiéand 0.5 eV by Lugandt al. ~ Point of view as well*378%770A first-principles pseudopo-

from photocurrent spectroscof§? By carefully modeling tential calculation by Hybertséf? found the GalnAs/InP
the results of PL measurements, Bohkral. suggested offset to be transitive to within 10 meV, whereas the self-

AE,=0.504eV7® and a similar result was reported by Consistent tight-binding model of Foulon and Prie€ter

Huang and Chang on the basis of capacitance—voltagd€lded a 60 meV difference, depending on whether the
(C-V) and current—voltage—temperature d&faFrom an growth sequence employed InAs-like or GalnP-like interface
XPS study of the Gy Ang 53AS/Alg 4dNo 5,AS junction, Wal- bonds. Since the evidence for appreciable noncommutativity

drop et al. obtained 0.22 eV for the VB@! while Tanaka is inconclusive at this point, we do not specify an interface-
etal. measured the same result using photocurrenpond'type dependence of the band offset in this review. If

spectroscopy®2 Hybertsen derived a VBO of 0.17 eV from future work confirms noncommutativity for a particular het-
first-principles calculation&® which was in good agreement erojunction, our recommended offset values can still be used
with earlier theoretical determinatio.14—0.21 ey129748 ~ as long as they are considered to be an average for the two

A CBO of 0.516 eV was determined from tight-binding cal- Pond-type combinations.

culations of Shen and F4A° While Seidelet al. observed Our  recommended ~composite VBO for the
nontransitivity for the GalnAs/AlinAs CBO using a combi- G@.44M0sAS/INP heterojunction is 0.345 eV, irrespective of

nation of internal photoemission, current—voltage-y) e growth sequence, which corresponds to a CBO of 0.263
measurements, and PLE spectroscojues of 0.5 and 0.64 eV. With the assumption of transitivity, we also recommend
eV were obtained for the two possible growth sequeffdgs @ VBO of 0.155 eV for the staggered ¢yHnosAs/InP
further investigations of that effect are called for. interface. This value is near the lower end of the
Based on this broad and remarkably consistent variety of-11-0-31 €V range of values reported in the
experimental and theoretical determinations, we recommenliferature!®0472748.763.759.759-78ne group reported noncom-
a composite result of 0.52 el0.19 e\} for the CBO(VBO) mutativity with a 53 meV band-offset difference for that
at the Ga,AngsAS/Aloudne,As heterojunction. Making heterojunctior{**77
use of the already determined GaAs/AlAs VBO, we can also
derive thedifferencebetween the offset bowing parameters
for the two alloys, which is found to be 0.26 eV. This is
higher than the value of 0.048 eV suggested by the average- In(Ga)As/GaAs is another important heterojunction that
bond-theory results of Zhengt al.”®® It will be seen below is used in a wide variety of electronic and optoelectronic
that by correlating with the data for other heterojunctions, wedevices. However, direct measurement of its band offset is
can further determine how this bowing is distributed betweerconsiderably complicated by the high degree of strain that
the two alloys. was not present in the more straightforward GaAs/AlAs and

The other well-studied group of heterojunctions is

C. Strained InAs /GaAs/InP and related ternaries
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Gay 47Ng 5:AS/Alg 4dNo s,AS/INP cases. One approach is to VBO of 0.13 eV. The model-solid theory of Van de Waffé
measure the offset for the lattice-matched, Ghn, sAs/InP predictedAE,=0.28 eV, and Ohleet al. obtained a slightly

(or Al dnos,As/INP) heterojunction and then make some larger result of 0.33 eV2' The common-anion rulé} as
assumption regarding the GaAs/InP band alignmédate  reformulated by Wei and Zunger for the Ga/n cation pair,
that determination of the GaJng ssAS/Alg dnosAs offset  predicts a much smaller VBO of 0.06 €Y

is not helpful, insofar as InAs is present in both alloys in ~ Weighing the large number of experimental and theoret-
almost equal amounisMeasurements of the offsets for het- ical findings together, we conclude that the VBO for the
erojunctions with varying degrees of strain should be usefulunstrained InAs/GaAs heterojunction is most likely in the
as long as a consistent set of deformation potentials is use®1—0.35 eV range. We recommend a composite value of
to eliminate the strain contributions. 0.21 eV.

The x-ray photoemission spectroscopy measurements of ~X-ray photoemission spectroscopy has yielded 0.31 eV
Hwanget al?’® and Kowalczyket al’’ predicted VBOs of for the VBO at the InAs/InP heterojunctidf? A somewhat
0.11+0.05 and 0.1Z0.07 eV, respectively, for the bulk, un- smaller offset of 0.27 eV was reported on the basis of optical
strained InAs/GaAs junction. Similar measurements by Waldata™? Similar offsets were deduced from InAsP/InP quan-
dropet al”’®"®implied a consistent offset value of 0.12 eV, tum well measurement$?®*3-**°although a considerably
although it is somewhat questionable whether strain wairger VBO was found in one study’ An unstrained VBO _
completely relieved by dislocations in all of those studids. ©f 0-39 e\élgvas determined from PL measurements by Dis-
Correlating the results of Hirakawat al’® for strained Seixetal,”*and 0.41 eV was obtained from fits to the PL
InAs/GaAs heterojunctions with our assumed deformatiorflata for very thin InAs/InP ;quant_um weflS? The model-
potentials, we obtain an average VBO of 0.365 eV. A similarSolid theory of Va”fsjf walfé predtl)cted aVBO of 0.44 eV,
study by Ohleret al®! claimed good agreement with the whereas Ohleet al.”** and Tersoft* calcula_ted sma}ller val-
model-solid theory of Van de Walfé? yielding an offset of ~ U€S of 0.26—0.27 eV. In order to be consistent with the ma-
0.28 eV. jority of investigations, an intermediate VBO value of 0.35

Early results for strained InGaAs/GaAs were summa-EV is recommended for the unstrained InAs/InP heterojunc-

rized by Yuet al”Y Although an explicit value for the band 1On- _ o _ , o

offset was not derived in most works, Menendszal. ex- Assuming transitivity, the discussion above implies that

trapolated AE,=0.49eV for the InAs/GaAs junctioff? the VBO for the unstrained GaAs/InP heterojunction should
,=0. .

More recently, Hrivnak pointed out the consistency of sevP€ 0-14 €V, which is roughly consistent \%ist)h the result of
eral experiments with an unstrained conductisalence  XT@y photoemission spectroscof®.19 eV}.””™ With these
band offset of 0.690.38 eV.”®® Numerous reports of band results in hand, we can calculate VBO bowing parameters for

offsets in InGaAs/GaAs quantum wells have beenthe GalnAs and AlinAs alloys, and finet0.38 and—0.64
published’32784-8%15ince many of those values were found eV, respectively. Note that the negative sign for the VBO

not to be a constant fraction of the band gap, extrapolating t§oWing parameter is consistent with the reduction of the en-

InAs/GaAs is of doubtful validity. Relative CBO@vith re- €19y gap below the virtual-crystal approximation in alloys.
spect to the gap differengéended to be in the 0.57—0.90 Accurate measurements of the VBO at heterojunctions
range. Variation of the offset with growth direction was also€0Mbining GaAsSb with GalnAs and AlinAs have also been

reportect® performed?®’541:820-822n Ref. 823, the CBO appears reli-

InAs/GaAs band offsets have also been determined frorP!e, but the VBO was determined incorrectly, the accurate
optical measurements on very thin InAs layers imbedded if€Sult being 0.48 eV. These data are reasonably well con-
GaAs, although strain effects must again be subtracted frof{erged for the case of GaAsSb lattice matched to InP, and
the offsets that were actually measured for heavy and lighfhPly @ large VBO bowing parameter 61.06 eV. GaPSb
holes8%3 The recent results of Brubadt al. are consistent 'attice matched to InP has also been studied and tentatively
with an unstrained VBO of approximately 0.22 &%,and a  found to exhibit a VBO of 0.5 eV, which is roughly consis-
theoretical fit of PL data indicated an even smaller value ofent_w'tgsf‘ linear variation of the VBO in this allogno
0.08 eV8% A combination ofC—V and deep level transient POWiNG->"" A VBO of 0.28 eV has been reported for the
spectroscopyDLTS) measurements yielded 0.69 eV for the INAIAs/AIASSb heter_olunctlogl1 lattice matched to Ir_(vwnh a
strained CBG® On the other hand, another DLTS study of YPe-!l staggered alignmert™ On the basis of this resul,
InAs/GaAs self-organized quantum dots found a CBO of/V€ tentatively assign a large bowing parameter-df71 ev
0.341 eVA%7 A study of InAs/AlAs superlattices produced an © the AIAsSb alloy.
unstrained VBO of 0.5 e\(implying a nearly null VBO for
InAs/GaAs9, although the error bounds were rather large for
that resulf% | -V measurements on relaxed InAs/GaAs in- D CaINP/AIINP/GaAs
terfaces yielded 0.34 eV for the VB®® The band gap for the lattice-matched alloyyG#ng 4P

Considering the wide spread in the experimental offsetss 0.49 eV higher than that of GaAs in the temperature range
for In(Ga)As/GaAs, it is useful to compare with theoretical up to 300 K. An early Shubnikov—de Haas experiment
findings. The Schottky-barrier arguments of Tersoff led to aryielded a CBO of 0.39 e¥?* Watanabe and Ohba measured
offset of 0.2 e\VA'%while the transition-metal impurity theory a smaller CBO of 0.19 eV using the conduction—voltage pro-
of Langeret al. yielded AE,=0.33 eV/4" Using midgap en- filing technique®® which is in good agreement with similar
ergy levels as a point of reference, Menerfdepredicted a  studies by Raet al,?® Leeet al,??’ and Fencet al.®?® and
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with the DLTS measurements of Biswaat al®?° Other the small strain correction, we recommend this value. Fur-
experiments found that the VBO consitutes an even largether inference is that the VBO bowing parameters for GalnP
fraction of the band gap discontinuity AE, and AlInP are nominally equdthe simplest assumption is
=0.32-0.46 eV)¥983" One study obtained a small CBO that they both vanishA linear variation of the VBO may be
for the GalnP/AlGaAs heterojunction in the low-Al-fraction taken for the AlGaP allo§®?%%°
limit, 38 while other recent reports have found values inter-  Experimental and theoretical studies of the GaAs/GaP
mediate between the two limitd>~8*!Considering the per- band alignment are also available. Some extrapolated from
sisting disagreement, we have averaged all of the availabldhe GaAsP alloy with the assumption that there is no offset
data points to obtain a composite recommended VBO of 0.3bowing. Katnani and Margaritondo used photoemission to
eV for Ga glng4d. This value is near the median of the determine an unstrained VBO of 0.63 &Y/ ,while Gourley
reported range, and is consistent with the latest studies. Foand Biefeld obtained 0.6 eV from PL/PLE measuremé&rits.
lon et al. predicted noncommutativity for the band offset at The assumption by Pistadt al®%8Cthat nearly all of the
the GalnP/GaAs interfac¥? low-temperature band gap discontinuity of 0.54 eV is in the

The important GalnP/AGalnP heterojunction for valence band, while th¥-valley conduction minima line up
which both constituent materials are lattice matched to GaAfs the two unstrained materials, was corroborated by PL
has also been investigated extensively. The earliest Pmeasurements. Another recent optical sfityobtained
study?*® assigned 57% of the total GalnP/AlInP band-gapAE,=0.6eV. On the other hand, optical experiments on
discontinuity of 0.68 eV to the VBO. Subsequent PL andGaAs/GaAsP quantum wells found a much smaller VBO of
PLE studie®®®®*“found the offset to be 35% and 25%, re- 0.38—0.39 e\?%?8%3| arge CBOs were derived by many of
spectively. The smaller values were confirmed by the widelythe same authors for GaAsP/GaP quantum vi&fi& small
cited report of Dawson and Duggan who found a VBO ofextrapolated VBO of 0.28 eV was also proposed by Shan
33%:%% as well as Kowalsket al. (35%),2* Interholzinger etal. on the basis of pressure-optical measurem&its.
et al. (31%),°°* and Zhanget al. (32%).846 Whereas all of Pseudopotential calculations in conjunction with PL mea-
those authors considered a quaternary on one side of theurements performed by Neét al®imply a VBO of 0.41
heterojunction, the GalnP/AlInP junction was also investi-eV, which is similar to the value calculated by Di Ventra
gated and found to exhiBf®®’ AE ,=0.24eV in good et al®’ Experimental and calculated band offsets for the
agreement with the other reports. Two stutfit8*®consid-  GaAsP/AlGaAs heterojunction with small P and Al fractions
ered the full composition range of the quaternary and foundhave also been report&tf#®°although extrapolation to GaP
an offset of 0.22 eV in the AlInP limit, with evidence fora may be problematic in that case. Various
VBO bowing parameter of 0.157 eV. On the other handtheoried?®:746870-873gnd values in the 0.19-0.63 eV range.
photoemission measurements at a considerably larger numweraging the reported experimental values we obtain a rec-
ber of compositions yielded E,=0.305 eV and no substan- ommended GaAs/GaP VBO of 0.47 eV, which is also in the
tial deviation from linearity’*® The VBO obtained from middle of the theoretical range and equal to recent first-
DLTS (0.36 eV}®°was 53% of the total band gap disconti- principles calculation&*® This value is also fully consistent
nuity. On the other hand, the combined PL, PLE, and phowith an independent report of 0.6 eV for the VBO at the
toreflectance(PR) investigations of Ishitaniet al®®! gave  GaP/InP heterojunctiof{* In view of the GaAs/InAs, InAs/
only 25% (0.17 e\}. It is unclear why these latter studies InP, and GaAs/GalnP offsets derived above, it is apparent
appear to disagree with the converging PL data on which wehat the VBO bowing for GalnRand by implication Alinp
base our recommended value AE,=0.24 eV (35% of can be assumed to vanish.
AE,). Two available studies of the GaAs/AllInP heterojunc-
tion put the VBO at 0.62—0.63 e¥>#°Transitivity implies
a GalnP/AllnP VBO of 0.31-0.32 eV, although the disagreeF. GaSbh/InAs/AISb
ment with the smaller recommended result is nearly within Since the InAs/GaAs band offset was already established
the stated.error bounds. We recommend that the unconﬂrm%ove’ we can use the alignment for the nearly lattice-
VBO bowing for the AlGalnP quaternary be disregarded. aiched InAs/GaSh and InAs/AISb heterojunctions to forge
a link between the antimonides and the GaAs-based and InP-
based systems.

We first focus on the GaSh/AISb heterojunction, which

Both experimental and theoretical VBOs have been rehas a type-I band alignment. Early results suggesting a small
ported for the nearly lattice-matched GaP/AIP heterojuncVBO were reviewed by Yuetal’*” However, Tejedor
tion. C—V profiling 82 x-ray photoemission spectroscopy, et al®”® deducedAE,>0.27 eV from a comparison of reso-
and PI8* indicatedAE,=0.41, 0.43, and 0.55 eV, respec- nant Raman scattering experiments with tight-binding
tively. A wide variety of theoretical theory. Using x-ray photoemission spectroscopy, Gualtieri
calculationg?®:746.748-750.770855.85¢,-aquced results falling et al®”® reportedAE,=0.40 eV with relatively large38%)
mostly in the 0.34—0.69 eV range. These values can be conerror bounds. While that finding was later disputed by
pared directly with the GalnP/AlInP VBO, since the InP Ley2”” who suggested a revision to 0.27 eV, the former au-
fraction in the latter does not change across the interfacehors responded by insisting on the accuracy of their
Linear extrapolation yields an offset of 0.47 eV for the GaP/result®’® Menendezet al. obtained AE,=0.45€V using a
AIP interface. In view of the experimental uncertainty andlight-scattering metho’® Cebullaet al. found 0.35 eV from

E. GaP and AIP
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absorption and excitation spectroscdpy,Yu et al. mea- 700 - - -
sured 0.39 eV using x-ray photoelectron spectrosé8pgnd Gy Rt

Shen et al. obtained 0.23 eV from PR measurements on UGSB ¥ v v? .
GaSb/AlSb quantum welf€2 Chenet al. deduced a VBO of o0 v Y camoff
0.48 eV from a comparison of band structure calculations S i + t'x + '0'0' '_'

with tunneling measurements on InAs/AISb/GaSb single- 2 & T x©

barrier interband diod€$® Leroux and Massié&* derived o A @’go *
an unstrained offset of 0230.075eV from fits to the PL 2 soof NV s o G:HRL .
spectra for GaSb/AlGaSb quantum wells. ¥tial. noted + 7, ., X
previously!” that most of the later experimental studies con- * %+ Fraunhofer
verge on an average value of 0.38 eV, which is our recom- .
mendation as well. More recent theoretical studies have also 4000700 200 300 400 500
produced results in the 0.30-0.49 eV E (meV)
rangel29.745.746.749,750.770.870.885.8% 0 oy prediicts a linear v

variation of the offset in the AlGaSb terneﬁ%]. FIG. 13. InAs/GaSb valence-band offsets derived from fits to energy gaps

The InAs/GaShb junction has a type-Ii broken-gap Iineup measured for various type-Il quantum well and superlattice structures. An
. . . . '8-bandk-p finite-element algorithm was used to calculate the offset corre-
with the bottom of the conductlon' band in InA_S being lower sponding to each energy gap when all other band structure parameters as-
than the top of the valence band in GaSh. This unusual bangimed their recommended values. The data are taken from Ref¢s@liitt
alignment has stimulated numerous investigations of type-Isquares 905(solid circleg, 906(solid upright trianglel 911, 912, 931, 933

superlattices and quantum wells. For example, the junctiofflid inverted trianglés 907, 908, 910, 913, 914, 916, 918, 920, 922, 923,
p q P ] 926 (crossey 915, 921 (multiplication signg, 909 (diamond, 917 (open

exhibits Sem|m_eta”|c properties a§ Iong as quantum Conf'nqmerted triangle 924, 925, 927, 9290pen circley 930 (open upright
ment and field-induced energy shifts are not too strong.  triangles, 932 (open squarésand 919(staj.

There have been many theoretical calculations of the va-
lence band offset at the InAs/GaShb
interfacel?9 717 744-746,748-750,769,770.810.833 18 most reliable  spectroscop§® Whereas Srivastavaet al®®? measured
tending to yield results in the 0.43-0.59 eV range. SeverahE, =0.67 eV fromC—V profiling of a GaSb/InAgShy o5
models predicted that the VBO should be larger for the InSbheterojunction, Mebarkiet al?*? obtained 0.36 eV for a
like interface bond type than for GaAs-like interfaces. Fou-GaSb/InAg sSh, ;;, interface using essentially the same
lon et al,’®® Dandreaet al.?*® and Montanariet al®® re-  technique. X-ray photoelectron spectroscopy yielded 0.62
ported an average difference of 35 meAh initio molecular eV .°°% For an InAs/GaSb long-period superlattice at 4 K, the
dynamics calculations of Hemstreet al. yielded a differ-  Oxford group measured band overlap energies of 100—140
ence as large as 150 meV due to varying interface chargeeV, depending on the interface bond t;?ﬁé.‘l’hat those
distributions?* later refinements in the calculation reducedvalues increased by 30 meV at room temperature implies an
this difference to 40 me¥°*? average VBO of 0.52 eV, with little temperature variation

Experimentally, energy gaps were measured to be 25-90<8 meV). Another study by the same group produced an
meV lower in InAs/GaSb superlattices with InSb-like inter- average offset of 0.54 ¥ Wang et al. found a 90 meV
face bonds than in structures with nominally identical layervariation of the VBO based on growth sequerit®@As on
thicknesses and GaAs-like borft¥3-8%°Based on a magne- GaSb versus GaSb on Inp¥°
totransport study the Naval Research LaborafbiigL) con- Next, we discuss a previously unpublished application of
cluded that the valence band offset is 14 meV larger foithe second approach. Experimental optical transition ener-
InSb-like bond$° The Oxford University group obtained 40 gies for a variety of semiconducting type-Il superlattices and
meV2®” and 30 meV*® differences in two studies, whereas quantum well&3°94-934have been fit to theory, in this case
Wanget al. did not observe any variation of the VBO with an eight-band finite-element methdédP algorithm®’ The
bond type®® It is possible that the offset may depend onimportant strain effects are included and the recommended
details of the interface structure produced by particulatband structure parameters in Tables Ill, VII, and XVIII are
growth conditions. Since most of the experimental and theemployed, with the only fitting parameter being the InAs/
oretical studies have found a small but real dependence oB&In)Sb interface VBO that is taken to be consistent with
bond type, we recommend that the “average” InAs/GaShthe recommended GaSh/InSh VBO discussed below. Most of
VBO specified below should be applied only to cases wher¢he data are from PL and mid-IR laser experiments at tem-
no particular bond type was forced in the growth. For InSb-peratures in the 4.2—300 K range, and energies on the order
like bonds 15 meV should be added to that result, while forof kKT have been subtracted from the PL emission peaks.
GaAs-like bonds 15 meV should be subtracted. Results for the fitted VBO, plotted as a function of en-

Experimental band offset determinations for this mate-ergy gap for the given structure, are presented in Fig. 13. The
rial system fall into two main classeét) direct determina- various types of points correspond to data for structures
tions, and(2) fits to the measured optical transitions in semi-grown by different groups, which are identified in the cap-
conducting superlattices and quantum wélls., in which  tion. The range of fitted VBO values is surprisingly large,
there is enough quantum confinement to induce an energspanning more than 200 meV. Especially noticeable are the
gap. Among the former class of results, Gualtietial. ob-  substantial systematic differences between the offsets de-
tained a VBO of 0.5%0.1eV using x-ray photoemission rived using data from different grouger sometimes within
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the same group for different types of structures or for strucan average VBO of 0.18—0.19 eV and derived a difference of
tures grown during different time intervalsPossible impli- 60 meV between the two bond typ¥S.However, a first-
cations include(1) the growth conditions actually influence principles calculation by Dandrea and Dakefound no de-

the offset,(2) the growth-dependent nonideality of the struc- pendence of the VBO on bond type, and suggested that Wal-
ture, e.g., related to interface roughness or anion cross cowkop et al®° misinterpreted their data by discarding the
tamination, has a larger-than-expected effect on the energgmaller offset obtained for an AlAs-like bond in one experi-
gap, or(3) the layer-thickness calibrations have large uncerment. Other calculation®’17:745:746.749.750,770,810,871,873,889
tainties. For example, while the energy gaps correspondinave foundAE, spanning the wide range between 0 and 0.54
to growths at the Fraunhofer Institdt2®®! and HRL eV, with the most reliable values clustered around 0.05-0.27
Laboratorie®7:908.910.913,914,916,918.92092%ie|d  an average eV. The combined experimental and theoretical evidence ap-
VBO of 0.53 eV and structures grown at the University of pear to offer no compelling reason to reject the transitivity
Houstor{?492%927:92%jie|d 0.54 eV(all with fluctuations of at  rule when applied to the antimonide heterojunctions. We also
least 100 meY, the band gaps corresponding to NRL recommend neglecting any dependence of the InAs/AISh
growths912933imply a much larger average VBO of 0.62 VBO on interface bond type.

eV. In some cases the differences are as large as 100 meV

for structures that are nominally quite similar. Such differ-

ences are well outside the usual bounds of experimental urf2- GaSb/InSb and InAs /InSb

certainties in the spectral data and layer thicknesses. A rela- The corrected common-anion rule predicts a negligible
tively strong dependence of the energy gap on growtthand offset for the unstrained GaSbh/InSb heterojunctibn.
temperature for nominally identical structures has also bee@ther theories have produced values in the ran@e08 to
reported”®® Although the primary mechanism has not beeng.16 \}2°810872873:889942.943 hare we take the sign to be
isolated, subsequent TEM measurements showed that thfe%bsitive if the valence band maximum is higher in InSin

ing dislocations are present in the samples grown above thgxperimental practice, this offset must be derived from mea-
optimal growth temperature, and cross-sectional STM indisurements on heterojunctions such as GaSp/@a,Sb and
cated greater interface roughnéss. InAs; _,Sh, /InAs; _,Sh, due to the large lattice mismatch

Averaging all of the band offsets displayed in Fig. 13, between the two binaries. For an InA§Sh, /InAs; _,Shy
along with the direct determinations summarized above, wgunction in the Sbh-rich limi{largex andy = 1), initial optical
obtain a composite InAs/GaSb VBO of 0.56 eV. This valuemeasurements supported an unstrained VBO of
is somewhat larger than the earlier suggestion of 0.51'€V, (0.36-0.41)(%x) eV.***93|n the As-rich limit (small x
and is at the high end of the 0.51-0.56 eV range that i;indy=0), on the other hand, Lét al. concluded from fits to
usually employed in modeling antimonide materials. Sincemagneto-optical spectra that the top of the InAsSb valence
the fluctuations in reported values are so large for this systerband appeared lower than that in InAs Q.84 eV).%46:947
at its current level of understanding, it is advisable to accounThat result implied a substantial CBO and negative VBO for
for the source and type of the structure in deciding whichsmall x.>*¢9° Wei and Zunger pointed out that a negative
offset to use. Again, the recommended 0.56 eV represents arBO for InAs/InSb directly contradicts other theoretical and
“average” value that should be corrected for the interfaceexperimental evidenc¥® Other experimen?s®=%? are in
bond type. much better agreement with the usual theoretical finding of

The transitivity rule, applied in conjunction with the rec- an essentially null CBO, which yields a type-l or type-II
ommended InAs/GaSb and GaSh/AlSb band offsets, impliestaggered alignment depending on details of the strain and
an “average” VBO of 0.18 eV for the staggered InAs/AISb ordering conditions. All of the above works found that the
heterojunction. Bearing in mind that the transitivity assump-unstrained VBO in InAgs_,Sh, depends almost linearly on
tion may be of questionable validity when applied to systemsompositionx. While an unstrained VBO of 1.1 eV was
with more than one anioff® we can examine whether that derived for ultrathin InSb embedded in 1A%, one cannot
value is consistent with the direct experimental and theoretplace high confidence in that result owing to the difficulty of
ical evidence for this interface. Nakagaetal *3” employed  precisely accounting for the very large strain effects.

C-V profiling to obtain a CBO of 1.35 eV between the A few group$>*~*°®have used PL, electroluminescence,
I'-valley minimum in InAs and theX-valley minimum in  and photoconductivity to measure VBOs for GalnSb/GaSh
AISb. Using our recommended band gap parameters, thiguantum wells. Those studies assumed a linear variation of
corresponds to a VBO of 0.09 eV. More recently, that workthe Gg_,In,Sb VBO with alloy composition, although in
was extended to AlAsSb barriet¥ The findings are in rea- one study®’ the PL peak energies could not be fit using a
sonable agreement with the previously assumed large VB@easonable dependence. Finally, a recent study of exciton
(~2 eV) in AIAsSb. A PL study by Yanget al. found that  transitions in InSb/AlInSb strained quantum wells produced
the band alignment between InAsSh /AISb quantum heavy-hole offsets that were 38% of the total band gap dis-
wells becomes type | whex>0.15%%° In that study, InAsSb  continuity for Al fractions below 1298°® Unfortunately, ex-
was realized as a digital superlattice. If all the offsets ardrapolation to the InSb/AISb VBO from the results of this
referenced to the InSb valence band maximum, this impliesvork may not be justified.

that the AISb VBO is no more than 85% of the InAs VBO. Accounting for the effects of strain and averaging the
Using x-ray photoemission spectroscopy to study interfacesarious results, we recommend a GaSb/InSb VBO of
with InSb-like and AlAs-like bonds, Waldroet al. obtained  0.03 eV.
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H. Quaternaries bowing in the VBO™® Results of the direct experimental
Study of GalnAsSb/Gasb by Mebarkt al®’? are in good

Band offsets involving lattice-matched quaternaries hav agreement with a linear interpolation of our recommended
| n [ h experimentally and theoreti¢afly.
also been studied both experimentally and theoretically offsets for INAsSbh and GaSk -V measurements of Polya-

jii?:t%ia VAl foradiscussion of the AlGalnP/GaAs heterokov et al. are also consistent with that procedﬁ?%?l’he lin-

Cho et al. considered the GalnP/GalnAsP interface lat-oo _mterpolatlon approagc7£1 differed .‘"‘pprec'a?(!g’ only V\."th the
. . - findings of Baranowt al”’* and Afrailovet al,”™ for which
tice matched to GaAs, and suggested a linear variation of th . . R I

e discrepancies are opposite in sign. Considering all of the

. e O . . _
iBF?bWItrc]i quaternary cotm%osmo‘ﬁl Sllnge theddlr?cthaIn reported experimental results, we see no compelling reason
ST band gap appears to be nearly independent ot COMPO{ 544y ce bowing. The VBOs have also been reported for

tion, this implies a linear variation of the VBO as well. How- the GalnAsSb/AlGaAsSbh heterojunctions lattice matched to
ever, note that the value employed for the absolute gap Wag ;5075 The results for both In-rich and In-poor junctions

somewhat different from our recommendation. The same ayp jicated reasonably good agreement with a linear interpola-
thors also investigated the band offset transitivity in AlGaAs/;; . Band offset measurements have also been reported for
GalnP/GalnAsP heterostructures lattice matched to G&As. the .strained GalnAsSb/AIGaAsSh syst&#®7” Except for

The results are in good agreement with our suggested offsetﬁ‘e case of GalnAsSh, a tight-binding calculaffSsupports

provided a linear variation is assumed for each constituent, ,+ conclusion that the bowing in these quaternaries is neg-
The small direct-gap bowing parameter and the results diqigible.

cussed above also imply that any bowing in the VBO for the
AlGalnP alloy should be small.

Sugawara has theoretically predicted a slight bowing in. GaN, InN, and AIN
the position of the valence-band maximum for GalnAsP on

InP->*% Experimentally, a VBO of 0.08 eV was measured formended below for the nitride system should be understood to
G2y 1dMo s#A%0.29% 71/INP, as compared t0 0.10 eV from lin- - large uncertainties. This is primarily because the re-

i latior?®® Although i : .
'?hai‘; Qitsecrrpe(;;ﬂgy is p:og;gly (\j\;i:ﬁ:nb%l:anceiipvgﬁﬁez(t)zzl CLIItneCdér_ported results have rarely included the full effects of residual

tainty. Forreset al4 found evidence that the CBO bowing strain, spontaneous polarization, and .plezoelectnc fields in a
. S S , completely satisfying manner. In particular, the presence of
is at most small, which, in combination with the small band . L2 .

e . . . macroscopic polarization can render the notion of reference
gap bowing, implies a negligible VBO bowing. Soucatlal.

. o bulk energy levels somewhat ambiguous. The most signifi-
found a small bOW'.ng parameter 0f 0.09 eV, which is barelycant future advancements in the understanding of nitride off-
larger than the estimated experimental uncertaifity.

The band offsets for AlGalnA InP h so b sets will probably be connected with that issue.
€ band ofIsets for ainAs on InF Nave aiso VEeN  gince the nitride materials typically crystallize in the

H H H 686,966—968
studied both experimentally and theoreticafy: wurtzite form, an obvious question is how the valence band

There is no clear agreement as to whether most of the bangh .o of that phase lines up with the zinc blende phase of the
gap bowing, which is rather small in any event, should bes, e compounds. The issue was addressed by Murayama
assigned to the CBO or the VBO. We recommend a lineag,y Nakayama using a first-principles pseudopotential
interpolation  between the dependence for GalnAs andgyicyjation?’8 which projected VBOS for the two phases that
AlInAs, both of which exhibit appreciable VBO bowing. differed by only 34 meV in GaN and 56 meV in Alkho
~ Recently, a series of three articles reported determingrggyts were quoted for INNThose VBOs are much smaller
tions of the offsets for GalnAsSb and AlInAsSb, lattice han the error bounds for current experimental determina-
matched to InP, from fits to low-temperature PL tjons of the nitride offsets. Wei and Zung® calculated a
measurement&®***0All of the results agree with linear similar difference of 30 meV between the wurtzite and zinc
interpolations of our recommended valugsth appropriate  plende forms of the GaN/AIN interface, and also a difference
VBO bowing parametejsto within the cited experimental on the order of 0.2 eV for GaN/InN and AIN/InN heterojunc-
uncertainty. tions. While the effects of macroscopic polarization were not
Calculations of the band offsets for AlGaAsSb quaternainciuded, these results provisionally allow us to align the
ries lattice matched to various substrates have beefurtzite and zinc blende materials on an absolute energy
reportec?™ In particular, Polyakoet al. obtained a VBO of  scale. Furthermore, study of the GaAs/Gé&hinc blendé
0.15 eV for AIGaAsSh on GaSB! Rather than using this heterojunction has provided a tentative connection with the
value to derive the bowing parameter for AIGaAsSb, we in-other IlII-V materials. X-ray photoemission spectroscopy
terpret it as reflecting the uncertainty in the bowing paramyielded a VBO of 1.84:0.1 eV’ which is the only avail-
eter for AIAsSSb. The study on the quaternary implies a bow-able direct measurement and our recommended value. The
ing parameter of 2.4 eV, which is slightly larger than theimplication of a staggered alignment withE.=0.03 eV
assumed value of 1.7 eV. We recommend the VBOs for Alstrongly disagrees with the finding &E,=0.5eV and a
GaAsSb obtained by linear interpolation between the ternarjarge positive CBO by Martiret al % and Huanget al %!
relations. from electrical measurements. The discrepancy may be re-
Mikhailova and Titkov have reviewed band offset resultslated to strain and other uncertainties in the electrical studies.
for the GalnAsSb quaternary on InAs and Ga@lp to  The investigations of the VBO in the GaAsN/GaN hetero-
1994 5% A theoretical work by Nakaet al. predicted some  junctions yielded a range of different results, and the N frac-

We emphasize at the outset that the band offsets recom-
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tion was too low to extrapolate the GaAs/GaN VBO with est number of experimental and theoretical results. However,
any confidencé®?-%%*The observed VBO was found to be we caution again that the effects of spontaneous polarization
quite small, with the question of type-I versus type-Il align- and piezoelectric fields must be very carefully accounted for
ment remaining somewhat controversial. when applying this recommendation to the modeling of real
Theoretically, the GaAs/GaN VBO was first estimated GaN/AIN interfaces.
by Harrison and Tersoff® Their result of 2.21 eV is quite In comparison with GaN/AIN, the GaN/InN and AIN/
similar to the value of 2.18-2.28 eV recently suggested bynN junctions have strongly mismatched lattice constants.
Bellaiche et al®%7% A first-principles linear-muffin-tin-  Theoretical values for the unstrained GaN/InN VBO are 0.3
orbital calculation by Agrawakt al. yielded 1.86 eV for the eV*®* and 0.26 e¥ for the zinc blende phase and 0.48 eV
free-standing (i.e., strain-freg GaAs/GaN superlattic®®  for the wurtzite phas&® The valence band in the technologi-
Those authors also predicted a strong dependence on the igally important GalnN alloy may be obtained from a linear
terface properties. In view of the present uncertainties, théterpolation. VBOs of 0.70 and 1.37 eV were calculated,
agreement between experiment and theory should be consitespectively, for the wurtzite GaN/InN and AIN/InN junc-
ered quite goodapart from the electrical studies tions strained to AIN°" Strain-induced piezoelectric fields,
The valence-band discontinuity at thinc blend¢  which can depend on the growth sequence, significantly
GaN/AIN interface was first probed experimentally by Sitarcomplicate any experimental determination of the GaN/InN
et al,**® who obtained 1.4 eV from fits to optical measure-and AIN/InN band offsets. Only one experimental study of
ments on GaN/AIN superlattices. Subsequently, Betual.  these two interfaces has been reported to #8t€he VBO
found a VBO of 0.5 eV by measuring the difference betweerresults of 1.05 and 1.81 eV were roughly corrected for pi-
the acceptor levels of iron in each mateffdl X-ray photo-  €zoelectric fields due to residual strains, and it was con-
emission spectroscopy yielded a VBO of 0.8 eV at the wurtzcluded that transitivity for the GaN/AIN/InN system is
ite GaN/AIN junction?®® which was revised to 0.70 eV in a obeyed to within experimental precision. Provisionally, we
later article by the same authdfS. Using the same ap- adopt a VBO of 1.05 eV for wurtzite GaN/InN. The large
proach, Waldrop and Grant found a considerably differenglisagreement with the intuitive expectation of a small offset
value of 1.36 e\P_gO Those authors also reported a near|yf0r this common-anion heterOjUnCtion remains to be re-
linear VBO variation in the AlGaN a”oy' with a positive solved. USing tranSitiVity, we derive 1.85 eV for the VBO of
bowing parameter of 0.59 %! Using x-ray and ultraviolet the wurtzite AIN/InN junction. For the zinc blende GaN/InN
photoelectron spectroscopy, Kireg al. found that the GaN/ and AIN/InN interfaces, we recommend using the results of
AIN VBO ranged from 0.5 to 0.8 eV, depending on the Wei and Zunge¥® (slightly modified to ensure transitivity
growth temperatur®® They surmised that the differences 0-26 €V and 1.06 eV, respectively.
arose from strain, defects, and film stoichiometry effects. A
VBO in the 0.15-0.4 eV range was reported by Rizzi
et al,%3 who pointed out that the Gal3core level, which
has been used as a reference in GaN, is in fact hybridized We have reviewed the available information about band
with other valence bands. structure parameters for 12 technologically important 11—V
On the theoretical front, calculations were performed bysemiconductors and their ternary and quaternary alloys at the
Albanesiet al®**and Cheret al?®for the zinc blende AIN/  close of the 20th century. Whereas numerous reports of such
GaN interface, and by Satet al,”® Ke et al.®®” and Wei  parameters may be found in the literature, aupleteand
and Zunget*® for the corresponding wurtzite junction. All of fully consistentset has been published previously. Earlier
these works obtained VBOs in a rather narrow range fronreviews were either restricted to particular material systems,
0.7 to 0.85 eV. The last two articles found almost no differ-did not address all parameters of interest, or were biased to
ence between offsets for the cubic and hexagonal versions tifie results of a specific group of investigators. On the other
the junction. A slightly lower value of 0.6 eV was calculated hand, our goal has been to provide a comprehensive and
by Monch®® The importance of strain was studied by even-handed reference source, as free of internal contradic-
Binggeli et al. and Nardelliet al. The former foundAE, tions and significant omissions as is practically possible in a
=0.94 eV for the relaxed zinc blende interfaé@while the ~ work of this scope. We have also illustrated how the pro-
latter obtained 0.44-0.73 eV for the strained zinc blendgosed parameters fit into the band structure computations.
interface (depending on the substrate lattice constamtd The semiconductor band parameter knowledge base con-
0.57 eV for the strained wurtzite interfat®’Recently, Ber-  tinues to expand as new reports are published daily. While
nardini and Fiorentirf%! studied macroscopic bulk polariza- the most fundamental parameters such as the energy gaps
tion effects on the interface-charge contribution to the offseand effective masses are by now fairly well established for
at the wurtzite heterojunction. They found VBO values ofmost of the Ill-V materials, we anticipate many new ad-
0.20 and 0.85 eV corresponding to the underlying GaN andiances, particularly concerning band offsets and other pa-
AIN lattice constants. However, most of the reported differ-rameters for the less mature systems such as the nitrides and
ence was from band-edge shifts in the bulk band structuregntimonides. Furthermore, novel ternary, quaternary, and
with only 0.18 eV due to the interface-charge contribution.even quinternary alloys continue to be introduced and im-
We recommend using an unstrained band offset of 0.8 eV foproved with an eye toward achieving greater flexibility in the
both wurtzite and zinc blende interfaces. This represents théesign of quantum heterostructure devices. In view of the
median of the reported values, and is also closest to the largapid ongoing progress on a broad front, this review should

VIl. SUMMARY
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be regarded as a snapshot of the status at a given moment #R. Pasler, Phys. Status Solidi B16, 975 (1999.
time rather than the final word on Il1-V semiconductor band *K. H. Yoo, L. R. Ram-Mohan, and D. F. Nelson, Phys. ReB%12808

parameters. The goal has been to provide a one-stop sung(

mary of the present understanding, which will be revised,

refined, and augmented by future experimental and theoretiz®p.

cal investigations.
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