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Energy-Band Structure of Ali!~fnu~ Arsenide
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A first-principles self-consistent orthogonalized-plane-wave energy-band calculation has been performed
for cubic A1As using a nonrelativistic formalism and Slater s free-electron-exchange approximation. These
are the first fully convergent, fully self-consistent energy-band solutions reported for AlAs. The imaginary
part of the dielectric constant, spin-orbit splittings, effective masses, and the x-ray form factors (Fourier
transforms of the electron charge density) have been calculated. The theoretical results are compared with
the available experimental data.

I. INTRODUCTION

1
~~NE of the few cubic III-U compounds about which

there is very little published information is A1As.
This is in large part due to diS.culties in its preparation.
Single crystals of a given purity of the indirect-gap
III-V compounds such as A1As, AlP, and AlSb are
generally more dificult than the direct-gap compounds
to grow. This is due to the fact that these indirect band
gap compounds have much higher melting point
temperatures ( 1740' for AlAs') and hence, have
considerably more chemical reaction with the surround-
ings. These compounds are unstable as crystals when
left exposed to moist atmosphere. ' Despite the dif-
ficulties in fabrication, there is a great deal of interest
in the indirect-gap III-V compounds from a device
standpoint. Their large band gaps, and consequently,
their ability to operate at higher ambient temperatures,
is one reason for this interest. '

The purpose of this paper is to report for AlAs a
theoretical calculation of the band structure, the
imaginary part of the dielectric constant (e2) derived
from the theoretical bands, spin-orbit splittings, efI'ec-

tive masses, and the form factors (the Fourier trans-
forms of the electron charge density).

In the past couple of years a great deal of success has
been attained in calculating the energy-band structures
of group III-V, II-VI, and IV compounds using
a first-principles self-consistent orthogonalized-plane-
wave (SCOPW) model developed here at ARI. . The
SCOP% programs used to calculate the electronic
band structure have given surprisingly good one-
electron band energies for compounds such as CdS,4

ZnS and ZnSe, ' GaAs, ' and Si.~ For ZnS, GaAs, and Si,
where relativity is not important, the unadjusted band

' W. Kischio, Z. Anorg. Allgem. Chem. 328, 187 (1964}.
~ Preparation of III-V Compounds, edited by R. K. Willardson

and H. L. Goerling (Reinhold Publishing Corp. , New York, 1962).
R. J. Stirn (private communication); in Semiconductors and

Semimetals, edited by R. K. Willardson and A. C. Seer (Academic
Press, Inc. , New York, to be published).

4 R. N. Euwema, T. C. Collins, D. G. Shankland, and J. S.
DeWitt, Phys. Rev. 162, 710 (1967).' D. J. Stukel, R. N. Euwema, T. C. Collins, F. Herman, and
R. K. Kortum, Phys. Rev. 179, 740 (1969).'T. C. Collins, D. J. Stukel, and R. N. Euwema, Phys. Rev.
(to be published).' D. J.Stukel and R. N. Euwerna, Phys. Rev. (to be published).
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energies fit all known experimental facts when Slater's
exchange approximation' is made for the Hartree-Fock
exchange term. Kohn and Sham's exchange approxima-
tion' always gives bands which are too compressed,
while Liberman's exchange approximation" results in
bands which are too widely spread out. Although
Slater's eigenvalues do give bands which seem to fit
experiment for our self-consistent OPW model (this is
the relevant fact for this paper), no solid theoretical
discussion as yet exists explaining why this is so. Nor
has this fact been confirmed for other energy-band
models. These exchange approximations are discussed
at length in another paper. "

G. SELF-CONSISTENT OPW CALCULATIONS

The orthogonalized-plane-wave method of Herring"
is used to calculate the electron energies. In the SCOP%
model, 4' the electronic states are divided into tightly
bound core states and loosely bound valence states.
The core states must have negligible overlap from atom
to atom. They are calculated from a spherically sym-
metrized crystalline potential.

The valence states must be well described by a
modified Fourier series,

1.
(r) —Q g ~a'ku. r P e~ke Ro P g g (r g )

Qo

where k„=ko+E„, ko locates the electron within the
first Brillouin zone, E„ is a reciprocal-lattice vector,
R is an atom location, P, is a core wave function, and
Qo is the volume of the crystalline unit cell. The coefB-
cients A.„' are determined by requiring that P(r)
be orthogonal to all core state wave functions. The
variation of 8„ to minimize the energy then results in
the valence one-electron energies and wave functions.

The dual requirements of no appreciable core overlap
and the convergence of the valence wave function

s J. C. Slater, Phys. Rev. 81, 385 (1951).
'W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1966)

/firs proposed by R. Gaspar, Acta Phys. Acad. Sci. Hung. 3,
263 (1954)j.' D. A. Liberman, Phys. Rev. 171, 1 (1966).

» D. J. Stukel, R. N. Euwema, T. C. Collins, and V. Smith,
Phys. Rev. (to be published).

'~ C. Herring, Phys. Rev. 57, 1169 (1940).
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expansion with a reasonable number of OP%'s deter-
mines the division of the electron states into core and
valence states. For Al, the 3s and 3p states (for As the
4s and 4p states) are taken as the valence states. Very
good convergence is obtained when 229 OP%'s are
used in the series expansion.

The calculation is self-consistent in the sense that the
core and valence wave functions are calculated al-
ternately until neither changes appreciably. The
Coulomb potential due to the valence electrons and
the valence charge density are both spherically sym-
metrized about each inequivalent atom site. With these
valence quantities frozen, new core wave functions are
calculated and iterated until the core wave functions
are mutually self-consistent. The total electronic charge
density is calculated at 650 crystalline mesh points
covering 1/24 of the unit cell, and the Fourier transform
of p(r)'~' is calculated. The new crystal potential is
calculated from the old valence charge distribution and
the new core charge distribution. Then new core-valence
orthogonality coefficients A,„,are calculated. The itera-
tion cycle is then completed by the calculation of new
valence energies and wave functions. The iteration
process is continuted until the valence one-electron
energies change less than 0.02 eU from iteration to
iteration.

The appropriate charge density to use for both the
self-consistent potential calculation and the form factor
calculation is the average charge density of all the
electrons in the Brillouin zone. In the present self-
consistent calculations, this average is approximated by
a weighted average over electrons at the I', X, I, and
8' high-symmetry points of the Brillouin zone shown
in Fig. i. The weights are taken to be proportional to
the volumes within the first Brillouin zone closest to
each high symmetry point. The adequacy of this
approximation has been tested and the error in the
energy eigenvalues has been shown to be less than
0.2 eV.'

In order to calculate the absorptive part of the
dielectric constant ~2, a pseudopotential fit is made to

~/L

~l

r+Y

I'rG. 1.The zinc-blende Brillouin zone vent, h
high-symmetry points labeled,

the relevant energy levels at the I', X, I., and 8' points.
The pseudopotential technique is then used to calculate
energy diGerences and transition matrix elements
throughout the Brillouin zone. "In our experience, this
procedure gives the e2 peaks at the correct energies.
However, the relative peak heights do not match
experiment because of their dependence upon the poor
pseudopotential wave functions, and because of com-
plicated electron-hole and electron-phonon interactions
which are ignored in our model.

One way of taking relativistic effects into account
within the framework of nonrelativistic band calcula-
tions is with first-order perturbation theory. The
perturbing Hamiltonian obtained for the spin-orbit
splitting is

H„=—-', iq'& LV'V(&) XV'j,

where V(r) is the potential, & is the Pauli spin operator,
and q is the fine-structure constant. The F~S„SCOP%
valence wave functions are used in this calculation.

III. RESULTS

The SCOPW model contains no adjustable param-
eters. However, one must supply the lattice constant.
In these calculations the lattice constant used was
5.66 A.' ""This lattice constant appears to be well
established even though others s.re often quoted (for
example 5.61 A ' 5.62 A ' and 5.63 A' ) in the litera-
ture. Self-consistent calculations were also made with
a lattice constant of 5.63 A to check the effects of
pressure.

The energy bands based on Slater's exchange and a
lattice constant of 5.66 4 are shown in Fig. 2. The
energy eigenvalues resulting from the self-consistent
calculation using Slater's (with lattice constant=5. 63
and 5.66 A) and Kohn and Sham's (with lattice
constant=5. 66 A) exchange are given in Table I. The
K.ohn and Sham results are shown only because they
give one an idea of the efI'ect of varying the exchange
constant. The results obtained using Slater's exchange
and a lattice constant of 5.66 A are the significant
results for comparisons with experiment. The results
obtained using a lattice constant of 5.63 A show the
eBects of pressure on the band structure. It has been
shown for group II-VI, III-V, and IU compounds that
the results obtained using Slater's exchange match
experiment much more closely than those obtained
using Kohn and Sham's exchange. The opposite

"R. N. Euwema, D. J. Stukel, T. C. Collins, J. S. DeWitt,
and D. G. Shankland, Phys. Rev. 178, 1419 (1969).' J. F. Black and S. M. Ku, J. Electrochem Soc. 113, 249
(1966).

'6 J. Whitaker, Solid-State Electron. 8, 649 (1965)."O. Madelung, I'hysics of III-V Compounds (John Wiley 8t
Sons, Inc. , New York, 1964)."R W. G. WycoG, Crystal Structures {Interscience Publishers,
Inc., New York, 1951), Uol. 2."E. Parthe, Crystal Chemistry of Tetrahedral Structures
(Gordon and Breach Science Publishers, Inc., New York, 1964).
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conclusion could hold if a non-self-consistent atomic
potential had been used. ' 7 ""

The valence-band structure is very similar to that of
the other III-V compounds. It is very similar to that
of AIP."Unfortunately, no experimental evidence (other
than the value of the direct and indirect gaps) of the
band structure is currently available. The accuracy of
the reported direct and indirect gap is questionable
since in all cases the material measured has been impure
and is composed of small crystallites. '

The calculated indirect band gap (Xi.—&is )
2.38 eV. The room-temperature band gap obtained from
absorption data is 216 eV." From emission data

AIAs
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Slater's
exchange

IC=5.63 A

4.62
2.71
0.0

—11.53
2.88
2.37—2.04—5.24—9.60
4.92
4.41
8.79
5.28
2.67—0.81—5.27

—10.15
6.09
3.48
5.93
5.10—2.55—2.89—4.96—9.57
7.65

Slater's
exchange

LC=5.66 A

4.57
2.50
0.0—11.48
2.86
2.38—2.01—5.20—9.61
4.87
4.39
8.74
5.25
2.57—0.80—5.22—10.14
6.05
3.37
5.83
5.09—2.51—2.83—4.93—9.58
7.60

Kohn-Sham's
exchange

LC=5.66 A

3.96
2.50
0.0—11.58
2.00
1.22—2.31—5.59—9.35
4.31
3.:I3
7.44
4.42
2.15—0.90—5.75—9.99
7.44
4.42
5.60
4.19—3.02—3.37—3.23—9.31
7.21

TABLE I. Self-consistent energy eigenvalues for cubic A1As
based on Slater's (with lattice constant of 5.63 and 5.66 A) and
Kohn-Sham's (with lattice constant of 5.66 A} exchange, and on a
four-point (r, X, L, W) zone sampling. 229 OPW's were used at
r and a comparable number of Ops at X, L, and W. The zero
of energy has been placed at the top of the valence band (rl; ).
All entries are in eV.

FIG. 2. SCOPW energy-band structure of AlAs. The solid dots
denote SCOPW energy levels. The solid lines were obtained by
htting a pseudopotential type interpolation scheme to the SCOPW
energy levels.

by Black and Ku. '4 An abrupt change of slope between
the two linear regions of the energy-gap-versus-composi-
tion curve occurred at 2.0 eV and 50 mole% A1As.
Extrapolation toward the Al-rich end of the composition
range gave a band-gap value in good agreement with
that obtained from the photoresponse and optical-
absorption data. However, Black and Ku concluded
that the energy gap in this system does not follow a
linear interpolation between the direct transition
minima of the terminal compounds.

The imaginary part of the dielectric constant (e2) is
given in Fig. 3. The location of some of the major
transitions are also indicated. Since no experimentally
determined e2 exists it is not possible to make a com-
parison. It should be remembered that the detailed e~

shape is unreliable, while the peak positions are much
more reliable. The e2 curve of A1As is very similar to
that of AlP."

In Table II theoretical Fourier components of the
charge density (the x-ray form factors) are given. The
Fourier components in the column headed RHF are

AIAs IMAGINARY PART OF DIELECTRIC CONSTANT

IO—

Kischio' obtained a band gap of 2.13 eV at room
temperature and 2.25 eV at absolute zero. Mead and
Spitzer" have studied the photovoltaic response of
surface barrier contacts on AlAs. They obtained 2.1 eV
for the indirect transition and a higher transition at
2.9 eV which they identified as the direct transition.

Additional evidence of the indirect nature of the
minimum energy gap has been reported on the basis of
optical absorption studies on the AlAs-GaAs system
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"D. J. Stukel and R. N. Euwema, Phys. Rev. (to be published)."G. A. Wol8, R. A. Hebert and J. D. Broder, Phys. Rev. 100,
]144 (1955}."C. A. Mead and W. G. Spitzer, Phys. Rev. Letters Il, 358
(1963).
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E zG. 3. Theoretical e2 curve for A1As with the location of the
high-symmetry-poin t transitions shown.
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TABLE II. Theoretical AlAs form factors determined using
various exchange potentials. The calculations were made with a
lattice constant of 5.66 A.

111
200
220
311
222
400
331
420
224
115
333

RHF

119.59
70.52

131.43
97.15
58.91

113.46
85.25
52 ~ 19

100.84
76.36
76.36

Slater

121.88
71.56

132.24
97.17
59.04

114.11
86.48
52.42

102.30
77.35
77.23

Kohn-Sham

120.37
70.62

130.49
95.96
58.37

112.44
85.05
51.81

100.33
75.90
75.79

~ P. M. Raccah, R. X. Euwema, D. J. Stukel, and T. C. Collins,
Phys. Rev. {to be published).

obtained by the superposition of relativistic Hartree-
Fock free atoms placed in the crystalline lattice. The
columns are headed with the exchange potential used
in the SCOP% model. From Table II it can be seen
that for the higher reflections the RHF results agree
with the results obtained using Kohn and Sham's
exchange potential. This good agreement illustrates the
well-known general result that the Kohn and Sham
wave functions are very good for free-atom calculations.
For the low reflections the RHF results are generally too
small in semiconductors. The opposite result applies
in metals where the valence change spreads out. The
Slater results generally give slightly better agreement
with experiment for lower reflections. "

The spin-orbit splitting at k=0 of the top I'~5,
valence band into F' and I' bands has been found by
the use of first-order perturbation theory on the self-
consistent Slater I'~5, wave functions to be 0.36 eV.

Braunstein and Kane23 have estimated the spin-orbit
splitting to be 0.29 eV based on atomic considerations.

Effective masses have been calculated for the top
valence band at the I' point and for the bottom conduc-
tion band at the I' and X points. For the I'~~ valence
band (where spin-orbit splitting has been neglected)
mr* ——1.06 for the L111] direction and 0.49 for the
L100] direction. For the conduction band mr =0.15 for
both the L111] direction and the [100] direction.
Braunstein and Kane gave O. j.1 as an estimate of the
conduction-band electron efI'ective mass at the k=0
minima. The effective mass at the X point (where the
lowest minimum in the conduction band occurs) was
calculated to be rn»*= 2.0 in the f100] direction. From
an analysis of carrier concentration data, Khitaker has
calculated an electron effective mass of 0.5."

IV. CONCLUSIONS

The validity of these calculations cannot be fully
judged because of the absence of comprehensive experi-
mental results. It should be remembered that these
results are based completely on 6rst principle with no
adjustment to fit experiment. The only experimental
data used is the lattice constant. In the final analysis
the validity of these results depends upon the appli-
cability of Slater's exchange approximation and the
validity of the SCOP% model. Past experience on many
compounds gives us considerable faith in the validity
of these results.

Pote added in proof We are i.ndebted to Lorenz for
observing that the spin-orbit splitting raises the theo-
retical value of the top I' point valence band by about
0.12 eV, making the resulting theoretical indirect band
gap of 2.26 eV agree more closely with experiment.

"V. R. Braunstein and E. O. Kane, J. Phys. Chem. Solids 23,
1423 (1962).


