PHYSICAL REVIEW B

VOLUME 52, NUMBER 7

15 AUGUST 1995-1

First-principles calculation of Ga-based semiconductors

Bal K. Agrawal, P. S. Yadav, Sudhir Kumar, and S. Agrawal
Physics Department, Allahabad University, Allahabad 211002, India
(Received 3 October 1994; revised manuscript received 30 December 1994)

The physical properties of the III-V semiconducting compounds, GaP, GaAs, and GaSb, have been
calculated by employing a scalar relativistic version of the first-principles full-potential self-consistent
linearized-muffin-tin-orbital method. The calculated values of the lattice parameters of the compounds
are reproduced well within 2.6% of the measured values. The computed dispersion curves and the elec-
tronic density of states are in excellent agreement with the available photoemission data for all the com-
pounds. The predicted bulk modulus and the elastic constants are in close agreement with the experi-
mental data where available. The frequencies of the frozen phonons at symmetry points are in good

agreement with the available measured data.

I. INTRODUCTION

Electronic, structural, and lattice-dynamical properties
can be determined by ab initio methods with reliable ac-
curacy if one knows the electronic structure and the ener-
gy of the solid as a function of the atomic positions. Re-
cently, the linear-muffin-tin-orbital (LMTO) method has
been utilized for the study of the electronic structure of
molecules as well as of crystalline solids. There are
several attractive features associated with the method,
such as the requirement of only a minimal basis set ena-
bling its application to large unit cells with high
efficiency, its applicability to atoms with a large number
of core states and also to atoms having prominently d or
f character, and its transparency and accuracy.

Usually, to make the LMTO method efficient, an
atomic-sphere approximation (ASA) is used. This has its
own limitations, such as the discarding of the nonspheri-
cal parts of the electron density and its use of spherical
Hankel functions with vanishing kinetic energy only.

In the present method, the potential matrix elements
are separated into two parts, one contribution coming
from the atomic spheres and the other from the compli-
cated interstitial region. The first part is evaluated by ex-
panding it in terms of the usual spherical harmonics. The
interstitial quantities are expanded in terms of spherical
Hankel functions. The three-center intergrals involved
are assumed to be linear combinations of two-center in-
tegrals and the coefficients are evaluated by a numerical
method. These two-center integrals involving Hankel
functions can easily be evaluated analytically by convert-
ing them into surface integrals.

In the present article, we have investigated the various
properties of the Ga-based III-V semiconductors. These
materials have been studied earlier by several workers us-
ing different ab initio techniques. Chelikowsky and
Cohen! have investigated the electronic structure and
other properties of Ga-based semiconductors by employ-
ing a nonlocal-pseudopotential scheme. Weyrich, Brey,
and Christensen® have calculated the phonon frequency
of GaAs by using the LMTO-ASA method. Min, Mas-
sidda, and Freeman® used the full-potential linearized

0163-1829/95/52(7)/4896(8)/$06.00 52

augmented-plane-wave (FLAPW) method to study the
energy bands, density of states, and total energy of GaAs.
Bachelet and Christensen* employed the LMTO-ASA
and norm-conserving pseudopotential methods to investi-
gate the electronic structure of GaAs. Causa, Dovesi,
and Roetti® have made a pseudopotential Hartree-Fock
linear combination of atomic orbitals study of III-V and
IV-IV semiconductors including the Ga-based semicon-
ductors. They have calculated the binding energy, lattice
parameter, bulk modulus, and k =0 transverse-optical
phonon frequencies. Giannozzi et al.® have calculated
the total energy and force in the framework of the local-
density approximation using a pseudopotential method
for GaAs. First-principles, norm-conserving, pseudopo-
tential calculations’~° have also been performed for some
frozen-phonon frequencies in semiconductors. We have
made a comprehensive study of the lattice parameter,
elastic constant, electronic structure, density of states,
frozen frequencies, and electronic charge density for
three Ga-based semiconductors (GaP, GaAs, and GaSb).

A number of experimental measurements have been re-
ported in the literature. For earlier review of the experi-
mental work we refer to the articles of Blakemore!® and
of Cardona and Harbeke.!! Polarization-dependent
angle-resolved photoelectron spectroscopy (ARPES) has
been employed by Williams et al.'? for the study of Ga-
based and In-based compounds. The measurements were
made for the dispersion curves in the [110] direction.
More recently, Zhang et al.'® have determined the
conduction-band structure along the I'-K-X and I'-A-X
directions by using ARPES.

Earlier, the present LMTO method has been seen to
produce quite good results for II-VI semiconducting
compounds like ZnS, ZnSe, ZnTe, and CdTe.'*'> The
influence of structural relaxation of the atoms on the
valence-band offset at the lattice-matched interfaces of
II-VI and III-V semiconductors ZnTe/GaSb(110) and the
lattice-mismatched interface ZnS/ZnSe(001) has been in-
vestigated.!S Very recently, the method has been utilized
for the study of the parent superconductor CaCuOZ,17
and the role of van Hove singularities in Hg-based super-
conductors'® (revealing the highest value of 7, of about
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FIG. 1. Variation of crystal energy (mRy) with the ratio of
unit-cell volumes. ¥V, and V are the experimental and calculat-
ed volumes for (a) GaP, (b) GaAs, and (c) GaSb.

165 K) at high pressure.

For detailed information about the method used, we
refer to earlier articles.'*™!° The results for the three
prototypes of III-V semiconductors, i.e., GaP, GaAs, and
GaSb, are presented in Sec. II. The main conclusions are
included in Sec. III.

II. CALCULATION AND RESULTS

The chosen values of the radii of atomic spheres for
GaP, GaAs, and GaSb are 2.210, 2.295, and 2.475 a.u.,
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FIG. 2. Dispersion curves for GaP.
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FIG. 3. Dispersion curves for GaAs.

respectively. For more technical details, see Refs. 14 and
17.

The effects of the semicore 3d or 4d states on top of the
valence band are investigated in a two-panel calculation.
For all the systems, we consider Ga(4s,4p,4d) as valence
states in the first panel and the semicore Ga(3d) states in
the second panel. For anions, we consider P(3s,3p,3d),
As(4s,4p,4d), and Sb(5s,5p,5d) as the valence states. In
the second panel of GaAs and GaSb, we include As(3d)
and Sb(4d) as the semicore states.

Figure 1 depicts the variation of the total electronic en-
ergy with the relative volume of the crystal, V' /¥, where
V, is the experimental unit-cell volume of the solid. For
GaP [Fig. 1(a)], the energy minimum appears at a lattice
parameter equal to 5.3581 A which is very close to the
experimental value?® of 5.4505 A. For GaAs and GaSb
[Figs. 1(b) and 1(c)] the minimum energy appears at 5.508
and 5.939 A, respectively, which are also very near to the
experimental values,?® 5.653 and 6.095 A. The discrepan-
cies for the lattice parameter are of the order of 1.7%,
2.57% and 2.57%, for GaP, GaAs, and GaSb, respective-
ly.

The electronic charge out of the muffin-tin (MT) sphere
for Ga and P in GaP is 1.68 and 1.64, respectively, and
for Ga and As in GaAs 1.55 and 1.79, respectively. The
values for Ga and Sb in GaSb are 1.14 and 2.34. The to-

ELECTRON DISPERSION CURVES FOR GaSb System
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FIG. 4. Dispersion curves for GaSb.
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FIG. 5. Dispersion curves for
GaP and GaSb in the [110]
direction and for GaAs in the
[110] and [100] directions,
along with experimental data
(Refs. 12 and 13) shown by small
circles and calculation by dots.

TABLE 1. Comparison of the ab initio band structure results and experiment at some symmetry

points in the Brillouin zone in GaAs.

LMTO* LCGO® NCP+PW°® NCP+PW! LMTO° LMTOf LMTO® Expt' Expt.

r, —123 —1235 —12.33 —1255 —1247 —12.85 —1337 —13.1

Tys 0 0 0 0 0 —0.36 0 0 0
0

T, 1.1 1.21 1.10 0.64 0.64 0.25 0.83 1.42

Ts 45 3.78 3.77 3.67

X, —1042 —9.79 —9.88 —1023  —1047 —1049 —10.61 —10.75

X, —620 —6.60 —6.62 —6.72 —706 —734 —670 —6.56

X, —243 —2.64 —2.61 —2.60 —257 —290 —297 —2.80 —3.0
—2.83

X, 2.07 1.61 1.51 1.41 1.35 1.05 1.16 1.01

X, 2.31 1.88 1.62 1.28 1.47 2.38

X, 10.26 10.15 10.7 10.7 102

L, —11.06 —1056 —10.64 —1091  —11.14 —1120 —1147 —11.24

L, —609 —649 —6.46 —6.53 —694 —7.18 —6.70

L, —102 —112 —1.11 —1.09 —098 —1.18 —127 —1.30

L, 1.55 1.37 1.30 1.05 1.06 0.67 1.02 1.72

L, 4.91 5.15 4.64 4.59 5.41

L, 8.39 7.70 7.49

*LMTO-ASA (Ref. 22).
*Linear combination of Gaussian orbital method (Ref. 23).
“Norm-conserving pseudopotential (Ref. 24).
dSimilar to ¢ but relativistic pseudopotential (Ref. 25).

Similar to a but with the combined correction term (Refs. 26 and 27).
fSimilar to a, fully relativistic with relaxed Ga(3d) cores (Ref. 2).
EPresent work, scalar relativistic full LMTO with relaxed Ga(3d) and As(4d) cores.

"Experimental band structure (Refs. 10, 11, and 28).

iReference 13.
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FIG. 6. Total density of states for (a) GaP, (b) GaAs, and (c)
GaSb, along with the experimental data (Ref. 21).
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FIG. 7. Projected electronic density of states at different
atoms for GaP.
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FIG. 8. Projected electronic density of states at different
atoms for GaAs.

tal charge per unit cell outside the MT spheres is 2.48e¢ in
GaP, 2.50e in GaAs, and 2.62¢ in GaSb.

A. Electronic structure

The calculated dispersion curves for GaP, GaAs, and
GaSb are shown in Figs. 2—5. For more technical details,
see Ref. 15.
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FIG. 9. Projected electronic density of states at different
atoms for GaSb.
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FIG. 10. Contour plots of the self-consistent charge density
for the (1,1,0) plane of GaP. The plots are in steps of 0.012
electron/(a.u.)’ up to a maximum of 0.14 e/(a.u.)’.

In GaP (Fig. 2) the lowest conduction state appears
near the X point at k=(0.84,0,0) and the fundamental
gap is thus indirect in conformity with experiment. For
GaAs (Fig. 3) the bottom of the conduction band appears
at the I' point and the gap 0.83 eV is thus direct. The
gap is also direct for GaSb (Fig. 4). The value of the
direct band gap decreases with the atomic number of the
anion.

Polarization-dependent angle-resolved photoemission
data are available for these Ga-based semiconductors in
one symmetry direction of the wave vector, i.e., in the
[110] direction.'>!* We have included these data in Fig.
5 from the lowest valence-band region (—8.0 eV) to the
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FIG. 11. Same as Fig. 10 but for GaAs.
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FIG. 12. Same as Fig. 10 but for GaSb.

conduction-band region up to 20.0 eV. For GaAs, the
figure includes more recent photoemission data!® avail-
able for two symmetry directions, i.e., [110] and [100].

The experimental data are in overall good agreement
with the calculated dispersion curves. Unfortunately,
there are no measured data available just at the bottom of
the conduction-band region, especially in the 0-6 eV re-
gion. The calculated dispersion curves lying in the
valence-band region are in general in very good agree-
ment with the experimental data except for some small
discrepancies near the critical points K and X. In the
higher conduction-band region, the comparison between
the theory and experiment is not very clear because of the
complexity of the dispersion curves and the experimental
data. However, most of the experimental points are seen
to lie on the computed dispersion curves.

In Table I, we make a comparison of the results of

TABLE II. Computed ph):sical quantities for GaP. The lat-

tice parameter is in units of A. The elastic data are in units of

Mbar and the phonon frequencies in cm ™.

Quantity Other Present Expt.
calculations

Lattice parameter 5.3581 5.4505%
Bulk modulus 0.95° 0.9783 0.91°¢
C 1.5778
Cyp, 0.6785
Cu 0.3664
TOT) 377° 359 3674
TA(X) 142 106¢
LA(X) 237 249¢
LO(X) 355 3664
TO(X) 304 3544

2Reference 20.
bReference 5.

°Reference 29.
dReference 30.
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TABLE III. Computed physical quantities for GaAs. The lattice parameter is in units of A. The

elastic data are in units of Mbar and the phonon frequencies in cm™".

1

Quantity Other Present Expt.
calculations
Lattice parameter 5.508 5.653%
Bulk modulus 0.77%,0.63¢%,0.78¢ 0.771 0.77¢
0.73%& 0 811
0.76¢
Cy, 1.205
Ci, 0.554
Cy 0.674
TO(T) 273%4,276 264 267%,270°
2704™,271"
TA(X) 82", 62 85 79%,80°
LA(X) 223" 207 227%
LO(X) 240",240 214 241%,230°
TO(X) 254",265 266 252k°

*Reference 20.
*Reference 5.

‘Reference 3.

dReference 31.
“Reference 29.
fReference 32.
EReference 33.
"Reference 34.

first-principles local-density-approximation (LDA) band
structure of GaAs and experiment at some symmetry
points in the Brillouin zone. A comparison has already
been made by Bachelet and Christensen. For complete-
ness, we reproduce it. Our results, especially in the
valence-band region, are in better agreement with the ex-
perimental values than the other calculated results.

B. Density of states

We calculate the electronic density of states (DOS) by
employing a sampling method with a Gaussian broaden-
ing of energy 0.2 eV over a mesh of 231 points in the irre-
ducible part of the Brillouin zone. The total DOS is
shown in Fig. 6(a) and the projected density of states in
Fig. 7 for GaP. The low-lying peak near —12.0 eV arises
from the Ga(4s)-like orbital. The main peaks appear
near —12.0, —9.9, —6.7, and —3.0 eV and originate
from the Ga(4s), bonding Ga(4p,4d)-P(3s), Ga(4s), and
Ga(4p)-P(3p) bonding orbitals, respectively. The top of -
the energy gap is composed of the antibonding Ga(4p,4d)
and P(3p) states. The bottom of the conduction band is
comprised of the antibonding Ga(4p,4d) and P(3s,3p,3d)
states. The calculated value of the indirect energy gap of
1.36 eV is quite small, compared with the experimental®
value of 2.24 eV. This underestimation of the electron
energy gap is a usual result of first-principles LDA calcu-
lation of semiconductors and insulators. For more de-
tails, we refer to Ref. 15.

The total DOS and projected DOS on the two atoms
for GaAs are shown in Figs. 6(b) and 8, respectively. The
major peaks in the valence-states region appearing near
—11.5, —7.0, —4.0, and —2.0 eV originate mainly from
the bonding Ga(4s,4p,4d)-As(4s)-, Ga(4s)-, Ga(4p,4d)-,
and the bonding Ga(4p,4d)-As(4p)-like orbitals, respec-

iReference 35.
iReference 8.
kReference 36.
'Reference 9.
mReference 2.
"Reference 6.
°Reference 37.

tively. The calculated direct energy gap of 0.83 eV is
quite small, compared to the experimental?® value of 1.35
eVv.

The total DOS and projected DOS for GaSb are shown
in Figs. 6(c) and 9, respectively. The major peaks near
—10.0, —7.0, —4.0, and —2.0 eV arise from the bond-
ing Gal(4s,4p,4d)-Sb(5s)-, Gal(4s)-, Ga(4p)-, and
Ga(4p,4d)-Sb(5p)-like bonding orbitals, respectively.
The calculated direct energy gap of 0.47 eV is again
small, compared to the experimental? value of 0.67 eV.

To make contact with experiment, we have included
the photoemission data for the total DOS available?! in
the valence-band region in Fig. 6 in the various panels for

TABLE IV. Computed phys:ical quantities for GaSb. The

lattice parameter is in units of A. The elastic data are in units

of Mbar and the phonon frequencies in cm ™!

Quantity Other Present Expt.
calculations

Lattice parameter 5.939 6.095%
Bulk modulus 0.59° 0.7994 0.56°
Cy 1.1742
Cyp, 0.6377
Cas 0.2565
TO(T) 240°,230¢ 218 230%°
TA(X) 574 52 57¢
LA(X) 162¢ 147 166°
LO(X) 2114 194 211¢
TO(X) 2104 216 212°

2Reference 20.
bReference 5.
°Reference 29.
dReference 6.
°Reference 38.
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GaP, GaAs, and GaSb. The experimental density of
states is in very good agreement with the present results
both qualitatively and quantitatively.

C. Charge density

Contour plots of the self-consistent valence charge den-
sity for GaP, GaAs, and GaSb in the (1,1,0) plane are
shown in Figs. 10, 11, and 12, respectively, in steps of
0.012 electron/(a.u.)’ up to a maximum of 0.14 e/(a.u.)>.

D. Elastic constants

For more details see Ref. 15. The results for the elastic
constants for GaP, GaAs, and GaSb along with the ex-
perimental data are included in Tables II, III, and IV, re-
spectively. Experimental results are not available for
comparison except for the bulk modulus. Excellent
agreement is seen except for GaSb where the discrepancy
is as large as 50%.

E. Phonon frequencies

Again, for technical details, see Ref. 15. The results
for GaP, GaAs, and GaSb have been presented in Tables
II, III, and IV, respectively. Only one kind of atom
moves in the Brillouin zone-boundary modes LO(X) or
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LA(X); the mode with the heavy atom corresponds to the
acoustic mode LA(X), whereas the one involving motion
of light atoms is the optical mode LO(X).

For all the systems, the TO(I") frequency is in very
close agreement with the experimental data and also with
other calculated data. The other frequencies are also in
reasonable agreement with measured values.

In GaSb (Table I1V) no experimental data are available
for comparison. Detailed experimental work needs to be
performed.

III. CONCLUSIONS

The modified version of the LMTO method generates
the lattice parameters, bulk modulus, electron dispersion
curves, density of states, elastic constants, and phonon
frequencies for the Ga-based compounds in close agree-
ment with the experimental data wherever available.
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