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Abstract

This article reports the results of our investigations on electronic and trans-
port properties of zinc blende gallium antimonide (zb-GaSb). Our ab-initio,
self-consistent and non-relativistic calculations used a local density approxi-
mation potential (LDA) and the linear combination of atomic orbital formal-
ism (LCAO). We have succeeded in performing a generalized minimization
of the energy, using the Bagayoko, Zhao and Williams (BZW) method, to
reach the ground state of the material while avoiding over-complete basis
sets. Consequently, our results have the full physical content of density func-
tional theory (DFT) and agree with available, corresponding experimental
data. Using an experimental room temperature lattice constant of 6.09593A,
we obtained a direct band gap of 0.751 eV, in good agreement with room
temperature measurements. Our results reproduced the experimental loca-
tions of the peaks in the total density of valence states as well as the measured
electron and hole effective masses. Hence, this work points to the capability
of ab-initio DFT calculations to inform and to guide the design and the fa-
brication of semiconductor based devices—provided a generalized minimiza-
tion of the energy is performed.

Keywords

Gallium Antimonide, BZW Method, Self-Consistent Calculation, Density
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1. Introduction

Gallium antimonide (GaSb) is one of the semiconductor compounds of the III-V
family, derived from gallium and antimony; its stable crystal structure is zinc
blende. It is a direct gap semiconductor which has the possibility of being p- or
n-type doped, with good mobility. It also has a significant electro-optical poten-
tial in the infrared domain [1]. GaSb has emerged in recent years as a very tech-
nologically attractive semiconductor, given its applications in high-efficiency
thermo-photovoltaics, mid-infrared lasers, photodetectors, high-speed electronic
devices, and non-linear optics. Such applications derive from several interesting
properties of the material, such as the high hole mobility (850 - 10,800 cm?/Vs),
the low carrier effective masses and the small direct band gap value [2]. The im-
portance of its technological applications makes it an extensively studied semi-
conductor, both theoretically and experimentally.

Table 1 shows a list of results from previous DFT and other calculations of
the electronic properties of zb-GaSb. Of the ab-initio local density approxima-
tion (LDA) calculations, the first six (6) reported negative band gaps, while the
next five (5) found a zero gap. The following twenty-nine (29) results obtained
with an ab-initio or ad hoc LDA potential range from 0.05 eV to 1.20 eV. Ad hoc
potentials have no predictive capability, as the results depend on the values of
the various parameters used in their construction. The computational approaches
for the calculations in the table are primarily the full potential linearized aug-
mented plane wave (FP-LAPW). Some authors have used the projected aug-
mented wave (PAW), Gaussian-type orbitals (GTO) or the standard pseudopo-
tential and plane wave method. These approaches are different implementations
of the linear combination of atomic orbitals (LCAO).

The calculations with ab-initio, generalized gradient approximation (GGA)
potentials follow the LDA ones in the table. The resulting, calculated band gap
values of zb-GaSb are not satisfactory. Indeed, of the first thirteen (13) ab-initio
GGA results for the band gap, the four (4) are negative and the remaining 9 are
zero. The following twenty-seven (27) results in the table, obtained with GGA
ab-initio potentials, range from 0.06 eV to 1.015 eV. Five (5) of these results
were obtained with the Engel and Vosko GGA which tends to overestimate band
gaps. One of these results, 0.726 eV for an indirect band gap, disagrees qualita-
tively with experiment that reports a direct band gap.

The above ab-initio calculations are followed in the table by several calcula-
tions with ad hoc potentials. In particular, two (2) of these calculations, with an
empirical pseudopotential approach, reported band gaps of 0.62 eV and 0.715
eV. Two (2) of the calculations used a version of the modified Becky and John-
son potential and eight (8) used a hybrid potential HSE06 or HSE. Five (5) cal-
culations, with Green’s function and the dressed Coulomb approximation
(GWA), were not DFT calculations. Their results are between 0.51 eV and 0.85
eV, a wide range. The results of other types of ad hoc potentials such as TPSS,
HISS, B3LYP and Christensen are presented in the table. We recall that the
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Table 1. Calculated band gaps (Eg, in eV) of zinc blende GaSb, along with pertinent lat-
tice constants in Angstroms, and experimental values reported in the literature.

Computational Formalism (DFI;“O:;Iclltzlliers) a(A) Eg (eV)
PW-PP LDA 6.089 —0.348 [a]
PW-PP LDA 6.043 —0.168 [b]
FP-LAPW LDA 6.107 —0.165 [c]
FP-LAPW LDA 6.096 —0.13 [c]
Ab initio pseudopotential LDA —0.10 [d]
FP-LAPW LDA ~0.09 [e]
FP-LMTO LDA 6.091  0.00 [f]
FP-LAPW +lo LDA 0.00 [g]
FP-LAPW LDA 6.0619  0.00 [h]
Ab initio pseudopotential LDA 6.0959  0.00 [i]
Ab-initio-DFT in Plane wave LDA 0.00 [j]
LMTO vLB (LDA + vBL) 0.05 [K]
Hybrid exchange methodology LSDA 0.09 [1]
PAW LDA 6.065 0.13 [m]
Hybrid functional method US-LDA 0.23 [m]
NMTO LDA 6 0.25 [K]
Generalized de?cs;i]t;l;fru)nctional theory LDA 612 0259 [n]
PW-PP LDA 6.08  0.398 [o]
FP-LAPW sX-LDA + SOC 0.43 [e]
LMTO LDA 0.52 [K]
PW-PP LDA 5981 0.547 [p]
Ab initio pseudopotential LDA 5.938 0.5885 [i]
FP-LAPW DOS-mBJ-LDA 0.60 [q]
Sx- FLAPW Sx-LDA 0.67 [1]
FP-LAPW +lo mBJLDA 6.2086  0.68 [s]
Projector-augmented-wave (PAW) MBJLDA 0.73 [t]
Linear-muffin-tin orbital within
atomic-spheres approximation (LMTO-ASA) LDA 074 [u]
Projector-augmented-wave (PAW) MBJLDA 0.75 [t]
OLCAO LDA 0.80 [v]
0.80
FLAPW LDA 6.07181 (indirect)
(w]
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Continued

PW-PP (with correction) LDA 6.043  0.81 [b]
Projector-augmented-wave (PAW) MBJLD Avgic 0.82 [t]
0.82
FLAPW LDA 6.07181 (indirect)
(w]
FP-LAPW + lo mBJLDA 6.1268  0.90 [s]
Generalized density-functional theory DA 595 0925 [n]
(GDFT)
FP-LAPW mBJ-LDA 0.94 [q]
NMTO vLB 6 0.94 [k]
FP-LAPW mBJ-LDA 6.0619 1.036 [h]
FLAPW LDA 6.07181 1.10 [w]
FP-LAPW +lo mBJLDA 6.0449  1.20 [s]
Projector-augmented-wave (PAW) GGA-PBE + SOC 6.203 -0.477 [x]
Projector-augmented-wave (PAW) GGA-PBE 6.203 —0.259 [x]
FP-LAPW Relativistic GGA  6.22  —0.35 [y]
Projector-augmented-wave (PAW) GGA-PBE -0.11 [t]
PAW GGA 6.228  0.00 [m]
Hybrid functional method US-GGA 0.00 [m]
FP-LAPW WC-GGA 0.00 [z]
FP-LAPW WC-GGA 6.107  0.00 [2’]
FP-LAPW PBEsol-GGA 0.00 [h]
FP-LAPW +lo WC-GGA 6.115  0.00 [b’]
PAW PBE 6.237  0.00 [m]
middle-range screen.ed hybrid exchange PBE 0.00 []
functional
Projector-augmented-wave (PAW) PBE 0.00 [d’]
middle-range screen‘ed hybrid exchange PBE., 0.06 []
functional
FP-LAPW + lo GGA 0.07 [€’]
FP-LAPW GGA-PBE 0.11 [r]
FP-LAPW GGA 6.09593 0.17 [f]
PAW GGA-PBE 622  0.20 [g]
PW-PP GGA-PBE 6.26  0.208 [o]
PW-PP GGA-PW91 6.259  0.217 [o]
FP-LAPW GGA-PBE 6.2145 0.220 [h’]
DOI: 10.4236/jmp.2022.134029 417 Journal of Modern Physics
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PW-PP
FP-LAPW
PW-PP
FP-LAPW +1lo
FP-LAPW + lo
FP-LAPW
PW-PP
PW-PP
NMTO
PW-PP
Hybrid functional method
PW-PP

FP-LMTO

FP-LAPW
FP-LAPW
FP-LAPW

FP-LAPW

FP-LAPW

PW-PP
GW method

semiempirical

middle-range screened hybrid
exchange functional

FP-LAPW and LMTO

middle-range screened hybrid exchange
functional

Projector-augmented-wave (PAW)
Projector-augmented-wave (PAW)

Plane-wave pseudopotential

GGA-RPBE
EV-GGA
GGA-TPSS
EV-GGA
EV-GGA
GGA
GGA-PBEsol
GGA-AMO5
PBE
GGA-RTPSS
GGA HSE06
PBE-GGA

GGA

mBJ-GGA

PBE-GGA
with SOI

mBJ-GGA

non-relativistic
EV-GGA

PBE-GGA
without SOI

GGA-MBJ
GW
LDA

Tao, Perdew,
Staroverov

and Scuseria
(TPSS) Potential

Henderson,
Izmaylov,
Scuseria and Savin
(HISS) Potential

GW,-PBE
HSEO06 + SOC

6.26
6.1231
6.259

6.193
6.09
6.091

6.09
6.141
6.06

6.118

6.1231

6.24

6.118

6.096

6.124

0.236 [o]
0.35 [h]
0.352 [o]
0.361 [g]
0.396 [b’]
0.4 [1’]
0.428 [0]
0.482 [o]
0.51 [k]
0.513 [0]
0.62 [m]
0.63 [j7]
0.726
(indirect)
(k']
0.734 [’]
0.812 [I']

0.844 [h]

1.00 [y]

1.008 [I']

1.015 [o]
0.62 [n]

—0.38 [m’]

0.09 [c’]

0.2 [n’]

0.31[¢]

0.51 [d’]
0.614 [x]

0.54 [0’]
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Projector-augmented-wave (PAW)

middle-range screened hybrid exchange

functional
Empirical pseudopotential

Projector-augmented-wave (PAW)
Hybrid exchange methodology
FP-LAPW
Projector-augmented-wave (PAW)
Projector-augmented-wave (PAW)
Projector-augmented-wave (PAW)
semiempirical
Hybrid exchange methodology
Projector-augmented-wave (PAW)
Projector-augmented-wave (PAW)
Projector-augmented-wave (PAW)
FP-LAPW

Projector-augmented-wave (PAW)

Experiment

HSE 0.68 [d’]
HSE 0.70 [¢']
pseﬁiﬁ)i:)itceitial 6118 0.715[q1
HSE06 0.72 [t]
HSE 0.72 [1]
MBJ 0.763 [r’]
GWTCTC.HSE 0.77 [d’]
HSE06 6.124  0.782 [x]
GWT!-HSE 0.80 [d’]
LDA +C 6.096 0.81 [m’]
B3LYP 0.81 [1]

HSE06, + SOC  6.124  0.819 [x]

HSEngit 0.82 [t]
GoW,TeTC 0.85 [t]
mBJ 0.876 [a’]
Christensen 0.88 [t]
300K  0.67 [r]
300K 0.72 [3]

300K 0.729 [t’]

0.724
+

0.005
(w]

300K 0.725 [v]

300 K

300K 0.73 [w), X]
Room T 0.75 [y’]
LowT 0.78 [r’]
LowT 0.80 [n]

0.809

0.005
(z”]

LowT 0.81[a”]

Low T
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42K 0812 [b”]
LowT 0.82[1]

LowT 0.822[v]

a] Ref [3], [b] Ref [4], [c] Ref [5], [d] Ref [6], [e] Ref [7], [£] Ref [8], [g] Ref [9], [h] Ref
10], [i] Ref [11], [j] Ref [12], [K] Ref [13], [1] Ref [14], [m] Ref [15], [n] Ref [16], [0] Ref
17], [p] Ref [18], [q] Ref [19], [r] Ref [20], [s] Ref [21], [t] Ref [22], [u] Ref [23], [v] Ref
24], [w] Ref [25], [x] Ref [26], [y] Ref [27], [z] Ref [28], [a’] Ref [29], [b’] Ref [30], [¢’]
Ref [31], [d’] Ref [32], [€’] Ref [33], [f] Ref [34], [g'] Ref [35], [h’] Ref [36], [’] Ref [37],
[j°] Ref [38], [K’] Ref [39], [I'] Ref [40], [m’] Ref [41], [’] Ref [42], [0’] Ref [43], [p’] Ref
[44], [q’] Ref [45], [r’]Ref [46], [s’] Ref [47], [t'] Ref [48], [u’] Ref [49], [v]] Ref [50], [w’]
Ref [51], [X’] Ref [52], [y’] Ref [53], [2’] Ref [54], [a”] Ref [55], [b”] Ref [56].

[
[
[
[

calculations in this paragraph, which used ad hoc DFT potentials, have no pre-
dictive capabilities.

The theoretical results discussed above and shown in Table 1 disagree with
each other and with the experimental values of the band gap. Seven (7) of these
experimental values, in the last 14 rows of Table 1, range from 0.67 eV to 0.75
eV, for eight (8) measurements at room temperature; and seven (7) other values
are from 0.78 eV to 0.822 eV for low temperature experiments. The apparent,
experimental agreement on a band gap around 0.81 eV, for low temperatures,
and around 0.73 eV, for room temperature, contrasts strongly with the case of
theoretical studies with 24 negative values or zero for the band gap of zb-GaSb.
The disagreement between the theoretical values of the ab-initio DFT calcula-
tions and between these values and the accepted experimental values is the main
motivation for this work. The importance of a correct, calculated band gap re-
sides in the need to produce accurate optical and dielectric properties, densities
of states, and effective masses. These quantities, among others, cannot be cor-
rectly calculated using an incorrect, theoretical band gap.

Our motivation to resolve the discrepancies noted above is further supported
by the fact that the previous works of our group accurately described or pre-
dicted properties of semiconductors, using ab-initio DFT potentials [57] [58].
This feat was made possible by our use of the Bagayoko, Zhao and Williams
(BZW) method or its enhancement by Ekuma and Franklin (BZW-EF). Ba-
gayoko explained that these methods seek out and reach the ground state of a
material without using over-completes basis sets. To our knowledge, none of the
calculations in Table 1 used successive, self-consistent calculations, with increa-
singly large, augmented basis sets, to reach verifiably the ground state of the ma-
terial. The attainment of the ground state is required by the second DFT theo-
rem and is essential for the results of a DFT calculation to have the full, physical
content of DFT and to be consistent with experiment [57].

After this introduction, focused on the importance of the material and the
previous theoretical and experimental studies, we describe in Section 2 our me-

thod of calculation and the details relating to the replication of our work. Section
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3 is devoted to the presentation and discussion of our results for the band struc-
ture and the band gap, as well as the total and partial densities of states, and the
effective masses of electrons and holes. A relatively succinct conclusion is set out

in Section 4.

2. Computational Method

We used in this work the local density approximation (LDA) potential of Ceper-
ley and Alder [59], as parameterized by Vosko, Wilk and Nusair [60]. We have
applied the linear combination of atomic orbitals. Gaussian functions constitute
the radial parts of these orbitals. We used a software package that was developed
and refined over a decade at the US Department of Energy’s Ames Laboratory,
Ames, Iowa [61]. Our non-relativistic calculations utilized an experimental lat-
tice constant, at room temperature. We applied the BZW method to perform the
linear combination of atomic orbitals (LCAO). Our method allows the conco-
mitant and self-consistent solution of the two coupled equations. The first is that
of Kohn and Sham [62] while the second equation generates the density of
charge—using only the wave functions of the occupied states. The second equa-
tion can be considered as a constraint on the Kohn-Sham equation (KS). Many
other details on the BZW or BZW-EF method are widely explained in the pre-
vious articles [57] [63]-[69]. We describe the generalized minimization of the
energy below.

Briefly, our approach uses successive and consistent computations, with basis
augmented sets to perform a generalized energy minimization, as required by
the second DFT theorem. If two consecutive calculations lead to the same occu-
pied energies, these energies are local minimum the next, consecutive calcula-
tions lowers some of the occupied energies. However, if the third calculation
produces the same occupied energies as the previous two, then these occupied
energies have reached their absolute minima, in other words, the ground state.
The necessary and sufficient criterion for stopping the computation is to have
three consecutive calculations that produce identical, occupied energies.

In accordance with the above, our calculations necessarily begin with a small
basis set which accommodate all the electrons of the system under study. Calcu-
lation II follows, with a basis set comprising that of Calculation I plus an orbital
representing an excited state. We compare the occupied energies of the two
self-consistent calculations: invariably, some occupied energies from calculation
IT are lower than their corresponding values from calculation I. We augment the
basis set of calculation II, with an orbital, to perform calculation III. We com-
pare the occupied energies from calculations II and III. We continue this process
until three consecutive calculations produce the same occupied energies, indi-
cating that we reached the ground state. Among these three (3) consecutive cal-
culations, only the first, which has the smallest basis set, provides the DFT de-
scription of the ground state of the material [57] [58] [63]-[69]. The basis set of

this calculation is the optimal basis set. The optimal basis set, once self-consistent
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is achieved, leads to the ground state charge density of the material. Likewise,
basis sets which are larger than the optima one, and which contain the optimal
one, lead to the ground state charge density upon reaching self-consistency. As
explained by our group in the publications referenced above and others, the use
of these larger basis sets also lowers certain unoccupied energies: these lowered
unoccupied energies are not due to a physical interaction in the Hamiltonian
which has not changed from its value obtained with the optimal basis set. Inci-
dentally, since the occupied energies do not change once, we reach the optimal
basis set, the further lowering of some unoccupied energies because of using
larger basis sets containing the optimum is one plausible explanation of the al-
most universal underestimation of band gaps and energy gaps by mainstream
calculations [70]. Indeed, these calculations, to date, have used a single basis set
which was deliberately chosen to be large in order to ensure completeness. Most
often, these basis sets were over-complete for the description of the ground state
[57].

Details relevant to the replication of our work follow. The crystal structure of
GaSb is Zinc Blende [1]. We have used a measured value of the lattice constant
at room temperature, 6.09593 A. The self-consistent calculations for Ga** and
Sb* provided the orbitals for the solid-state calculations. Gaussian functions are
in the radial parts of atomic wave functions. We employed a set of even-tempered
Gaussian exponents, with a minimum of 0.148 and a maximum of 0.93061 x 10°
in atomic units, for Ga**. Nineteen (19) Gaussian functions were used for s and p
orbitals, and 17 for d orbitals. Likewise, to describe Sb*~, the exponents in Gaus-
sian functions ranged from 0.125 to a maximum of 0.8 x 10°. The numbers of
Gaussian functions for s and p orbitals are 22 and that of the d orbitals is 19. A
mesh 60 k points, with appropriate weights in the irreducible Brillouin zone, was
used in the iterations for self-consistency. The error in calculating the valence
charge was —0.0027647 for 44 electrons, or —6.28 x 107 per electron. The con-
vergence criterion of the iterations is to have a difference not greater than 107°
between the values of the potentials for two consecutive iterations. The number
of iterations for this convergence was around 60. With the method described
above and the associated calculation details, we studied zb-GaSb as presented

below.

3. Results and Discussions

We present the successive calculations in Table 2. Columns 1, 2 and 3 of the ta-
ble indicate respectively the number of a calculation, the valence state orbitals
for Ga** and the valence state orbitals for Sb*~. Columns 4 and 5 show the total
number of valence functions and the direct band gap calculated at the T point,
respectively. In this table, the occupied energies from calculations IV, V and VI
are identical, within our calculation uncertainty of 5 meV. Therefore, Calcula-
tion IV provides the DFT description of zb-GaSb, in accordance with the above
description of our method. In particular, the occupied energies from this
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Table 2. The successive, self-consistent calculations of the BZW method for zb-GaSb.

Calculation Trial function for Trial function for No. of Band Gap
number valence states of Ga*3 valence states of Sb3 functions atT (in eV)

I 3523p©3d1%4s24p° 4s?4p®4d'5s25p* 52 1.629

I 3523p®3d1%4524p5s° 4s%4p°4d1°5s*5p* 54 0.564

111 3s23p®3d1%4s24p®55°4d° 4s%4p®4d1°5s*5p* 64 0.421

v 3523p53d1°4524p55°4d°5p° 4524p64d195525p* 70 0.751

\% 3523p©3d1%4s24p°55°4d°5p°5d° 4s%4pS4d'5s*5p* 80 0.795

VI 3523p$3d104s24p55°4d°5p°5d°6s° 4524p©4d15525p* 82 0.644

calculation are those for the ground state of the material. The resulting charge
density is that of the ground state of zb-GaSb.

We show in Figure 1 the calculated electronic energy band structure of
zb-GaSb, from calculation IV. The direct band gap calculated at the I' point is
0.751 eV. This value is in excellent agreement with the experimental value of
0.75 eV, at room temperature 0.75 eV [53].

Various characteristics of the electronic band structure can be explained in
more detail using the table of calculated eigenvalues at high points symmetry in
the Brillouin zone and figures for the total and partial densities states. Figure 2
and Figure 3 show the total state density (DOS) and the partial densities of state
(pDOS), respectively, as derived from the bands in Figure 1. Many parts of our
calculated density of state are very close to corresponding experimental values
obtained by X-ray photoemission spectroscopy measurements [71]. Figure 14 of
the paper of Ley et al [71] reported the peak positions of HIT, 12, I1, S1, HIB,
PII, HIIIT and PIII, respectively, at —0.8 eV, —=1.7 eV, =2.1 eV, 3.4 eV, -3.7 eV,
—6.4 eV, —9.2 eV and —10.0 eV. According to our work, the corresponding val-
ues are respectively —0.675 eV, —1.611 eV, —2.080 eV, —3.192 eV, —3.661 eV,
—6.354 eV, —9.165 eV, and —9.809 eV. While the widths of the different groups
of valence bands can be extracted from the total density of states, they are more
easily derived from the contents of Table 3 which shows the calculated eigenva-
lues at high symmetry points in the Brillouin zone.

The total valence band width is 15.862 eV. The width of the lowest laying
group of bands is 0.106 eV. The widths of the middle and upper most groups
valence bands are respectively 2.651 eV and 6.847 eV. These widths, derived
from Table 3, can also be estimated using the content of the figure below for
TDOS. A purpose of this table is to be able to make comparisons with possible
future experimental measurements of X-ray, ultraviolet (UV) or other spectros-
copy.

According to our calculated pDOS in Figure 3, the lowest lying group of va-
lence bands comes almost entirely from Ga d. The middle group of valence
bands is largely from Sb s, with a small contribution from Ga s. The upper most
group of valence bands is unmistakably dominated by Sb p, Ga p, and Ga s, with

a very small contribution of Sb s.

DOI: 10.4236/jmp.2022.134029

423 Journal of Modern Physics


https://doi.org/10.4236/jmp.2022.134029

Y. |. Diakite et al.

Cal#4, a=6.09593A, Eg=0.75104016 eV
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Figure 1. Calculated, band structure of zinc blende gallium antimonide (zb-GaSb), as ob-
tained by the BZW method from Calculations IV. The calculated direct band gap is 0.751

eV.
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Figure 2. The calculated, total density of states of zb-GaSb, obtained from the energy
bands in Figure 1. The zero on the horizontal axis indicates the position of the Fermi lev-

el.
- T
1.0F
R m/L e et e
81.0F Ca-
% O¢ TETTRTTTRRTTRION A ST AT T
~ Ga—d E
8 1.0F 3
2 OF p e w
©1.0F A Sbos 3
8 0f HE e o]
1.0F Sb- 3
0 oy %mm
E Shb—d E
1.0F E
0 b T ST P P ST T T

-18-16-14-12-10-8 -6 -4 -2 0 2 4 6

Energy (eV)

8 10

Figure 3. Calculated, partial densities of states (pDOS) for zb-GaSb, as derived from the
bands in Figure 1. The zero on the horizontal axis indicates the position of the Fermi lev-

el.
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Table 3. Calculated, electronic energies of zb-GaSb at high symmetry points in the Bril-
louin Zone, as obtained with the optimal basis set of Calculation IV. We used the experi-
mental lattice constant of 6.09593 A. This table is partly to enable comparisons with fu-
ture room temperature, experimental and theoretical results.

L-point I'-point X-point K-point
8.836 3.053 9.612 7.590
4.221 3.053 9.612 7.556
4.221 3.053 1.591 4.436
0.885 0.751 1.302 1.827
-1.080 0.000 -2.651 -2.187
-1.080 0.000 -2.651 -3.785
—6.480 0.000 —6.847 -6.568
-9.894 -11.665 -9.014 -9.110
-15.759 -15.759 -15.756 -15.758
-15.759 -15.759 -15.767 -15.764
-15.814 -15.824 -15.803 -15.805
-15.814 -15.824 -15.803 —-15.806
—-15.850 -15.824 —15.862 -15.861

We used the electron band structure from Calculation IV (in Figure 1) to
calculate the effective masses of the electron, at the bottom of the conduction
band, and of the holes, at the top of the valence band. We present our results, as
well as other theoretical and experimental values, in Table 4. The effective
masses of the electrons are indicated by me while those of the heavy and light
holes are respectively noted as mn, and . The first column shows the effective
masses with the specific directions in which they are calculated. It is gratifying to
note that our calculated effective masses are in general agreement with expe-
rience [55] [74] [75] [76], and with parts of some previously calculated ones [12]
[26] [72] [73]. Out of the nine (9) effective masses in Table 4, the only one for
which there is a difference between an experimental value and our result is 7,
(T-L) for which we found 0.682 n1, while the experiments report from 0.24 m; to
0.59 my [74] [75] [76].

For Reference [a], atheo and aexp indicate results obtained with a theoretical
and an experimental lattice constant.

The above agreement between our calculated effective masses and the corres-
ponding, experimental values indicates the correct rendering, by our calcula-
tions, of the curvatures of the bands at the conduction band minimum (CBM)
and the valence band maximum (VBM).

A discussion of our results, compared to previous ones, follows. We first recall
that our main motivation for this work was the resolution of the glaring disa-

greement between measured band gaps of approximately 0.81 eV and 0.73 eV,
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Table 4. Calculated, effective masses for zb-GaSb (in units of the free electron-mass, n): m. indicates an electron effective mass at

the bottom of the conduction band; nmn, and zm represent the heavy and light hole effective masses, respectively. Theo.: theory,

expt.: experiment.

Our Theo. Theo. Theo. Theo. Theo. Expt. Expt. Expt. Expt.

work  ameo [a] aep[a]  [D] [c] [d] [e] (f] [g] (h]
me (T-L) 0.041 0.036 0.008 0.045 0.045

0.039  0.042 + 0.001 0.039 £ 0.001
me ([-X)  0.041 0.035 0.004 0.045
average average average

me (I-K)  0.040 0.035 0.006 0.045
mm (T-L)  0.682 0.646 0.747 0.551 0.710 0.55 0.40 +0.16 0.36 +0.03 0.44 +0.15
mm (T-X)  0.280 0.272 0.219 0.231 0.247 0.38 0.250 0.29 +£0.09 0.26 £ 0.04
m (T-K)  0.397 2.074 2.274 0.500 0.45 0.36 +0.13 0.38 £ 0.04
mm (T-L)  0.035 0.030 0.008 0.047 0.045 0.052 £+ 0.004
mn (I-X)  0.036 0.035 0.004 0.052 0.051 0.049 0.044 0.042 +0.002 0.052 +0.005 0.038 +0.002
my (T-K)  0.038 0.031 0.006 0.046 0.052 £ 0.004

[a] Ref [11], [b] Ref [72], [c] Ref [26], [d] Ref [73], [e] Ref [55], [f] Ref [74], [g] Ref [75], [h] Ref [76].

for low and room temperatures, respectively, and the results of dozens of
ab-initio theoretical studies that have consistently underestimated them. In par-
ticular, 24 LDA or GGA ab-initio studies reported negative numbers or zero for
the bandgap of zb-GaSb. The section describing our method points to a reason
that previous, ab-initio DFT calculations generally underestimated the measured
values: none of these calculations performed a generalized minimization of the
energy to reach the ground state in a verifiable way, as required by the second
DFT theorem. Therefore, while the output of such a calculation is self-consistent,
it is a stationary state among an infinite number of such states. There is an infi-
nite number of basis sets which can lead to self-consistent (Ze., stationary) re-
sults. Therefore, the chances for a single basis set calculation to produce the
ground state energies while avoiding over-complete basis sets are practically ze-
ro. On the other hand, our calculations have explicitly reached the ground state
and avoided the use of over-complete basis sets.

Our results, due to our strict adherence to the conditions of validity of the
DFT, have the entire physical content of the DFT. They agree with the available,
corresponding, experimental data, as was the case for the band gap at room
temperature (Ze, 0.75 eV). Our work also made it possible to obtain the experi-
mentally identified locations of the peaks in the total density of valence states.;
This agreement points to the overall correct description of the ground state band
structure by our calculations. In addition, this overall description of the bands is
further indicated by our correct rendering of noted curvatures of the bands, in
accordance with our results for the effective masses.

The results of Reference 12 for the electron effective masses confirmed our

contention that as the bottom of the conduction band is spuriously lowered,
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when using over-complete basis sets, the calculated electron effective masses fall
below the corresponding, experimental ones. With band gap of 0.588 eV, these
authors [12] found electron effective masses of 0.036, 0.035, and 0.035 m; for
the much smaller band gap of zero, these electron effective masses are respec-
tively 0.008, 0.004, and 0.006 2. Both sets of values are lower than the corres-
ponding ones from our calculation.

Our truly ground state calculations [57] did not need to invoke self-interaction
correction of the derivative discontinuity of the exchange correlation energy in
order for their outcomes to agree with available, corresponding, experimental
ones. The same was true for several previous works of our group [57] [58]
[63]-[69].

4. Conclusion

We have performed ab initio, self-consistent calculations of electronic energy
bands, total and partial densities of states and of effective masses for zb-GaSb.
With the method of Bagayoko, Zhao and Williams (BZW), we performed a ge-
neralized minimization of the energy to reach the ground state, verifiably, with-
out using over-complete basis sets. Our work reproduced not just the correct,
experimental room temperature band gap, but also the locations of the peaks in
the total density of states, and the electron and holes effective masses. With this
overall accuracy, our calculated results can inform and guide the design and fa-
brication of semiconductor based devices, as envisioned by the Materials Ge-

nome Initiatives (MGI).
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