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ABSTRACT

Ab initio restricted Hartree-Fock method within the framework of large unit cell formalism is used to investigate the
band structure of AISb nanoclusters. Large unit cells of 8, 16, 54, 64 and 128 atoms are used to analyze the cohesive
energy, energy gap, valence bandwidth, and the density of states of the energy levels for AISb nanoclusters. The results
of the present work revealed that the band structure of AISb nanoclusters differs significantly from that of the bulk AISb
crystal. Also, it is found that the valence band width and the cohesive energy (absolute value) increase as the AISb
crystal size increases, and they tend to stabilize for nanoclusters of more than 50 atoms.
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1. Introduction

Aluminum antimonide (AISb) is a compound semicon-
ductor with an indirect band gap and has the zinc-blende
(zb) structure [1]. AlISb crystal is used in a multitude of
device applications, including light-emitting diodes (LEDs),
lasers, detectors, and communication devices. It is also
fabulous optical material, where it can be made to emit
light efficiently, convert light energy into electrical en-
ergy, modulate the intensity of light and used as optical
filters, mirrors, lenses, etc. [2].

In the present work we introduce the ab-initio restricted
Hartree-Fock (RHF) formalism within the frame of large
unit cell (LUC) method to investigate the band structure
of AISb nanoclusters. This method has been chosen in
the present work rather than other methods because this
method is very reliable to analyze the electronic proper-
ties of solids, and because of the significant advantage of
ab initio methods which is the ability to study reactions
that involve breaking or formation of covalent bonds, which
correspond to multiple electronic states. The downside of
ab initio methods is their computational cost. They often
take enormous amounts of computer time, memory, and
disk space [3].

Aluminum antimonide has been intensively investi-
gated in the recent years, where Mohammad and Katir-
cioglu [4] studied the electronic band structure of AlSb
nanoclusters and they found that the indirect band gap of
AlSb is close to its experimental value, but the direct
band gap has a small discrepancy with its experimental
value. De and Pryor [5] studied the electronic band struc-
ture of AISb semiconductor in WZ phase and they showed
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that AISb crystal has smaller direct gaps than their indi-
rect gaps in ZB phase. The aim of the present work is to
investigate the band structure of AISb nanoclusters using
Hartree-fock formalism within the frame of large unit
cell employing Gaussian 03 program (computer software
is capable of predicting many properties of molecules and
reactions, including the molecular energies and structures)
[6] to perform the calculations.

2. Theory

The main idea of the large unit cell is computing the
electronic structure of the unit cell extended in a special
manner at £ = 0 in the reduced Brillouin zone [7]. Using
the linear combination of atomic orbitals (LCAO) (ap-
proximation of the molecular orbital function as a linear
combination of atomic orbitals chosen as the basis func-
tions), the crystal wavefunction (y;) in the (LUC-RHF)
formalism is written in the following form [8]:

No
v, =2 C., (M
u=1

where y; is the molecular orbital, C,; are the molecular
orbital expansion coefficients, ¢, is the atomic orbital,
N, is the number of the atomic orbitals. The total elec-
tronic energy can be written as [9]:

gzzzHii+ZZ(2Ji/_Ki/) (2)
i i
where Hj; is the expectation value of the one electron

core Hamiltonian corresponding to the molecular orbital
(w,), Jyand K;; are the Coulomb and exchange operators
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respectively, and they are expressed as follows :

H,=[y; (I)H“’”wi (1)dz, 3)
y=[lvi( wz (1)
Kij = .UWI* (1)‘//1 (

Substituting the linear expansion of Equation (1) in the
molecular orbital integrals, yields:

v, (2)drdr, 4)

2)%‘//1' (1)‘//i(2)d71d72 (5)

Hu = Z C/.ll CvzH (6)
where H,, is the core Hamiltonian matrix elements,
H,, =[4,()H"¢,(1)dr, (7)
JL/ = Z C C/I/CVLCO'/ (ﬂV/ﬂU) (8)
HAVG
K, = > CyzCAijzCUj (pl|vo) ©)]
LHAve

where (uv/Ac) is the differential overlap matrix ele-
ments,

(uv/io)=|[4,(1) ¢1( )¢, (2)dr,dz, (10)

The total electronic energy of Equation (2) can be
written in terms of integral over atomic orbitals. By sub-
stituting the previous expressions in the equation of the
electronic energy, we obtain

= 2P, +— 2 B,

/,zvia

[(#V/M)—%(M/VG)}
an

where P is the density matrix elements,

occ

ZZ i Cui (12)

The summation is over occupied orbitals only for closed
shell systems which is the case in the present work. Ap-
plying the variational method to Equation (11), a small
variation of the molecular orbital y, cannow be given as:

Sl//i :ZSCyi¢y (13)
u

And when applying the condition for a stationary point
(8&=0), one can obtain the following final form [10,11],

> (F,, -&S,,)C, = (14)

where F,, is the Fock matrix,

=, + 3P, [(,uv/ﬂa)—%(,uﬂ/va)] (15)
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3. Results and Discussion

In the present work, we have used Gaussian program to
calculate the lattice constant, energy gap, cohesive energy,
valence band width and degeneracy of states of AlSb
nanoclusters. These properties are illustrated in Table 1
and compared with other experimental and theoretical
results. In the present work, we chose the number of at-
oms (8, 16, 54, 64 and 128) for the (LUC). The calcu-
lated total energy of AlSb crystal as a function of lattice
constant for the LUC of (8) atoms is shown in Figure 1.
The equilibrium lattice constant is deduced from the
minimum of the total energy curve.

From Figure 1, it is shown that the total energy de-
creases with increasing the lattice constant till it reaches
the equilibrium lattice constant. After the equilibrium
lattice constant, the total energy increases with increasing
lattice constant. The behavior of the total energy as a
function of lattice constant is due to the attraction forces
that take place at the large distances between atoms. De-
creasing the distance between atoms leads to decrease the
total energy. At shorter distances between atoms, the re-
pulsion forces become dominant and take place to cause
the increase of the total energy. The stability of the crys-
tal at the equilibrium lattice constant is due to the equal-
ity of attraction and repulsion forces at this point. In the
present work, we can see that the cohesive energy in-
creases with increasing the number of atoms per LUC,

Table 1. The electronic structure of AISb nanoclusters.

Present work

Theor. Exp.

Property 8 16 54 64 128
atoms atoms atom atoms atoms (Bulk) (Bulk)

LUC LUC LUC LUC LUC

COheSEZf/)energy 28.79 28.79 29.35 29.42 29.43 ?i(ﬁ ?f;])
1.835 1.686

395 4.04 438 430 4305 021 [13]

Valence band width 11.10
(V) 17.19 17.28 17.63 17.68 17.69 (4]

Lattice constant (A) 6.125 6.10 6.01 5.995 5.9945 6['?;)]6 6[1153]6

Energy gap (eV)

6.09 6.1 6.11 6.12 6.13 6.14 6.15 6.16
-25969.3615 -

-25969.3616 -

-25969.3617

-25969.3618 -

-25969.3619 -

Total Energy (eV)

-25969.362

-25969.3621 -

-25969.3622
Lattice constant (A)

Figure 1. Total energy as a function of lattice constant for 8
atoms nanocluster.
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then it tends to stabilize for nanoclusters of more than 50
atoms as in Figure 2. The same behavior is also shown
for the valence band width as in Figure 3. But we show
that the energy gap has fluctuating values, these fluctua-
tions are related to the geometry of the crystal.

An interesting observation is shown that the electronic
structure of AISb nanoclusters differs significantly from
that of the bulk AISb crystal. The cohesive energy of
AISb nanoclusters has high value in comparison with the
experimental and theoretical values. Simple STO-3G basis
is used in the present work to be able to reach higher
number of atoms. The present value of the cohesive en-
ergy and other properties can be greatly enhanced by
changing the simple STO-3G basis used in the present
calculations to more sophisticated basis states. However,
more sophisticated basis states consume more memory
and computer time and will eventually prevent us from
reaching a large number of atoms. The high value of the
band gap can be attributed to the approximations involved
in HF method as well as in the present RHF-LUC for-
malism.

The density of states in semiconductors is an important
concept that expresses the number of states per unit
volume and per unit energy. Density of states for (8, 128)
atoms nanoclusters as a function of energy levels is
shown in Figures 4 and 5 respectively.
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Figure 2. Cohesive energy as a function of number of atoms
of AISb nanoclusters.
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Figure 3. The valence band width as a function of number
of atoms of AISb nanoclusters.
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Figure 4. Density of states as a function of energy levels of 8
atoms nanocluster.
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Figure 5. Density of states as a function of energy levels of
128 atoms nanocluster.

4. Conclusions

1) The present work reveals that the band structure of
AISb nanoclusters differs significantly from that of the
bulk AISb crystal.

2) The lattice constant of all size of AlSb crystal de-
creases with increasing the number of atoms in the LUC.

3) The present calculations show that the valence band
width and the cohesive energy (absolute value) increases
as the AISD crystal size increases, and they tend to stabi-
lize for nanoclusters of more than 50 atoms.
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