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Abstract:

Ab initio restricted Hartree-Fock (RHF) method coupled with the large unit cell method (LUC) is used
to simulate 8 atoms GaAs nanocrystals. To determine the electronic structure and some physical properties
(total energy- the degeneracy of energy levels- the ionicity). The present work has been divided into two
parts core part and surface part where in core part we used eight GaAs nanocrystal atoms while we used

four sulfur atoms in the surface in one direction Z-axis. We reached that the best value to the lattice
constant to GaAs nanocrystal is 5.18 A and the surface is readused the energy gap.
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Introduction

GaAs is a [II-V compound semiconductor composed of the element gallium (Ga)
From column III and the element arsenic (As) from column V of the periodic table of the
elements. GaAs was first created by Goldschmidt and reported in 1929, but the first
reported electronic properties of III-V compounds as semiconductors did not appear until
1952 [Nayak et al. , (2006)]. It is consists of two F.C.C. lattice overlapping with each

other and from the other one is shifted by a quarter, shown in figure 1.
, [010]

Fig.1 Unit cube of GaAs crystal lattice [Nayak et al., (2006)]
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GaAs is a direct band gap semiconductor, which means that the minimum of
theConduction band is directly over the maximum of the valance band (For undoped
GaAs, the energy band gap at room temperature is 1.42 eV[Nayak et al. , (2006); Chiang,
1975].Transitions between the valance band and the conduction band require only a
change in energy, and no change in momentum, unlike indirect band-gap semiconductors
such as silicon (Si). This property makes GaAs a very useful material for the manufacture
of light emitting diodes and semiconductor lasers, since a photon is emitted when an
electron changes energy levels from the conduction band to the valance band.
Alternatively, an incident photon can excite an electron from the valence band to the
conduction band, allowing GaAs to be used in photo detectors. Electronic structure of
GaAs has been studied extensively because it is widely used in electronic products
[Nayak et al. , (2006); Chiang, 1975].

Theory:

The most rigorous approach to the problems of condensed matter physics is the first

principles methods (ab initio). They don’t employ any empirical parameters in the
calculations. The results are based on quantum mechanics and well controlled
approximations. The most employed methods using first principles methods are the
Hartree-Fock method which divided into restricted and unrestricted [Stevenson, 2005].
To be able to perform ab initio calculations for large molecules in acceptable time,we
must accept further approximations either in the wavefunctions or in the Hamiltonian.
The wavefunctions are expanded as linear combinations of suitably chosen basis
functions (which favors the use of Gaussian functions because they allow an easy
computation of overlap and exchange integrals). In the Hamiltonian, the electron-electron
interaction terms provide the most difficult part, because they act between all pairs of
electrons in the molecule or crystal system so that a change in one electron coordinate
affects all other electrons. The HF method is the basis for the most accurate calculations
which can be performed today on fast computers for small to medium sized molecules
[Grotendorst et al., 2000]. For a given molecular system the Schrodinger equation, the
most important equation in modern science, is:

AY =EY
Where H is the Hamiltonian operator, ¥ is the total wave function, and E is the energy
eigen value. The time independent Hamiltonian operator of concern in most ab initio
computations is given as:

H=TN +7—:2 +Kze +I/eN +VNN
Where TN and Te are the kinetic energy operators for the nuclei and electrons
respectively. Ve, Ven , and Vyn are the potential energy operators between electron-
electron , electron-nucleus and nucleus-nucleus respectively. Hamiltonian operator for a
closed-shell system in which molecular orbitals MOs must contain two or zero electrons
(sometimes called restricted Hartree Fock) can be expressed as:

2n 2n N Z 2n

R I X

i>j lj A>B

For 2n electrons and N nuclei , V.2 is the Laplac1an operator for the ith electron , Vi is

1

the Laplacian operator for the nucleus A, M, is the mass of nucleus A, Z, is the atomic
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number of nucleus A , ris is the distance between the ith electrons and nucleus A, r;; is
the distance between nuclei ith and jth electrons, and Rag is the distance between nuclei
A, B .The indices 1>j and A > B in the fourth and fifth terms are necessary to prevent
counting the same interaction twice. Where we have used Hartree's atomic units
(h=m=e=1) [Hehre et al. ,1986; Sodergren, 2004].

The equations below are commonly known as the Hartree-Fock equations which
state that the best molecular orbitals are all eigen functions of the Fock operator , Where
1, 2 refers to the first and the second electrons respectively. [Atkins ef al., 1997; Hassan,
2011]

{Hmre + Z(Q’Jij _Kij ):|‘//i = Zgijwi
J J

WhereJ;;, K; are the Coulomb and exchange operator respectively which are defined by

[Atkins et al., 1997; Hassan, 2011]:

I, = %)% ) < ¥,()¥(2)drl dr2
-

Ky = [[%.(D¥ () = ¥,(¥()drl dr2

Equation (2-32) can be written in the form [Hassan, 2011],
Fy, =&y,
j

In which F refers to the Fock-Hamilton operator, ¢, is the eigen value of the F

operator. Large unit cell method (LUC) calculations were performed previously for GaAs
nanocrystals with smaller number of atoms. This method uses (k = 0) approximation, that
is one point in the wave vector space. The LUC method is one kind of supercell methods
with the above k = 0 restriction. In this method, and insteadof adding more k points, the
single central cell is expanded to contain more atoms, which are now called core atoms in
the present work. We found this method very suitable for describing the core of a
nanocrystal since it still has the outer dangling bonds that are saturated by surface atoms.

Results and discussion:

We will perform the core part calculations using 3-D large unit cell method (LUC).
The 2-D calculation for the sulfur surface is added to obtain a complete electronic
structure view. The periodic boundary condition (PBC) method, available in GAUSSIAN
03 program [Frisch et al., 2003] is used to perform the present tasks.In figure (2) total
energy of 8 atoms GaAs nanocrystal core as a function of lattice constant is plotted we
can see that the total energy decreases 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 total energy as a function of
lattice constant is due to the attraction forces that happened at the large distance between
atoms. Decreasing the distance between atoms leads to decreasing the total energy ,at
shorter distance between atoms the repulsion forces become dominant and happened to
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cause the increase of the total energy. The stability of the GaAs nanocrystal at the
equilibrium lattice is due to the equality of attraction and repulsion forces at this point
where in the present work it equal to -447595.715 eV and the best lattice constant is
5.18A° while its experimental value is 5.65A° in the bulk model [Madelong, 1982].
Figure (3) shows that the total energy with the surface has the same behavior for the core
with decreasing the values of total energy for surface compared with core the lowering of
total energy for surface is caused by broken bonds and discontinuity at the surface
leading to decreace in lattice constant, where we found that when lattice constant is
5.18A° the total energy is -817738.9958 eV [Ye et al., 2008; Hassan, 2011].

The density of states of (8 atoms core LUC) GaAs nanocrystal as a function of the energy
levels was calculated for both core and surface parts in figures (4,5) respectively, high
density of states can be seen in the core compared with the density of states of the surface
that is shown in figure(5) causes by the broken symmetry and the discontinuity at the
surface and the existence of new kind of atoms (sulfur atoms) that lead to varying the
bond and then changing the geometry of the structure .

The levels are set relative to the highest occupied molecular orbital (HOMO) in the two
cases [Sigg et al., 2002; Butterman et al. ,2004]. The atomic charge of sulfurated (001)-
(1x1) surface calculated for (8) atoms are drawn as a function of layers, as shown in
figures (6,7). The change of atomic charge for GaAs nanocrystal by the effect of sulfur
atoms is obvious from the figure (7). The adding of the sulfur atoms decreases the
ionicity of the crystal surface. As we see, through the first few layers, the surface with
existing sulfur atoms is much affected. After these layers, the surface effect may be
neglected and the results reach to the bulk. Sulfur atoms drag less charge from galliume
atoms than arsenide atoms because of the high affinity of galliume atoms. Figures (8,9)
refers to the structure of 8 atoms GaAs in LUC and 2D slab calculations of (001)
sulfurated of GaAs nanocrystal respectively.
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Fig.2 Total energy of 8 atoms GaAs core LUC as a function of lattice constant
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Fig.3 Total energy of surface S on GaAs core LUC As-S as a function of lattice constant
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Fig.4 The Degeneracy of energy levels of 8 atoms LUC core
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Fig.5 The Degeneracy of energy levels of 8 atoms LUC with surface

The ionicity of 8 GaAs nanocrystal without surface
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Fig.6 The ionicity of 8 GaAs nanocrystal without surface
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The ionicity of 8 GaAs nanocrystal with S surface
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Fig. 7 The ionicity of 8 GaAs nanocrystal with surface

1800




Fig.8 The structure of 8 atoms GaAs in LUC

Fig .9 2D slab calculations of (001) sulfurated of GaAs nanocrystal

1801



Journal of Babylon University/Pure and Applied Sciences/ No.(5)/ Vol.(21): 2013

Reference:

Ohlsson, B. J. M. T. Bjork, M. H. Magnusson, K. Deppert, and L. Samuelson “Size,

shape, and position-controlled GaAs nano-whiskers “ , Applied Physics Letters Volume
79, Number 20 , (2001).

Nayak, J. S.N. Sahu, S. Nozaki “GaAs nanocrystals: Structure and vibrational
properties”, Applied Surface Science 252, 2867-2874, (2006).

Sigg , H. U. Denker , M. Stoffel , O.G. Schmidt , ‘“‘Ge Quantum Dot photolumencence
Below the Bandgab of Bulk Ge‘‘ Laboratory for Micro and Nanotechnology , PSI
Scientific Report, Vol.5, (2002).

. Hassan, I .Z.A "Semiempirical Self-Consistent Filed Calculations of III-V Zinc-Blende
Semiconductors", PhD. Thesis, University of Al-Nahrain, (2001).

Grotendorst , J. J. Von Neumann, P . Knowles , M.Sch Utz , and H. Joachim Werner,
““Ab Initio Methods for Electron Correlation in Molecules‘‘ , Second Edition ,
Institute for Computing, J ulich, NIC Series , Vol. 3, ISBN 3-00-005834-6, pp. 97-
179, (2000).

Gaussian 03, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
Robb, M. A. J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J..
Burant, C J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,.
Cui, Q A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
Chen, W. M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, Inc., Pittsburgh
PA, (2003).

Madelung, O., Landolt-Bornstein, Semiconductor, Physics of II-IV and I-VII
Compounds, Semimagnetic Semiconductors, New Series, Group III, V. 17,
(Springer, Berlin, (1982).

Stevenson, P. D. “Hartree-Fock Approximation in Nuclear Structure: A Primer
NUSTAR’05 Neutron” Rich Minischool University of Surrey, (2005).

Atkins P.W., and R. S. Friedman, ~Molecular Quantuam Mechanics ! published with
Oxford University Press, New Yourk , (1997).

Chiang, S. Y. “Properties of Vacancy Defects in GaAs Single Crystals,” J. Appl. Phys.,
Vol. 45, p. 2986, (1975).

Hehre, W. L.Random , P . Schleyer and J.Pople ‘‘Ab. Initio Molecular Orbital Theory
>’ John Wiley & Sons, New York, (1986).

Butterman W.C. and Jhone D. Jorgenson, ‘‘Germanium‘‘, Open — File Report, U.S.
Department of the Interior U.S. Geological Survey, (2004).

Ye, P., D., “Main determinants for III-V metal-oxide semiconductor, J.

Vac. Sci. Technol. A., Vol. 26, pp 696- 704, (2008).

1802



