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ABSTRACT

The electronic structure of 111-V zinc blend Gallium Phosphide nanocrystals is investigated using ab-initio density func-
tional theory coupled with large unit cell for the core and surface parts. Two kinds of cells are investigated: multiple
Bravais and multiple primitive cells. The results show that both energy gap and valence band width depend on the shape
of the nanocrystal. Results also revealed that most electronic properties converge to some limit as the size of the large
unit cell increases. Furthermore, the results have shown that the cohesive energy is decreasing with increasing size of
nanocrystals. The core part is more degenerate, with larger energy gap and smaller valance and conduction bands than

the surface.
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1. Introduction

Gallium Phosphide is a compound semiconductor mate-
rial with an indirect band gap of 2.2 eV at (300 K) [1,2].
It is zinc blend structured possess strong visible emission
around 700 nm at room temperature and it is used in the
manufacture of low-case red, orange and green light
emitting diodes (LEDs) and semiconductor lasers can be
made that emit in the visible spectrum, or even produce
ultraviolet emission [3]. It has a relatively short life at
higher current and its lifetime is sensitive to temperature.
It is used standalone or together with GaAsP. The higher
energy gap gives devices the ability to operate at higher
temperatures, also used in power switching application
semiconductor nanocrystals are tiny crystalline particles
that exhibit size dependent optical and €electronic proper-
ties. These particles also span the transition between
small molecules and bulk crystal [4-6].

The large unit cell (LUC) method is used for the
simulation of the band structure of semiconductor and
other materials [7-11]. The multiples of Bravais and
primitive cell will be used as the LUC. The two atom
primitive cell is unacceptable central cell for LUC calcu-
lations since the interaction range (one Bravais lattice
cell constant) is greater than the dimension of the primi-
tive cell [12]. The aim of this research is to study the
electronic structure of Gallium Phosphide nanocrystats
core and oxidized surface.

Copyright © 2012 SciRes.

2. Theory

The large unit cell (LUC) was used in the evauation of
the electronic structure of GaP nanocrystas using density
functional theory (DFT). In this method, the number of
atoms in the central cell (at k = 0) (k is the reciprocal
lattice vector) is increased to match the real number of
nanocrystal atoms. The large unit cell method is a super-
cell method that was suggested and first applied for the
investigation of the electronic band structure of semi-
conductors [7-11]. This method differs from other su-
percell methods. Instead of adding additional k points to
the reciprocal space, the number of atoms in the central
cell (k =0) isincreased and a larger central unit cell is
formed [7]. k = O is an essential part of the theory of
LUC because it uses only one point in the reciprocal
space that means only one cluster of atoms exist which is
the features of quantum dots[13].

In the large unit cell method, only the lattice constant
is optimized for the core part. However, the surface part
bond lengths and angles still need to be optimized be-
cause of surface reconstruction. The oxidized surface
contains the surface oxygen and outer four layers of GaP
atoms whereas the core includes the remaining GaP at-
oms. The calculations were carried out for the core and
surface geometries as shown in Figures 1 and 2.

Gaussian 03 program [14] is used to perform the core
LUC and the oxygenated (001)-(1 x 1) surface that can be
added to obtain a complete electronic structure view. The
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Figure 1. (Color online) GaP 8 atoms core L UC.

¢ 5
A

\\ /

Figure 2. (Color online) GagPgO, atoms oxidized surface
LUC.

periodic boundary condition (PBC) method available in
Gausssian 03 program is used to perform the present
tasks [15]. Two multiple primitive parallelepiped cell
cores 16 and 54 atoms and two multiple Bravais cubic
cell cores 8 and 64 atoms are investigated as shown in
Figures 3 and 4. The PBC utility are also used to calcu-
late (001)-(1 x 1) GaP nanocrystal oxidized surface using
slab geometry GagPgO4. Computational time and re-
sources was the main obstacle in investigating bigger

Copyright © 2012 SciRes.

Figure 3. (Color online) GaP 54 atoms core LUC (parallele-
piped shape primitive cell multiple).

Figure 4. (Color onling) GaP 64 atoms core LUC (cubic Bra-
vais cell multiple).

lattices or surfaces.

We shall use the density functional theory at the gen-
eralized gradient approximation (GGA) method level
[16].

Kohn-Sham density theory [17-19] is widely used for
self consistent—field electronic structure calculations of
the ground state properties of atoms, molecules, and sol-
ids. In this theory, only exchange—correlation energy
E,. =E, +E; asafunctiona of the electron spin den-
sities n, (r)andn, (r) must be approximated.

Thelocal spin density (LSD) approximation:

Ex [m.n |=[dr nesd (nyny) @

where n=n,+n , and the generalized gradient ap-
proximation (GGA) [20-23]

ESCGA[nT,nJ:J‘d% f (n.,n,,Vn,,Vn,) 2

In comparison with LSD, GGA's tend to improve total
energy, atomization energies, energy barriers and struc-
tural energy differences.

To facilitate particle calculations, e and f must be
parameterized analytic functions. The exchange correla-
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tion energy per particle of a uniform eectron gas,
Ex (n,.n,), iswell established [24], but the best choice
for f(n.,n;,Vn,,Vn,) isstill amatter of debate.

3. Calculations and Results

The nanocrystal core 3D periodic boundary condition
(PBC) of GaP nanocrystalls calculations has been studied
and using 2D (PBC) with particular regard to the oxy-
genated (001)-(1 x 1) surface is added to obtain a com-
plete electronic structure view. Figure 5-6 shows the
total energy as a function of the lattice constant optimi-
zation of 8 and 64 atom core LUC respectively. Figure 7
shows the total energy variation with lattice constant for
8 atoms of the surface part. These curves and similar
curves for other LUCs are used to obtain equilibrium
lattice constants for these cells. Figure 8 shows the
variation of the energy gap with the variation of the
number of core atoms, while the variation of both val-
ance and conduction band widths with the variation of
the number of core atoms are shown in Figure 9. Figure
10 displays the cohesive energy as a function of number
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of core atoms.

Density of states of core and surface LUC as a func-
tion of energy levels are shown in Figures 11 and 12.
Figure 13 shows the atomic charge of oxidized GagPsO,
surface as a function of layer depth using the slap ge-
ometry method.

4. Discussion

In order to abtain equilibrium lattice constant, the total
energy of 8 and 64 GaP atoms nanocrystal core is used,
and the obtained results are shown in Figure 5-6. The
results show that the minimum at the bottom represents
the equilibrium lattice constant of this cell, while the
equilibrium lattice constant occurred at a point in which
the attraction forces between the atoms equals to the re-
pulsion forces. Figure 7 represents total energy versus
lattice constant of 8 atoms surface, at equilibrium lattice
constant the total energy is too small compare with 8
atoms core nanocrystal.

Figures 8 and 9 show the variation of the energy gap,
valance and conduction bands of GaP nanocrystals with
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Figure 5. Optimization of 64-atom cor e lattice constant of GaP nanocrystals.
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Figure 6. Total energy versuslattice constant of 8-atom core (LUC) of GaP nanocrystalls.
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Figure 7. Total energy versuslattice constant of 8-atom oxygenated (001)-(1 x 1) surface of GaP.
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Figure 8. Energy gap variation with the number of core atoms of GaP nanocrystals.
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Figure 9. Valence and conduction bands variation with the number of core atoms of GaP nanocrystals.
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the number of core atoms. Cubic cells (8, 64 atoms) have
wider bands than parallelepiped cells (16, 54 atoms).
This effect was in agreement with previous studies [8,9,
12,14]. From Figure 10, we can notice that the value of
cohesive energy decreases with increasing of the number
of atoms per LUC reflecting the strong contribution of
atoms. The cohesive energy increment is not linear and

the rate of change of larger crystals sizes decreases and
tends to be a constant value. This behavior shows the
shape effect which appears because of shape conversion
from cubic cell (8, 64) to the parallelepiped cell (16, 54)
[10,25,26].

The results of density of states of core 8 atoms LUC
and surface 8 atom as a function of energy levels are
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Figure 10. Cohesive energy variation with the number of core atoms of GaP nanocrystals.
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Figure 11. Density of states of 8 core atoms of GaP. Valence bands are shown with bold lines while conduction bands are
shown with ordinary lines. The energy gap is shown between the two bands, where Eg=1.6 eV.
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Figure 12. Surface density of states of 8-atom oxygenated (001)-(1 x 1) for a2. Valence bands are shown with bold lines while
conduction bands ar e shown with ordinary lines. The energy gap is shown between the two bands, where Eg = 0.22 €V.
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Figure 13. Atomic charges as a function of layers depth of oxidized GaP nanocrystal surface using slap geometry.

shown in Figures 11 and 12. The results that the core
states show larger energy gap and smaller valence and
conduction bands. Owing to perfect symmetry of the core,
the core states are more degenerate. As we move to the
surface we see low degenerate and small energy gap and
wider valance and conduction bands. This reflects the
broken symmetry and discontinuity at the surface and
existence of new kind of atoms (oxygen atoms), and the
variation of bond lengths and angles [27,28]. Figure 13

Copyright © 2012 SciRes.

shows the atomic charges of oxidized GagPsO,4 surface as
afunction of layer depth using the slab geometry method.
Thefirst and the last negative charged atoms in the figure
are oxygen atoms. These atoms are neighboring the out-
ermost surface P atoms that have positive charges. The
Ga atoms have negative charges. This trend of chargesis
consistent with our previous assumptions of thickness of
surface reconstruction effects. These charges are trig-
gered by the high eectron affinity of oxygen surface at-
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oms[9,10,29].

5. Conclusion

The obtained results show the shape and bounding sur-
face of nanocrystal are important factors for energy gap,
as well as the valence and conduction bands. Surface and
core parts have approximately the same lattice constant
and this fact reflects the good adherent of oxide layer at
the surface. Moreover the cohesive energy decreases with
number of core atoms in LUC. The value of the energy
gap is extremely lower for the surface than the core this
reflecting the fact that core part is more degenerate and
smaller valence and conduction bands are encountered
than the surface part. This may be attributed to the shape
and kind of surfaces which have a pronounced effect on
the electronic structure of the core of nanocrystals. The
atomic charges are triggered by the higher electron affin-
ity of oxygen surface. The surface has damping oscilla-
tory successive negative and positive layer charges.
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