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Ab initio restricted Hartree-Fock method coupled with the large unit cell method is used to determine the electronic structure
and physical properties of aluminum phosphide (AlP) nanocrystals between 216 and 1000 atoms with sizes ranging up to about
3 nm in diameter. Core and surface parts with different sizes are investigated. Investigated properties include total energy, cohesive
energy, energy gap, valence band width, ionicity, and degeneracy of energy levels. The oxygenated (001)-(1× 1) facet that expands
with larger sizes of nanocrystals is investigated to determine the rule of the surface in nanocrystals electronic structure. Results
revealed that electronic properties converge to some limit as the size of the large unit cell increases and that the 216 core atoms
approaches bulk of Aluminum phosphide material in several properties. Increasing nanocrystals size also resulted in a decrease in
lattice constant, increase of core cohesive energy (absolute value), increase of core energy gap, increase of core valence band width
and decrease of ionicity. Valence and conduction bands are wider on the surface due to splitting and oxygen atoms. The method
also shows fluctuations in the converged energy gap, valence band width and cohesive energy of core part of nanocrystals duo to
shape variation.

1. Introduction

Semiconductor nanostructures have been of particular inter-
est because confinement effects lead to large increase in the
band gap (blue shift) and efficient light emission, even in Si
for which coupling to light is extremely weak in the bulk crys-
tal [1]. In the case of a pure semiconductor, the broken bonds
lead to reconstruction of the surface, and in the smallest clus-
ters, there is little resemblance to the bulk structures. On the
other hand, terminating the surface by atoms such as hydro-
gen, which remove the dangling bonds makes the resulted
cluster much more like a small, terminated piece of the bulk.
Aluminum phosphide (AlP), with one of the largest direct
gaps of the III–V compound semiconductors, is undoubtedly
the most “exotic” and least studied [2]. At normal conditions,
AlP crystallizes in the zinc blende (zb) structure. However, in
recent years, it attracted special attention to its incorporation
in the AlAs/AlP- and GaP/AlP-based heterostructures. AlP

is a subject of extensive theoretical studies ranging from the
semiempirical to the first principles methods [3], within the
density functional theory (DFT) framework using both pseu-
dopotential [4], and all-electron approaches. For the bulk
properties of AlP, theoretical calculations based on the Har-
tree-Fock [5], and potential model [6] have obtained a very
good description of its structural and electronic properties.
Recently, Annane et al. [7] investigated the structural and
electronic properties of AlAs and AlP compounds using the
full potential linearized augmented plane wave plus local
orbitals method based on density functional theory.

The present work addresses large nanocrystals that have
the size range of 216–1000 total atoms. These atoms are
divided between core and surface. The present lower limit (of
atoms) is chosen since it provides the first occurrence of idle
core part (nearly ideal zincblende structure) that is far from
surface reconstruction by more than three surface layers. To
the best of our knowledge, no theoretical investigations of
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cubic zb AlP nanocrystals have appeared in the literature up
to the present date.

In the present work, we study the electronic structure and
physical properties of AlP nanocrystals core and surface part
with different sizes by using an ab initio restricted Hartree-
Fock (RHF) method coupled with large unit cell method
(LUC-RHF). LUC method was formulated and used before
for several kinds of bulk materials including diamond and
zinc blend (zb) structured materials [8–11].

2. Computational Details

Ab initio self-consistent Hartree-Fock (RHF) is used to
obtain Aluminum phosphide nanocrystal molecular orbitals.
Correlation corrections are neglected in the present calcu-
lations relying on Koopmans theorem [12]. This theorem
states that comparisons of Hartree-Fock closed-shell results
(which is the case in the present work) with experimental
values suggest that in many cases the energetic corrections
due to relaxation effects nearly cancel the corrections due to
electron correlation. Simple STO-3G basis [13, 14] is used in
the present work to reach higher number of core and surface
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, instead of adding more k points, the single cen-
tral cell is expanded to contain more atoms, which are now
called core atoms in the present work. The LUC method was
first suggested and applied to covalent semiconductors in the
1970s [10, 15]. The method was found suitable for nanocrys-
tal calculations because the k = 0 approximation retains
only one central cluster of atoms surrounded by other atoms
to passivate the outer dangling bonds [16]. The method is
used to simulate parts of specific symmetry in the nanocrys-
tal (core and surface) in the same way it is used for bulk
materials.

We used 3D PBC (Periodic Boundary Condition)
method in GUSSIAN 03 code [17] to calculate ab initio
restricted Hartree-Fock electronic structure of AlP nanocrys-
tals internal core. The 2D PBC calculations are used to simu-
late oxygenated (001)-(1 × 1) surface. In the present work,
we divided the work into two parts, core and surface parts,
which is the traditional method used in microscopic-size
solid-state calculations. In LUC core part only the lattice con-
stant is optimized, at the surface part all bond lengths and lat-
tice constant still need to be optimized because of surface re-
construction. The (001) chosen surfaces are terminated by
oxygen atoms to passivated dangling bonds. The width of
surface part is set to one conventional lattice that is deduced
from AlP surface bonds calculations. The oxygenated (001)-
(1 × 1) AlP surface in the oxygen double bonding configura-
tion is investigated to obtain the total electronic structure of
the AlP nanocrystal with (001)-(1×1) facets. The oxygenated
(001)-(1 × 1) AlP surface is chosen since it is one of the
least reconstructed surfaces. Unlike the core part, the bond
lengths and lattice constant are not unique and a varia-
tion of geometrical parameters is needed. Normally surface
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Figure 1: Total energy of 216 atoms aluminum phosphide core LUC
as a function of lattice constant.

effects do not penetrate more than four layers (one lattice
constant) from the crystal surface [18]. On the other hand,
short-range sp3 bonds do not require more than fourth
neighbor’s interaction range to conduct electronic structure
calculations successfully using molecular orbital methods
[16]. The upper two identical conditions are applied in the
present calculations.

Two kinds of core LUCs are investigated, namely, cubic
and parallelepiped cells. The cubic cells are multiples of zb
structure Bravais unit cells, while the parallelepiped cells are
multiples of primitive zb structure unit cells [18]. Cubic core
cells include 8, 64, and 216 atoms. Parallelepiped cells include
16, 54, 128, and 250 atoms.

3. Calculations and Results

In this section, we present the calculated band structures of
aluminum phosphide nanocrystals. Figure 1 shows the total
energy for AlP nanocrystal as a function of lattice constant
for 216 core atoms, from which we obtained the equilibrium
lattice constant. Figure 2 shows the variation of the latti-
ce constant of aluminum phosphide nanocrystals core as a
function of number of core atoms. This figure is obtained
after minimizing the energy lattice curve of every investigated
number of core atoms. From this figure, we see that the lattice
constant for the core part of the crystal decrease with in-
creasing number of atoms. The converged lattice length for a
high number of core atoms (0.523 nm) is in good agreement
with the experimentally reported value (0.545 nm) for bulk
[19, 20].

The bulk modulus B can be obtained using the equation
of state of Murnghan [21]. Bulk modulus of AlP nanocrystal
as a function of number of atoms in the core is shown in
Figure 3. This figure shows that the bulk modulus increases
with the number of atoms in the core. We note that the
bulk modulus for AlP nanocrystal of 97 GPa is in reasonable
agreement with the experimental value of 86 [19] of the bulk
taking into consideration that Hartree-Fock theory always
overestimates bulk modules values [8].
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Figure 2: Energetically optimized zb-AlP core lattice constant as a
function of the number of atoms in the core.
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Figure 3: Bulk modulus as a function of the number of core atoms.

AlP has an indirect minimum gap between highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) with the CBM at X point of the
Brillouin zone [22]. Figure 4 shows the energy gap of the core
part of the investigated nanocrystals against the number of
core atoms. The increase of the energy gap in the first part
of the considered range is not a violation of the quantum
confinement theory since the energy gap is controlled by the
surface part gap [23, 24], which is much smaller gap than the
core part. All energies converge quickly for the nanocrystals
with more than 64 core atoms with a very wide energy gap
variation range approximately (3.80 eV to 4.69 eV), which is
higher than the experimentally reported energy gap (2.45–
2.5 eV) for bulk zb-AlP [25, 26] but within the trends of na-
nocrystals blue shift [23, 24, 27, 28]. The relation between
the cohesive energy and the number of atoms is shown in
Figure 5. A reasonable agreement for the cohesive energy
with experimental data (8.34 eV) [29] and other calculations
[20, 30] of the bulk value (8.27–9.73 eV). Figure 5 shows
that the cohesive energy decreases with increasing number of
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Figure 4: Energy gap of the core part of zb-AlP nanocrystals as a
function of the number of core atoms.
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Figure 5: Cohesive energy of the core part of zb-AlP nanocrystals
as a function of the number of core atoms.

atoms with small fluctuation after (−11.721 eV) for the cell
which contains 64 core atoms.

In the present work, we calculated valence bandwidth
which is the difference between HOMO and LOMO levels.
The valence bandwidth as a function of number of atoms
for AlP nanocrystal core part is shown in Figure 6. One can
see from the figure that this band generally increases with in-
creasing number of atoms and becomes nearly stable at the
64 core atoms.

The ionicity charge is calculated as a function of number
of core atoms. Figure 7 shows that smaller nanocrystals are
more ionic than larger ones.

Figure 8 shows the variation of highest occupied molecu-
lar orbital energy (HOMO) and lowest unoccupied molecu-
lar orbital energy (LUMO) as the core of nanocrystals grows
up in size and changes its shape. This curve fluctuates strong-
ly because of the change in size and shape that produces dif-
ferent surfaces with different properties. HOMO and LUMO
variation shows that not all quantities have definite conver-
gence behaviour similar to the upper investigated quantities.
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Figure 6: Valence bandwidth of the core part of zb-AlP nanocrystals
as a function of core atoms.
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Figure 7: Ionicity of the core part of zb-AlP nanocrystals as a
function of the number of core atoms.

HOMO and LUMO energy levels plotted in Figure 8 show
fluctuating behaviour that continues indefinitely. A negative
sign to the approximate ionization potential and affinity, res-
pectively, [31] relates HOMO and LUMO levels. As nanocry-
stals grow up in size they develop different shapes and
surfaces. Each of the developed surfaces has different prop-
erties such as the upper mentioned ionization potential and
affinity or HOMO and LUMO energy levels. Therefore, these
fluctuations start at the nanoscale, continue to the micro-,
and bulk scale. A similar behaviour is observed for BP and
SiGe nanocrystals [27, 32].

The degeneracy of energy level states for AlP nanocrystal
as a function of energy levels for the lowest energy lattice con-
stant is calculated for core and surface parts. Figure 9 shows
the degeneracy of states for 8 atoms of core part. Due to
high symmetry, the number of degenerate states is high in
the core part. The highest number of degenerate states in the
valence band is between 6 for the 8 atom cores and 30 for the

0 50 100 150 200 250

E
n

er
gy

 (
eV

)

Number of LUC core atoms

HOMO

LUMO

−25

−20

−15

−10

−5

0

Figure 8: HOMO and LUMO energies that correspond to different
core sizes of AlP nanocrystals.
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Figure 9: Degeneracy of states of 8-atom core part of zb-AlP
nanocrystal as a function of level energy. The HOMO level is taken
as the reference level.

216 atom cores. A similar behaviour is observed for diamond
nanocrystals ab initio large unit cell calculations [33] and SiC
nanocrystals [34].

To investigate nanocrystals surface electronic structure,
it is natural to assume that larger nanocrystals have larger
surfaces. Three oxygenated oxygen terminated (001)-(1× 1)
zb-AlP surface stoichiometry slabs are investigated, namely,
Al8O4P8, Al32O16P32, and Al72O36P54 with three surface areas
of a2, 4a2, and 9a2, respectively, where (a) is the lattice
constant.

The results of the oxygenated (001)-(1 × 1) surface for
the lattice constant and the energy gap for the three different
areas are shown in Figures 10 and 11, respectively.

The average lattice constants of the three investigated
stoichiometries are less than the corresponding core parts,
but they follow the same decreasing order. On the other
hand, the energy gap of (001)-(1× 1) oxidized surface shows
much smaller gap than that of the core part.

The oxygenated (001)-(1× 1) surface slab calculations of
the nanocrystal converge to approximately the same lattice
constant value of the core (0.5195 nm). This good matching
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Figure 10: Lattice constant variation as a function of nanocrystal
oxygenated (001)-(1× 1) surface face.
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Figure 11: Energy gap of AlP nanocrystals oxygenated face as a
function of surface area of nanocrystals facet.

between surface and core lattice constants shows that good
adhesion is expected between the two parts.

In the surface part, discontinuity of surface imposes level
splitting on the degenerate energy levels. The splitting of
energy levels does not only affect the number of degenerate
states, but also the valence and conduction bandwidths
which are wider in surface part. On the other hand, the split-
ting of states and additional oxygen surface states strongly
affect the energy gap and considerably reduce its value.

Figure 12 represents the degeneracy of states for oxy-
genated (001)-(1× 1) surface part of Al8O4P8 stoichiometry
slab nanocrystal surface. This surface has lower number of
degenerate states compared with core part of Figure 9. This
low degeneracy is due to broken symmetry at the surface
discontinuity. The existence of oxygen atoms leads to varying
the bond lengths and lattice constant. Because of splitting,
energy gap is reduced (see Figure 11).

4. Conclusions

In this paper, we studied some properties of zb-AlP
nanocrystals. The total energy, lattice constant, bulk modu-
lus, cohesive energy, energy gap, valence bandwidth, ionicity,
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Figure 12: Degeneracy of states of surface part of Al8O4P8

stoichiometry slab as a function of level energy. The HOMO level
is taken as the reference level.

and degeneracy of energy levels have been calculated by the
self-consistent restricted Hartree-Fock method coupled with
the large unit cell method (RHF-LUC). The lattice cons-
tant and ionicity decreases with increasing size of large unit
cell for core and surface parts. Cohesive energy of zb-AlP na-
nocrystals increases (absolute value) with the increase of
number of atoms. Valence bandwidth increases with increas-
ing size of LUC for core and surface part. Core energy gap
increases with increasing size of LUC; however, surface gap
decreases. The Valence bandwidth in surface part is larger
than that for core part caused by the existence of oxygen
atoms and surface states splitting. The degeneracy of states
of core part for all sizes of LUC is larger than the degeneracy
of surface part. On the other hand, (001)-(1×1) oxidized sur-
face show much smaller gap and slightly larger lattice cons-
tant.
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