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Mesoscopic Fluctuations of Electronic Structure Properties
of Boron Phosphide Nanocrystals
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The ab initio restricted Hartree-Fock method is used to simulate the electronic structure of relatively large
boron phosphide nanocrystals (216-1000 atoms). The calculations are divided into two parts, surface and
core. Nanocrystals are found to have smaller lattice constants and higher ionicity as they increase in size.
The core calculations show increasing energy gap, cohesive energy, and valence bandwidth as well as highly
degenerated states with increasing nanocrystal size. The energy gap, cohesive energy, and valence bandwidth
have damping fluctuations as these quantities converge to constant bulk values as the nanocrystal reaches
a high number of atoms. These fluctuations are similar to mesoscopic fluctuations that converge to bulk
values and are related to the geometry and various surfaces of the core. Unlike the core part, the hydrogenated
B-terminated (001)-(1x1) surface of these crystals has a smaller energy gap, and wider valence and conduction
bands. Reduced symmetry caused less degenerate states to occur at the surface. Having slightly different
lattice constants, both core and shell parts experience stresses to match each other dimensions. On the other
hand, unlike the energy gap, the ionization potentials and affinity do not converge to a unique value as the
core of nanocrystals increases in size because of the different surfaces that bound these nanocrystals.

Keywords: nanocrystals, abinitio calculations, semiconductors

1. INTRODUCTION

Cubic boron phosphide (c-BP) semiconductors have been
repeatedly reported to show excellent device properties for a
variety of applications, such as light emitting diodes (LEDs)
or laser diodes (LDs),"" and they are considered an important
wide-gap semiconductor in the electronics industry. Nanoc-
rystals of c-BP have been recently synthesized in various
sizes by various methods.”” This compound is one of the
nearest zinc-blend structures to the covalent diamond-struc-
tured elements (diamond, silicon, germanium, and o-tin)
because of its small ionicity. Unlike diamond-structured ele-
ments and many zincblend compounds, this compound had
received very limited attention in theoretical and practical
investigations as a low-dimensional structure. In this work
we shall investigate the electronic structure of relatively
large c-BP nanocrystals using the large unit cell method
(LUC) for the core and surface parts (Figs. 1 and 2). The
LUC method is traditionally used to simulate bulk and sur-
face parts of ordinary size crystals.*” The LUC differs from
other supercell methods by the use of k=0 approximation
(k is the lattice wave vector) with no summation over k
space. Instead of adding additional k points to the reciprocal
space, the number of atoms in the central cell (k=0) is
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increased, and a larger central unit cell is formed.

The LUC method was first suggested and applied to cova-
lent semiconductors in the 1970s.”*"! This method was found
suitable for nanocrystal calculations because the k=0
approximation retains only one central cluster of atoms sur-
rounded by other atoms to passivate the outer dangling
bonds.*”" The method is used to simulate parts of specific
symmetry in the nanocrystal in the same way it is used for
bulk materials.

Simulated nanocrystal surface

Fig. 1. (Color online) A cross section of a hypothetical cubic Nanoc-
rystal geometry as applied to the present work calculations.
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2. THEORY

The electronic structure of the c-BP nanocrystals of
increasing size is investigated using the ab initio restricted
Hartree-Fock method available in the Gaussian 03 pro-
gram.””’ The investigation includes both Bravais and primi-
tive cell multiples.”’ The calculations were carried out for
the core and shell (surface) geometries as shown in Figs. 1
and 2. The core part of the nanocrystal should have a nearly
perfect zincblend structure (Fig. 2(a)). This part is one lattice
constant away from the surface to prevent surface effects.”
The surface part is investigated using slab geometry as
shown in Fig. 2(b).

The minimum number of atoms in a cubic nanocrystal
(Fig. 1) is 216 so that it can have a core (8 atoms) that is one
lattice apart from the surface. The investigated numbers of
core atoms are 8, 64, and 216 for the Bravais cell and 16, 54,
and 128 for the primitive cell multiples.”’ The largest num-

Fig. 2. (Color online) a- The 64 atom c-BP core LUC. b- Hydroge-
nated B-terminated (001)-(1x1) surface slab of B3;H ¢P24 stoichiome-

try.

ber of core atoms investigated in the present work (216
atoms) corresponds to 1000 atoms for the total number of
atoms in the nanocrystal. This number is rarely investigated
using ab initio calculations.

Two surface stoichiometries are investigated, namely,
BsH4Ps and Bs;HiP2s. These hydrogenated B-terminated
(001)-(1x1) surfaces serve as an example for the effect of the
surface on the overall electronic structure of the nanocrystal.

3. CALCULATIONS AND RESULTS

The lattice constant of the cores of nanocrystals of various
sizes are energetically optimized as shown in Fig. 3. The
optimization shows that the smallest investigated nanocrys-
tal core (8 atoms) has a lattice constant that is nearly 2.7%
larger than the converging lattice constant value for larger
nanocrystals. The converged lattice length for a high number
of core atoms (4.51 A) is in good agreement with the exper-
imentally reported value (4.53 A) for large nanocrystals™”
and bulk."” Figures 4, 5, and 6 show energy gap, cohesive
energy, and valence bandwidth variation as the nanocrystals
core increases in size. All energies converge quickly for the
crystals with more than 50 core atoms with a very narrow
energy gap variation range (4.64 eV to 4.68 eV). The energy
gap is higher than the experimentally reported energy gap
(2.0 eV) for bulk c-BP"” but within the trends of Hartree-
Fock theory of giving high energy gaps.*” The converged
cohesive energy and valence bandwidth (14.5 eV and 16.8
eV respectively) are comparable to the bulk experimental
values of 10.24 eV and 16.5 eV respectively."™""! Cohesive
energy and valence bandwidth have similar fluctuations to
that of the energy gap. These fluctuations are similar to
mesoscopic fluctuations that converge to bulk values and are
related to the geometry of the core LUCs. Geometric differ-
ences originate from the different terminating surfaces of
these Bravais or primitive cells.

Figure 7 shows the ionicity of the core part of nanocrystals
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Fig. 3. Energetically optimized c-BP core lattice constant as a func-
tion of the number of atoms in the core.
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Fig. 4. Energy gap of the core part of c-BP nanocrystals as a function
of the number of core atoms.
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Fig. 5. Valence band width of the core part of c-BP nanocrystals as a
function of core atoms.
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Fig. 6. Cohesive energy of the core part of c-BP nanocrystals as a
function of the number of core atoms.

as they increase in size. This figure shows that smaller
nanocrystals are less ionic than larger nanocrystals. This can
be attributed to the larger lattice constant in smaller nanoc-
rystals and the consequent lower electronic interaction. The
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Fig. 7. ionicity of the core part of c-BP nanocrystals as a function of
core atoms.
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Fig. 8. Atomic ionicity as a function of layer depth perpendicular to
the hydrogenated B-terminated (001)-(1x1) c-BP for the B3;Hi6P24
stoichiometry slab surface.

converged value of 0.29 for large nanocrystals is in good
agreement with the bulk experimental value of 0.25."* Fig-
ure 8 also shows the atomic ionicity of atomic layers perpen-
dicular to the (001) surface. The layer at 0 coordinates is the
first boron layer which has negative atomic ionicity. The
hydrogen atom layer at the left side of 0 coordinate layer also
has negative ionicity. The first phosphorus layer at the right
of the 0 coordinate layer has positive ionicity. The layers
beyond this layer have alternately negative and positive
atomic charges.

Due to high symmetry, the number of degenerate states is
high in the core part (Fig. 9). The highest number of degen-
erate states in the valence band is between 6 for the 8 atom
core and 36 for the 216 atom core. These numbers are in
excellent agreement with the same results using semiempiri-
cal methods for diamond-structure elements."”

To investigate nanocrystals surface electronic structure, it
is natural to assume that larger nanocrystals to have larger
surfaces. Two hydrogenated B-terminated (001)-(1x1) c-BP
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Fig. 9. Degeneracy of states of 8 atom core part of c-BP nanocrystal
as a function of level energy. The HOMO level is taken as the refer-
ence level.

surface stoichiometry slabs are investigated, namely, BsH.Pg
and BxH;6P24 (Fig. 2b) with two surface areas of a’ and 4a’
respectively, where (a) is the lattice constant. The B-H bond
length is optimized to 1.17 , which is in good agreement with
experimental value for BH; of 1.19 A."* The bond lengths
and angles at the surface are not unique as in the core part.
Due to symmetry considerations, only inter-layer distances
in the vertical direction in Fig. 2(b) are affected. The distance
between the second and third layers in Fig. 2(b) (assuming
the H atoms to be in the first layer) is 6 % shorter than the
ordinary 1.1275 A distance between these layers (with the
exception of the hydrogen layer). The geometry and second
to third layer distance contraction is similar to the oxygen-
ated diamond surface in the ketone (C=0) case."" The
average lattice constants of the two investigated stoichiome-
tries are 4.51 A and 4.48 A, which are less than the corre-
sponding core parts (8 atoms and 64 atoms), but they follow
the same decreasing order. This shows that both core and
shell parts experience stress to match each other’s dimen-
sions. Unlike the core part, the highly degenerate states of
the core are split and the energy gap is reduced (Fig. 10). The
highest numbers of degenerated states in the two investi-
gated stoichiometries are 2 and 4, respectively. The energy
gaps of the two stoichiometries are 0.2 eV and 1.0 eV,
respectively. This increasing energy gap with increasing sur-
face area is in agreement with results for similar size dia-
mond nanocrystals which show the same trend beyond the
quantum confinement region."”!

Due to level splitting, the valence and conduction bands
are also widened. The low surface energy-gap values show
that the energy gap is ruled by the surface part of the nanoc-
rystals, and this is in agreement with diamond results.""”

Other quantities that can be obtained from our calculations
are the ionization potential and affinity. Affinity is the energy
difference when an electron is brought from infinity to the
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Fig. 10. Degeneracy of states of surface part of BsH,Ps stoichiometry
slab as a function of level energy. The HOMO level is taken as the
reference level.
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Fig. 11. Ionization and affinity as a function of the number of core
atoms.

material, while ionization potential is the energy difference
when an electron is removed from the material to an infinite-
or zero-potential state. Figure 11 shows these quantities for
the core part of the nanocrystal. The difference between ion-
ization potential and affinity is almost constant and is equal
to the value of the energy gap as a first approximation."* In
spite of the oscillation of these quantities, these oscillations
do not vanish as the core of the nanocrystal expands (com-
pare to energy gap Fig. 4). Note that the first, fourth, and
sixth data points of the Fig. 11 are Bravais LUCs (8 atoms,
64 atoms, and 216 atoms), and they have nearly distinct con-
stant values that differ from the second, third, and fifth data
points, which are primitive LUCs (16 atoms, 54 atoms, and
128 atoms, respectively). Since each of the Bravais and
primitive cells is bounded by different surfaces in the nanos-
cale and bulk scale, the difference in electron affinity and
ionization potential remains.

The surface ionization and affinity values are 2.75 eV and
2.54 eV for the BsH4Ps stoichiometry and 2.33 eV and 1.29
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eV for the B;;H;¢P»4 stoichiometry, respectively. Unlike the
core, the values of surface ionization and affinity are all pos-
itive for this surface and are nearer to the 0 potential in vac-
uum in their values as well as their spatial position.

4. CONCLUSIONS

In conclusion, smaller nanocrystals are found to have
larger lattice constants and a less ionic character. The core
part shows damping oscillations for the energy gap and other
electronic structure energy properties, such as cohesive
energy and valence band-width. These fluctuations are simi-
lar to mesoscopic fluctuations that converge to bulk values
and are related to the geometry of the core LUCs (Bravais or
primitive cells). It also shows an increasing general trend for
the cohesive energy, valence bandwidth, and highly degener-
ated states to converge rapidly to bulk properties with
increasing nanocrystal size. Unlike the core part, the hydro-
genated B-terminated (001)-(1x1) surface of these crystals
has a lower energy gap, wider valence and conduction
bands, and less degenerate states. Having slightly different
lattice constants, both core and shell parts experience
stresses to match each other’s dimensions. On the other
hand, other physical quantities at the core such as ionization
potential and affinity do not show the same convergence as
the energy gap, cohesive energy, and valance bandwidth.
However, ionization and affinity values oscillate according
to the geometry, surface, and shape of the nanocrystal core.
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