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GaP nanowire, a potential material for new devices where optical and electronic applications can be
merged, suffers some limitations because it presents indirect band gap. Using first principles
calculations we demonstrate that, due to confinement effects, the band gap not only is enlarged when
in a nanowire form, but can be transformed to a direct band gap semiconductor nanowire, just by
reducing the nanowire diameter to few nanometers. This transition to a direct band gap is obtained
for �111� oriented GaP nanowires but not for �110� oriented nanowires. The effects of surface states
which can alter the band gap have been studied with hydrogen saturation and an oxide cap layer on
the surface of the GaP nanowire. The results show that, while the hydrogen is a perfect passivator,
the GaP /Ga2O3 heterojunction presents a small conduction band offset but keeps direct band gap
�111� oriented GaP nanowires. © 2010 American Institute of Physics. �doi:10.1063/1.3511340�

I. INTRODUCTION

III-V semiconductor nanowires have been intensively
studied due to their potential applications in optoelectronic
devices and photonic circuits.1–3 Gallium phosphide presents
so many different nanoscale forms4–7 and, among the differ-
ent applications, is of particular interesting for miniature op-
tical devices.8 As reported recently9 nanowires of gallium
phosphide with few nanometers of diameters can be obtained
with very simple techniques, making them useful as building
blocks to fabricate nanodevices. However, gallium phos-
phide presents an indirect band gap of 2.26 eV, which makes
it not so useful for optical applications. The generation of
light can only occurs by means of excitons with isoelectronic
dopants under uniaxial stress,10 hydrostatic pressure11 or
shock compression.12 There is not evidence that nanostruc-
tured III-V compounds change the minimum of the conduc-
tion band as compared to the bulk ones, but an enlargement
of the band gap is observed, due to confinement effects.2,13

Nevertheless extended defects like twinning superlattices
have been predicted to transform indirect band gap zinc
blended semiconductors to direct ones.14 Recently it has
been shown that twinning superlattices can be controlled in
InP nanowires by controlling the nanowire morphology.15

And if it could be extended to a indirect band gap semicon-
ductor one would transform it in direct band gap material.
However a transition from bulk indirect band gap to a nano-
scale direct one, only due to nanoeffects, have not been ob-
served in III-V nanostructures so far.

An important issue to obtain electronic properties in
nanoscale semiconductors is the, usually hard to determine
experimentally, surface structure of the nanomaterial. In or-
der to avoid the surface effects, it has been shown that an
oxide cap layer, usually Ga2O3 coating,8,16,17 let the inner
GaP nanowire with very crystalline structure. Actually GaP
or Ga2O3 nanostructures can be transformed one to another.
GaP nanowires can be synthesized from Ga2O3,18 as well

Ga2O3 nanocrystals can be obtained from GaP
nanocrystals.19 Outer Ga2O3 layers can work as a protection
cap layer for the GaP nanowires, allowing the use of
GaP /Ga2O3 structure for nanodevices at high temperatures.
What is no so clear till now is the atomic arrangement at the
interface between both structures, how is the consequence on
the electronic structure due to an oxide on the surface of a
GaP nanowire, and how the confinement effects alter the
electronic properties of thin nanowires. Theoretical simula-
tions usually use hydrogens as a passivation mechanism to
avoid surface dangling bonds,13 while experimentally hydro-
gen passivation is not feasible, but surface treatment with
acids increases significantly the photoluminescence
intensity.20

In this work, using first principles calculations, it is dem-
onstrated that the indirect bulk GaP band gap can be trans-
formed to a direct band gap semiconductor, just by reducing
the nanowire diameter to few nanometers. It was also studied
the effects of surface saturation with hydrogens or an oxide
cap layer. The results show that the hydrogen is a perfect
passivator, and the core-shell GaP /Ga2O3 heterojunction pre-
sents a small conduction band offset, but both keep direct
band gap �111� oriented nanowires.

II. METHOD

The total energy calculations have been performed with
the density functional theory �DFT� within the generalized
gradient approximation �GGA� �Ref. 21� for the exchange-
correlation potential, where the electron-ion interactions are
described by ab initio norm-conserving fully separable
Troullier–Martins22 pseudopotentials in the Kleinman–
Bylander form.23 The total energy has been obtained by a
fully self-consistent calculations by solving the standard
Kohn–Shan �KS� equations. The KS orbitals are expanded
using a linear combination of numerical pseudoatomic orbit-
als, implemented in the SIESTA code.24

In all calculations a split-valence double-zeta quality ba-
sis set enhanced with polarization function have been showna�Electronic mail: tschmidt@infis.ufu.br.
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to reproduce correctly the valence band and binding energies
for both GaP and Ga2O3 systems. The results have been com-
pared to other first principles and experimental results.25,26

To guarantee a good description of the charge density, a cut-
off of 170 Ry for the grid integration was used to project the
charge density in the real space and to calculate the self-
consistent Hamiltonian matrix elements.

It is well known that standard DFT calculations under-
estimate band gaps, due to a lower position for the conduc-
tion band energies. As we are interested here in energy dis-
persions of conduction bands, a band gap correction may be
necessary in order to avoid any spurious interaction which
can alter the conduction band energy. To describe correctly
the empty states we also used a self-interaction correction
�SIC� scheme,27 which produces exchange parameters more
accurate than standard GGA does. The SIC approach, imple-
mented in the SIESTA code, have been used in some struc-
tures in order to confirm the main results, especially in those
where we want to well describe the unoccupied bands.

Two types of nanowires have been studied in this work.
One is aligned along the �111� direction �called here z direc-
tion�, using the supercell approach, in which the periodicity
length along the z direction is a�3, where a is the bulk lattice
parameter. These �111� oriented wires present crystalline
structure with six �110� planes forming a hexagonal cross-
section on the xy planes. The other type of nanowire is
aligned along the �110� direction, where the periodicity
length is a�2 /2. All the geometries were optimized until the
remaining forces were less than 0.005 eV/Å. The Brillouin
zone was sampled using up to five k-points along the nano-
wire axis. The bulk GaP band gap obtained using the stan-
dard GGA-DFT approximation gives a direct band gap of
2.00 eV and an indirect one of 1.70 eV, while by including
the SIC approach we get 2.44 eV and 2.17 eV, respectively.
As it is known standard DFT always gives smaller energy
gaps, however, the SIC improves the value getting it close to
the experimentally 2.78 eV and 2.26 eV for indirect and
direct band gap, respectively.

III. RESULTS AND DISCUSSION

In order to obtain the electronic properties of an ideal
GaP nanowire without any surface effect, due to the presence
of dangling bonds or surface defects, we first saturate the
nanowire surface with hydrogen atoms in such way that all
Ga and P atoms are fourfold coordinated. The GaP nanowires
passivated with hydrogen atoms present crystalline structure
as can be seen in Fig. 1, and they do not present any surface
energy level inside or around the band gap, similarly as re-
ported before for InP nanowires.28 A calculation with a more
realistic surface passivation with Ga2O3 will be discussed
later. Initially we are only interested in the electronic struc-
ture of pristine GaP nanowires as a function of their diam-
eters. We optimize the geometry of four nanowires aligned
along the �111� direction �Fig. 1�a�� with diameters of 1.2,
1.7, 2.2, and 2.6 nm, in a supercell containing 68, 116, 176,
and 239 atoms, respectively. Also we investigate two nano-

wires aligned along the �110� direction �Fig. 1�b�� with di-
ameters of 0.8 nm and 1.5 nm, containing 14 and 40 atoms,
respectively.

One of the first response to the confinement effects in
nanowires is that the band gap is enlarged with respect to the
bulk band gap. Particularly for GaP nanowires, a new effect
which is the transition from the bulk indirect band gap to a
nanowire direct one is believed also to be due to the confine-
ment effects as we will explain below. In Fig. 2 we plot the
bottom of the conduction band �CBM� for four GaP nano-
wires aligned along �111� direction with different diameters,
where the reference for the top of valence band �VBM� was
keep at zero. The back dotted line is the bulk CBM result. In
order to guarantee that the reduced band gaps obtained in
standard DFT calculations do not affect the dispersion ener-
gies, the results presented in this figure were obtained using
the GGA-SIC scheme that, as described in Sec. II, is more
accurate to calculate band gaps. The energy dispersions for
calculations where no self-interaction is included are very
similar to those presented in Fig. 2, only the band gaps are
reduced as compared to results using SIC scheme.

We note from Fig. 2 that for the bulk, as it is expected,
part of the �-L and �-X bands are lower in energy than the �
point. On the other hand for the nanowires aligned along the
�111� direction the �-L� as well �-X� are always upper in
energy than the � point. For the �111� oriented nanowires the
L� point is three times shorter than the L point of the bulk
first Brillouin zone �since the modulus of the smaller recip-
rocal vector of the nanowire along the z direction is 2� /a�3,
while for the �111� direction of the bulk this modulus is
2��3 /a�. The X� point of the nanowire also does not belong
to the bulk first Brillouin zone, but it is folded along the
strongly confined xy plane �in which the folding depend on
the nanowire diameter� and along the z direction. In this way

(a) (b)

FIG. 1. �Color online� Structure of GaP nanowires aligned along the �111�
�a� and �110� �b� directions. The biggest, the medium, and the smaller balls
represent the Ga, P, and the H atoms, respectively.
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the almost symmetric dispersion observed in Fig. 2 is due to
the dispersion mainly guided by the folding along the �-L�
�or z direction�. For all nanowires aligned along the �111�
direction studied here the band gap is direct, and the energy
band gap difference between the direct and indirect one does
not obey a simple function of the nanowire diameter. So, we
cannot predict exactly for which diameter the transition to
indirect one will occur as is in the bulk phase, but by making
a simple linear extrapolation we observe that this transition
will occur for diameters greater than 4 nm.

If the GaP nanowire is aligned along the �110� direction
the energy band gap is always indirect. As we can see from
Fig. 3, the folded L� and X� are always lower in energy than
the �-point. Due to the foldings both points L� and X� have
the same energy. Also we observe that along the nanowire
axis ��110� direction or �-K��, as showed inset of the Fig. 3,
the nanowire band gaps are also indirect.

As we reported before28 unpassivated nanowires present
energy levels inside the band gap, due to the nonsaturated
surface dangling bonds. In order to understand the effects on
the electronic structure, particularly in the transition indirect/
direct band gap, we study the properties of an outer oxide on
the surface of �111� oriented GaP nanowire. We started from
a completely hydrogen passivated nanowire �an ideal wire
without dangling bonds�, then we started to change H for O
atoms. By assuming that we have a source of O2 and H2

molecules, we can obtain the formation energy per additional
oxygen atom by computing the number m of atomic oxygens
taken from the O2 reservoir and the number n of atomic
hydrogens taken from the surface of the nanowire to the H2

reservoir

�EF = Enw+mO−nH − Enw − m�O + n�H,

where Enw+mO−nH is the total energy of the nanowire, where
m oxygens have been added and n hydrogens have been
removed. Enw is the total energy of the hydrogen passivated
nanowire, and �O and �H are the chemical potentials of the
atomic oxygen and hydrogen, respectively. These chemical
potentials have been calculated as the energy to take an atom
from the reservoir of the O2 and H2 molecules, respectively.
If E�O2� and E�H2� are the energies of the ground states of
H2 and O2 molecules, �O= �1 /2�E�O2� and �H

= �1 /2�E�H2� are the chemical potentials, respectively. The
ground state for the O2 molecule is a spin triplet state. We
compute the formation energy of five potential sites for the O
atom on the surface of �111� oriented GaP nanowire. The
results are summarized in Table I. Although most of these
formation energies per adsorbed O atom are negatives, it is
not expected a chemisorbed oxidation process in GaP nano-
wires. That is because the calculated binding energy per
atom for the O2 molecule is �2.93 eV. So, the oxidation can
only occurs at high temperatures. Experimentally it has been
observed that the oxidation of GaP nanocrystals takes place
for temperatures higher than 400 °C,19 and it is known that
for bulk GaP the completed oxidation occurs for tempera-
tures higher than 800 °C. As our formation energies for the
oxygens are calculated starting from hydrogen passivated
nanowires, it is expected that the oxidation of unpassivated
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FIG. 2. �Color online� Energy dispersions at the CBM for nanowires with
different diameters aligned along the �111� direction. Also the bulk disper-
sion is included �dotted line�. The energies are with respect to the VBM.
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FIG. 3. �Color online� Energy dispersions at the CBM for nanowires aligned
along the �110� direction for two diameters. Inset is the dispersion along the
nanowire direction.

TABLE I. Formation energies �in electron volt� and bond lengths �in ang-
strom� of the O adsorbed on the surface of �111� oriented GaP nanowire.

Structure GauOuP GauOuGa GavO PvO PuO

�EF �1.05 �0.56 �0.49 0.05 �0.02
Bond length 1.90/1.52 1.93 1.72 1.54 1.59
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GaP nanowires will present lower formation energies. Also it
is interesting to observe from these formation energies that
they are smaller as compared to those obtained for InP
nanowires.28 So the oxidation in InP nanowires will take
place easier than in GaP nanowires.

The bond lengths �b� of the oxygens when adsorbed on
the surface of GaP nanowires present three family bonds: �i�
single GauO bond, b	1.9 Å; �ii� single PuO bond, b
	1.5 Å; and �iii� double GavO bond, b	1.7 Å. The
single GauO bond lengths are in the range of our calculated
� phase of the Ga2O3, 1.87 Å–2.11 Å. And the PuO bond
lengths are close to that of the PO4 group average bond
lengths, 1.54 Å. The structure for more O atoms on the sur-
face of the GaP nanowire will be discussed later.

Next, we try to elucidate the effects on the electronic
structure of �111� oriented GaP nanowires due to an oxide
cap layer �Fig. 4�. In order to understand step by step how
the oxide is attached on the GaP nanowire surface, we in-
crease one by one the number of oxygens and gallium atoms
on the GaP nanowire, and compute the cohesive energy and
the electronic structure. The cohesive energy has been com-
puted as the energy difference between the atomic species
�sum of the Ga, P, and O isolated atomic energies� and the
GaP nanowire with m oxygens adsorbed on its surface. As
we can see from Fig. 5, the system becomes more stable as
the number of the oxygens m increases, reaching a value

around 3.4 eV. For hydrogen saturated GaP nanowire the
cohesive energy is 3.02 eV and the GaP bulk cohesive energy
is 3.81 eV. The stabilization can be understood by the forma-
tion of a structure which is getting close to the �-Ga2O3

structure, as we can see in Fig. 6, but the oxide present an
amorphous structure.

For the crystalline � phase one can separate the bond
angles in two classes for each species.29 OuGaIuO: 108–
118°, OuGaIIuO: 81–103°, GauOuGa �tetrahedral�:
112–123°, and GauOuGa �octahedral�: 94–103°. The
structure of the gallium oxide layer keeps the Ga2O3 stoichi-
ometry, but is not the crystalline � phase, because the bond
angles vary almost continuously from 88° to 135° for
GauOuGa and 81° to 124° for OuGauO. The GauO
bond lengths of the oxide layer are also quite close to that of
the crystalline � phase. We calculate the crystalline structure
of the �-Ga2O3, obtaining five families of bond lengths rang-
ing from 1.87 Å to 2.11 Å, which comes from two-types of
Ga atoms and three-types of O atoms, in agreement with the
Geller work.29 For the oxide cap layer we obtain tens of
different bond lengths ranging from 1.81 Å to 2.13 Å. So,
what is formed on the nanowire surface is an amorphous
oxide structure close to the fourfold and sixfold coordinated
O and Ga atoms, respectively, of the crystalline �-Ga2O3

structure. This result is in agreement with experiments where
is obtained, or amorphous, or polycrystalline outer Ga2O3

oxide layers.16,17

We now turn to the electronic structure when atomic
oxygens are adsorbed on GaP nanowire surface. Also we
want to understand the influence of an oxide cap layer on the
electronic structure of �111� oriented GaP nanowires. The
presence of O atoms on the GaP nanowire surface introduces
empty or occupied levels inside the band gap. When the O is
binding with two Ga atoms, or between a Ga and a P atom,
or makes single or double bond with P atoms it introduces
unoccupied levels inside the nanowire band gap. Otherwise
when the O makes single or double bond with Ga atoms, an
occupied level appears in the band gap. The O impurity level
is strongly localized for all systems described above. By in-
creasing the number of O atoms on the �111� oriented GaP
nanowire surface, which turns the system more stable, the
oxygen levels move toward the valence band �for occupied
levels� or toward the conduction band �for unoccupied lev-

GaP

Ga O2 3

FIG. 4. �Color online� Schematic representation of an outer Ga2O3 layer on
the surface of �111� oriented GaP nanowire. The biggest, the medium, and
the smaller balls represent the Ga, P, and the O atoms, respectively.
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FIG. 5. Cohesive energy as a function of the number of adsorbed O atoms
on the GaP nanowire surface per unit cell.

FIG. 6. �Color online� Schematic representation for a GaP nanowire in a
stage where an amorphous oxide cap layer is forming on the surface of the
nanowire. This configuration is for m=9 from Fig. 5. The atom representa-
tion is the same as that of Fig. 4.
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els�. A schematic representation of the electronic structure
for many configurations with different number of O atoms
are shown in Fig. 7�a�. On the left of this figure, for m=0, is
the band gap for a hydrogen saturated GaP nanowire, when
no surface levels appear inside the band gap. We observe
from this figure that, although there are energy levels inside
the band gap for all configurations, the occupied levels are
getting close to the valence band as the number of oxygens m
increases. Otherwise the empty levels form a band around
the GaP conduction band, which comes from the formation
of the oxide cap layer. As schematically shown in Fig. 7�b�,
a conduction band offset takes place due to the GaP /Ga2O3

heterojunction of about 0.2 eV. This result can explain the
exponentially current increasing observed in n-type
GaP /Ga2O3 core shell nanowires,8 where a lowering of the
barrier for the electrons will occur since electrons will be
transferred from the core GaP to the outer Ga2O3 layer. The
fact that �111� oriented GaP nanowires present a direct band
gap when the diameters are just few nanometers, and the
oxide Ga2O3 CBM is located at the � point, turns this nano-
structured core-shell GaP /Ga2O3 system a potential structure
for optical applications too.

In summary our calculations show that the band gap of
GaP nanowires, besides to be enlarged with respect to the
bulk indirect band gap, can be transformed to a direct band
gap, when their diameters are in a range of few nanometers.
According to our results this transformation to a direct band
gap is mainly due to confinement effects and it occurs for
nanowires aligned along the �111� direction. For �110� ori-
ented nanowires the band gap is always indirect. The results
also show that the formation of oxide layers on the surface of
�111� oriented GaP nanowires is a stable process and it in-
troduces a small conduction band offset due to the
GaP /Ga2O3 heterojunction, keeping direct band gap nano-
wires.
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FIG. 7. �Color online� �a� Schematic representation of the band structure
around the band gap for the GaP nanowires with m O atoms adsorbed on the
surface. m=0 is for a H passivated nanowire. �b� Schematic diagram of the
band structure for Ga2O3 cap layer on the GaP nanowire. The horizontal
dashed line is a guide to separate occupied from unoccupied states.
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