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Abstract

Using ab initio methods, we study the stability of thin (diameters up to 10 nm) GaAs and InAs
nanowires. Modelled nanowires were constructed using bulk atomic positions along six
different crystallographic directions of either zinc-blende or wurtzite structures. Taking into
account the reconstruction of the nanowire surfaces, we have found that, for diameters of up to
50 A, the most stable nanowires adopt the wurtzite (0001) structure—for such diameters the
free energy of zinc-blende nanowires along any crystallographic axis is always larger than that
of the wurtzite (0001) ones. To calculate the free energy in nanowires with larger diameters, we

have approximated their total energy by the sum of congruous bulk and bulk surface energies.
In these nanowires the interplay between the wurtzite and zinc-blende structures was
demonstrated. The band structure and the density of charge in the nanowires have also

been calculated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The tremendous and constantly growing interest in nanowires
(NWs), i.e. needlelike nanocrystals, is stimulated by the
recent discoveries that such one-dimensional structures can
be used as building blocks of various nanoscale electronic
and photonic devices. Nanoscale field-effect transistors [1-5],
inverters [4, 5] and logic gates [5] are some examples of
NW-based devices. One-dimensional electronics can also take
advantage of the growth of heterostructures along the NW axis,
as has been demonstrated in resonant tunnelling diodes [6] and
single-electron transistors [7].

A theoretical description of the properties of NWs is
essential for an understanding of the fundamental physics
underlying their behaviour and hence for further development
of one-dimensional nanotechnologies. Importantly, adequate
growth models which recognize the thermodynamic driving
forces for III-V NW formation during catalyst-assisted growth
by MBE and other methods have been already proposed [8, 9].
On the other hand, it seems that the free energy is the
most important parameter which determines the stability of
the final structure. Several more or less simplified models
have been proposed for free energy calculations and studies
of the mutual stability of NWs of zinc-blende zb(111) and

0953-8984/08/454226+06$30.00

wurtzite wz(0001) structures. In [10] the energies for NWs
of six different chemical compositions have been obtained and
compared within an empirical interatomic potential model. In
this approach, however, the possible bonding reconstruction at
the lateral surfaces and dangling bonds saturation by foreign
atoms was not taken into account. The wz and zb NWs with
saturated and clean facets have also been compared by ab initio
(density functional theory (DFT)) methods, but again without
the bonding reconstruction [11]. The structural stability of NW
with full bonding reconstruction, still without dangling bond
passivation, has been studied by Akayama et al [12] by DFT
methods, but only in the case of InP NWs. Finally, it should
be mentioned that in [8] a simple counting of the number of
dangling bonds on lateral facets and an estimation of their
energy input allowed the authors to predict various possible
stacking sequences and polytypes of wz(0001) and zb(111)
structures.

In general, the results of the above-mentioned models
show the crucial role of the lateral surface energy for the
stability of the structure. In all the studied NWs, the number
of dangling bonds at the clean nonsaturated surfaces is larger
for zb than for wz—this leads to higher lateral surface energy
for zb and, thus, to lower free energy for wz structures. The
contribution of the lateral surface to the total free energy

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. An InAs zb NW grown along the (111) direction. The diameter of the NW is about 30 A. The blue (black) and red (gray) circles
denote In and As atoms, respectively. The NW before the relaxation—(a) top and (b) side view. The NW after the relaxation—the view from

the top (c) and from the side (d).

diminishes. However, with increasing NW diameter, and for
some critical diameter, the inside volume cohesive energy
(which in the case of GaAs and InP is, in contrast, lower for zb
than for wz) becomes more important. The critical diameter is
compound-dependent and numerical estimates give the values
112 A for GaAs [10] and 120 A for InP [12].

In this paper we present the results of a careful theoretical
investigation of the stability and band structure of GaAs
and InAs nanowires, in which full bonding reconstruction is
allowed. We consider infinite NWs of both zinc-blende (zb)
and wurtzite (wz) structure, grown in various crystallographic
directions. Our calculations are performed for zero pressure
and zero temperature with the use of the ab initio DFT method
and we assume that the surface atoms on the facets are not
saturated by foreign, e.g. hydrogen, atoms.

2. Model nanowires—surface reconstruction

At first, we study NWs with diameters ranging from 6—
50 A oriented along different crystallographic axes. Our
model NWs are cut out from the bulk—in the zb structure
along the three, (001), (110) and (111) crystallographic
directions; in the wz structure along the (0001), (1010) and
(1100) axes. The periodic boundary conditions are employed
along the NW growth axis. Due to the calculation method
described below, we use also periodic conditions in the other
two directions, with the unit cell dimensions ensuring that
minimum separation between neighbouring wires is not less

than 10 A. This creates, in effect, a net of separated continuous
wires. Examples of the wires constructed in the above
described way are shown in (a) and (b) of the first two figures—
an example of zb NW is presented in figure 1 and of wz NW in
figure 2.

Then, we use first-principles methods to determine the
atomic configuration corresponding to the minimum energy of
each of the initial structures. We allow for relaxation of all
atomic positions and of the unit cell dimension along the NW
axis. The resulting structures are shown in parts (c¢) and (d)
of the same figures. The main visible effect of the relaxation
procedure is the interatomic bonding reconstruction at the NW
side surface. As one can see in the figures, the shape of the
NW surface changes considerably after the relaxation. This is
mainly due to the change of positions of cations, i.e. Ga or In
atoms, which during the surface reconstruction are tending to
a planar configuration.

In the ab initio calculations reported here the VASP
code [13, 14], which is based on the density functional theory
(DFT), has been used. After performing various tests of the
convergence, i.e. with respect to cutoff energy, k points and
distances between the NWs in neighbouring cells (vacuum
regions), in our calculation we adopt a plane wave basis set
with a 13 Ryd cutoff energy. For the atomic cores the norm-
conserving nonlocal, ultrasoft pseudopotentials of Perdew—
Wang 91 [15] are used. The k points are generated with
a (1 x 1 x n) mesh, where n > 50 A/c and ¢ is the
unit cell dimension in the growth direction. The exchange
correlation energy is calculated using the generalized gradient
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Figure 2. An InAs wz NWs along the (0001) direction, with the diameter equal to about 30 A. The blue (black) and red (gray) circles denote
In and As atoms, respectively. The NW before the relaxation—top (a) and side (b) view. The NW after the relaxation—the view from the top

(c) and from the side (d).

approximation and the atomic coordinates are relaxed with a
conjugate gradient technique. To determine the equilibrium
configurations the criterion that the maximum force is smaller
than 0.01 eV A~ is used (this corresponds to a change in the
total energy per pair smaller than2 x 107% eV).

In order to find the most energetically favourable nanowire
structures we compare their wire free energies. The free energy
per cation—anion pair is defined as
Mk (0

Efree = Ewire —

where eyie denotes the NWs total energy (Ewir) divided by
the number of atomic pairs in the wire. To compare the free
energies of wurtzite and zinc-blende wires with the same value,
we use in both cases uf,ﬂlk—the energy per anion—cation pair
in the bulk of the zb structure, i.e. in the crystallographic
structure typical for InAs and GaAs bulk materials. We note
that &g 1s always positive, because it reflects the energy cost
of the dangling bonds and the bonding reconstruction at the
NW surface. The surface reconstruction also has an impact
on the atoms in the wire core—this also adds to the wire free
energy. The thicker the whisker the smaller should be &g,
as the ratio of the number of atoms at the surface to the total
number of atoms in the wire decreases with the radius. In
figure 3 the results of the calculated free energies for GaAs
NWs with different diameters and structures are collected. In
agreement with expectations, &g, decreases with the diameters
of the NWs for all structures. One observes, however, that

for a given NW diameter, the lowest free energy corresponds
always to the wz(0001) NW. None of the directions for zb NWs
with diameters up to about 20 A is preferred. For thicker zb
NWs, the lowest free energy has been obtained for the ones
with the axis along the (111) direction [16]. In figure 4 similar
results for InAs wz(0001) and zb(111) NWs are presented. The
obtained results are in agreement with the fact that most of
the experiments report the growth of the III-V semiconductor
NWs in wz(0001) or zb(111) structures.

To calculate the free energy for thicker wz(0001) and
zb(111) NWs (with diameters larger than 5 nm), we assume
that the total energy of such wires can be well approximated
by the sum of bulk and bulk surface values. This assumption
is based on the following observation: we note that at the
{12.0}, surfaces of wz(0001) NWs the atoms are positioned in a
threefold coordination, similar to the surface of bulk material in
this direction. For zb(111) NWs, the same applies to all atoms
at the {110} surface except for the few twofold-coordinated As
atoms situated at the edges of the hexagonal NW cross section.
The number of the latter is, however, constant and does not
depend on the diameter of the wire and their contribution to
the total energy decreases with diameter. Thus, the thicker the
zb(111) NWs, the more justified is our assumption.

We first consider the zb and wz bulk structures for both
GaAs and InAs materials. The minimization of the calculated
total energy of the bulk unit cell leads to the following lattice
constants of the bulk zb structures: a%A* = 5.721 A and

a™s = 6.166 A. For the wz structures we obtain: g% =
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Figure 3. Dependence of the wire free energy on the GaAs NW
diameter for all studied structures. To draw attention to the lowest
energy structures (wz(0001) and zb(111)), the appropriate points are
connected with dotted, green (zb) or red (wz), lines.

4.029 A, %A = 6.652 A and @™ = 4.353 A, " =
7.140 A. For the bulk surface energy calculations, we consider
a relaxed slab of either zb or wz structure, in {110} and {12.0}
orientation, respectively, with the unit cell lateral dimensions
determined by the above lattice constants. Our slabs consist of
nine atomic layers, each composed of both Ga(In) cations and
As anions, and a vacuum region with the thickness equivalent
to about seven monolayers. The atoms at the central, fifth, layer
of the slab are fixed at their ideal bulk positions. The Brillouin
zone is sampled with 48 special k points. The energy Vsurface Of
the surface with area AS is defined as [17]

VsurfaceAS = Ega — M{,u]kNpairv ()

where Eqyp, is the total energy of the slab and puf , is the
energy per anion—cation pair of the i th bulk material (i denotes
wz or zb). Here Ny, is the number of atomic pairs in the
slab. Using (2) we obtain: for GaAs, the surface energy
in zb is equal to 37 meV A~ and 33 meV A" for the wz
structure. For InAs, the surface energy is equal to 29 meV A
and 25 meVA ™ in zb and wz structures, respectively.
These values, which have been obtained within the general
gradient approximation (GGA), are considerably lower than
those obtained by previous local-density approximation (LDA)
calculations of the surface energy in GaAs [17, 18] and
InAs [19]. In the cited papers the energy of the relaxed
{110} surface in GaAs exceeded 50 meV A72 and was equal to
41 meV A_z in the case of InAs. These differences originate,
however, solely from using other exchange correlation energy
approximations and disappear when in the calculation of
Vsurface W€ apply LDA to the exchange correlation functional
or projected augmented waves (PAW) method. Despite this
well-known uncertainty of energy values obtained by the ab
initio calculations, we believe that the results concerning free
energy, i.e. the change in energies, are fully reliable.
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Figure 4. Dependence of the wire free energy on the InAs NW
diameter.

Using equations (2) and (1) one observes that the wire free
energy can now be approximated by the following equations:

NwW
~ Vsurface A
Efree = ————, (3)
Npair

for zb NWs, whereas for wz NWs one has to use

NW
Vsurface A

N + Wik — Mo “4)
pair

gfree =

As shown in figure 5, for wz NWs the two methods

of determining the free energy described above lead to very
similar results and for wires thicker than 10 A both values,
¢ and ¢, become practically equal. In contrast, for zb NWs
(figure 6) the free energies & approximated by the bulk surface
energy differ considerably from the calculated ¢ values up to
diameters of about 50 A. This is due to neglecting in the
approximation the twofold-coordinated atoms with additional
dangling bonds, which are present in the zb NWs, as was
mentioned above. Still, one can see in figure 6 that the
difference between the two curves, i.e. the contribution of the
extra dangling bonds to the NWs free energy diminishes with
the radius, and for diameters larger than 50 A can indeed
be neglected. Using this simple model, we predict that, for
NWs with diameters smaller than 100 A, the wurtzite structure
should be still more energetically favourable. However, for
NWs of such thickness the difference in free energies between
wurtzite and zinc-blende becomes really small and NWs of
both kinds of structures can appear, depending on the growth
conditions. We have obtained the same behaviour for both
GaAs and InAs wires. However, the energy differences
between the zb and wz are bigger for GaAs, for all diameters.
Thus, one can expect that the critical diameter for obtaining
wz(0001) GaAs NW would be even higher than 100 A. Finally,
it should be noted that the above calculations are performed for
a single one. Although several tests on longer unit cells did
not reveal any differences with the obtained results for a single
unit cell, a careful study of the dependence of the stability
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Figure 5. Dependence of the calculated and approximated wire free
energy on the InAs NW diameter for wz structures.
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Figure 6. Dependence of the calculated and approximated wire free
energy on the InAs NW diameter for zb structures.

and surface reconstruction on the unit cell dimension, for
different configurations, should be made. Such calculations,
unfortunately very costly, which, apart from removing possible
constraints, allow considering other (like 4H) stackings are in
progress.
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3. Band structure

In this section we study the impact of the crystallographic
structure (zb versus wz) on the NW band structure. Our
calculations show that the main features of NW energy spectra
for GaAs and InAs do not differ considerably. Although the
bandgap and the details of the bands’ shape depend on the
wire diameters, these do not affect the differences between the
zb and wz NWs band structure. Thus, for clarity we present
and discuss the results for only one compound (InAs) and one
nanowire radius (10 A). The calculated energy spectrum for
the zb(111) NW is presented in figure 7(a) and compared with
the band structure calculated for the wz(0001) NW, shown in
figure 8. First, we observe that in both cases the obtained
energy bandgap in the NW is larger by about 1 eV than in
the bulk. Although it is well known that the DFT accounts
incorrectly for the excited electronic states of solids, and hence
leads in general to far too small bandgaps, we believe again that
this drawback does not affect the difference between the gaps
in NW and bulk material (which has been demonstrated for InP
NWs [20]). Moreover, one should indeed expect an increase of
the bandgap in NWs, as a result of the confinement.

The {110} surface is the main cleavage surface of GaAs
and has, therefore, been extensively studied (see [21] and the
references therein). It is now well established that the relaxed
{110} surface has (1 x 1) symmetry and fulfils the requirements
of the electron-counting model, i.e. is semiconducting—since
all As dangling bonds are filled, while the Ga dangling bonds
are emptied at this surface, one does not expect additional
states related to the {110} surface in the gap or conduction
band. Despite this, for zb NWs we obtain additional states
located in the bandgap with the Fermi level (red dashed—dotted
line) pinned at these states. On the other hand, for the wz(0001)
NWs such bandgap states are not found, as is expected when no
extra electrons are introduced. In order to shed some more light
on this problem, for the zb structure we calculate the density of
charge generated by the additional states in the bandgap. The
results of the calculation, presented in figure 7(b), clearly show

E -
(b) -0.0036639 2629.2

Figure 7. (a) Band structure of InAs nanowire in the zb structure with the diameter 20 A. (b) The charge density for states in the gap, up to the
Fermi level. The red (gray) balls denote the As anions whereas the blue (black) balls denote the In cations. The scale of colours corresponds

to the value of the accumulated charge.
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Figure 8. Band structure of InAs nanowire in the wurtzite structure
with the diameter 20 A.

an accumulation of the charge around the twofold-coordinated
As atoms at the edges. This allows us to conclude that, in
agreement with the situation in the bulk, there are no states in
the gap related to the zb{110} or wz{12.0} surfaces: however,
the extra dangling bonds at the edges of the zb wire cross
section produce such states. It should be emphasized that this
property of the twofold-coordinated atoms does not depend on
the diameter of the wire, in contrast to their contribution to
the wire total energy, described in the previous section. On
the other hand, however, we expect that the extra states can
be removed from the gap or added again by passivation with
appropriate atoms, as shown in the case of InP in [22].

4. Conclusions

In summary, we have studied theoretically the stability of
various GaAs and InAs NWs. Our calculations indicate that the
energy paid for the surface reconstruction in the wire takes the
lowest value for NWs grown along (0001) in the wz structure.
Therefore, this seems to be the preferred configuration for the
growth of thin, with diameters up to 50 A, GaAs and InAs
wires. For larger diameters we also obtain low free energy
for the zb NWs, grown along the (111) direction. For NWs
with diameters of about 100 A, the free energies of wz(0001)
and zb(111) structures become nearly equal. Similar behaviour
was also obtained in the case of InP [12]. The calculations
of the band structure of the NWs show a 1 eV increase of
the energy gap, as compared to the bulk materials. In the
zb structures, additional states localized in the bandgap are
predicted. The calculated charge density for these states up

to the Fermi level shows an accumulation of charge around the
twofold-coordinated As atoms. This indicates that the extra
dangling bonds of these atoms are responsible for the surface
states in the gap.
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