PHYSICAL REVIEW B 86, 085425 (2012)

Role of sidewall diffusion in GaAs nanowire growth: A first-principles study
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The molecular processes during the growth of GaAs nanowires in molecular beam epitaxy (MBE) are studied
from first principles. For the wurtzite crystal structure of GaAs, which is formed exclusively in nanowire growth,
potential energy surfaces for sidewall diffusion of Ga, As, and GaAs surface species are calculated using density
functional theory. We compare materials transport on type-I and -II nanowires (with {1010} and {1120} facets
of wurtzite GaAs, respectively) and discuss its role for materials supply to the growth zone at the nanowire tip.
On the sidewalls of type-II nanowires, the diffusion barrier for Ga along the growth direction is particularly low,
only 0.30 eV compared to 0.60 eV on type-I nanowires. For As adatoms, the corresponding diffusion barriers
are 0.64 eV and 1.20 eV, respectively, and hence higher than for Ga adatoms. The GaAs molecule formed by the
chemical surface reaction of Ga and As finds very stable binding sites on type-II sidewalls where it inserts itself
into a chemical bond between surface atoms, triggering radial growth. In contrast, on type-I nanowires the GaAs
molecule adsorbed with the As end towards the surface has a low diffusion barrier of 0.50 eV. Together with
our previous finding that the gold particle at the nanowire tip is efficient in promoting dissociative adsorption of
As; molecules, we conclude that the influx of Ga adatoms from sidewall diffusion is very important to maintain

stoichiometric growth of GaAs nanowires, in particular when a large V-III ratio is used in MBE.
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I. INTRODUCTION

The growth of one-dimensional semiconductor nanostruc-
tures on a substrate by molecular beam epitaxy (MBE) or
chemical vapor deposition has been studied since the 1960s. By
using nanoparticles acting as catalyst that promotes the growth
via the vapor liquid solid (VLS) mechanism,' experimentalists
have a well-established growth technique. In recent years, this
method has been complemented by the so-called self-catalyzed
growth? on a substrate with a thin native oxide layer without
the need for an external catalyst. The interest in the controlled
fabrication of group III-V semiconductor nanowires (NWs)
with specific properties is still strong, due to their potential
use in electronic or optoelectronic devices, such as wrapped-
gate field effect transistors,’ resonant tunneling diodes® with
potential use as single-photon emitters, or solar cells.” By
varying the temperature or the flux of one of the constituents,
it is possible to tune the NW properties. These possibilities
include, for example, the growth of core-shell structures,”®
or the controlled switching between wurtzite and zinc-blende
wire segments in the NWs (Refs. 6 and 9). For a better
understanding of the effect of different growth conditions, an
atomistic description of growth is necessary.

From an atomistic perspective, the material incorporated
into the nanowire may be supplied via three different routes: As
the first possibility, material is adsorbed on the NW sidewalls
directly from the molecular beam and diffuses to the NW tip,
where it is incorporated at the growth zone. As the second
possibility, it has been debated in the literature if part of the
material comes from the substrate,'® where adatoms from the
vapor phase are adsorbed and diffuse to the NW footing. It has
been argued based on experiments for dense arrays of InAs
NWs that this source of material is important.“ However,
analysis of recent experiments on GaAs and InAs/InP wires
has led to the conclusion that mass transport from the substrate
may be absent, or even contributes negatively to the overall
material balance.'”!® As the third possibility, impingement
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of atoms or molecules from the vapor phase at the catalyst
may act as a continuous materials supply. Moreover, the gold
particle, which is often used as a catalyst, has the ability to
store Ga atoms by alloy formation, and, albeit to a smaller
extent, to store arsenic by forming surface chemical species.'*
In the present paper, we focus on surface diffusion on the
NW sidewalls, which is essential for the first two supply
routes discussed above. We stress that these processes are
relevant both for the Au-catalyzed and for the self-catalyzed
NW growth.

A quantitative analysis of the material transport on the NW
side facets has been hampered by an insufficient knowledge
of the atomic structure of the surfaces and the species of
the transported material. In comparison to experiments of
MBE growth of zinc-blende GaAs films,' it appears that
the NW sidewalls are formed by the facets with the lowest
growth speed. For wurtzite GaAs NWs, however, data of facet
growth speed are unavailable, and hence conclusions about
the expected sidewall facets cannot be drawn. The NW growth
direction appears to be predetermined by intrinsic features
of the crystal structures: along the preferred [111] growth
direction in zinc blende, the crystal consists of a sequence
of GaAs layers with hexagonal atomic structure stacked in an
ABC stacking; similarly, along the [0001] growth direction of
wurtzite, such GaAs layers in an AB stacking sequence are
found. Scanning electron microscopy investigations show a
hexagonal cross section of the III-V NWs (Ref. 16), where the
sidewalls of the wurtzite segments are supposed to have {1010}
surfaces (type I)'7!® or {1120} surfaces (type II).'> According
to density-functional calculations'® both orientations have very
similar surface energies for GaAs NWs. For zinc-blende NWs,
the {110} facets (being equivalent to {110}) clearly have the
lowest surface energy according to the calculations by us'® and
other researchers.”?! In this paper, we present results of our
calculations for the diffusion on the GaAs wurtzite surfaces in
order to complement our understanding of sidewall diffusion.
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For zinc-blende GaAs(110), analogous results are described in
the literature.?>??

Concerning the species responsible for materials transport,
some clues can be obtained from molecular-beam epitaxy on
the most-studied GaAs(001) surface. In principle, the species
could be Ga or As adatoms, or GaAs or As, molecules. Since
the lifetime of arsenic molecules on GaAs(001) is known to
be very short,2* As, diffusion is not considered here. Arsenic
is assumed to diffuse as an atom, and to combine to a GaAs
molecule when encountering a Ga adatom, or desorb as an
As; molecule after recombining with another As adatom. For
the GaAs(001) surface, the diffusion barriers for both Ga
(Ref. 25) and As (Refs. 26 and 27) adatoms were obtained
from density-functional calculations. Analogously, diffusion
barriers for Ga on various reconstructed GaAs(111) and
(110) surfaces have been calculated recently.>* Experimental
studies of surface morphology are usually interpreted in terms
of Ga diffusion. However, in simple solid-on-solid growth
models that have been parametrized to match experimental
observations, diffusion of GaAs molecules in addition to
diffusion of Ga atoms has also been considered.”® In this
work, we use density-functional theory (DFT) to calculate
the potential energy surfaces (PESs) that govern diffusion on
the GaAs wurtzite {1010} and {1120} surfaces for Ga and As
adatoms, as well as GaAs molecules. The following section
introduces the methods used for our calculations and for the
analysis of the data. In Sec. III, we present the calculated PESs
and discuss the significance of the results. The consequences
for the nanowire growth are discussed in Sec. IV, followed by
a concluding section.

II. METHODOLOGY

The sidewall facet of NW with a diameter of several
hundred nm is large enough to be treated as an infinite
surface, because the influence of edges on the electronic
structure becomes negligible. Therefore, in order to simulate
NW sidewalls, the slab approach, as commonly used in surface
calculations, is appropriate. The {1010} and {1120} facets of
wurtzite NWs are modeled by periodic slabs which consist
of eight (in case of the {1100} orientation) or seven (in case
of the {1120} orientation) GaAs layers (see Fig. 1). Above
the surfaces a vacuum spacing of at least 8 A is retained,
and we take 2 x 2 supercells to reduce artificial interactions
between the adatom and its periodic images. This leads to
supercells with periodic boundary conditions containing 64
(for {1010}) or 56 (for {1120}) GaAs pairs, passivated with 16
pseudohydrogen atoms with a fractional charge on the bottom
side. In the first step, the top-most five GaAs layers of the
clean surfaces without an adatom are completely relaxed. In
the second step, the PESs are mapped out for an adatom or a
molecule on top of the surface. The adatom is positioned on
a7 x 8 grid over the surface, keeping its x and y coordinates
fixed and minimizing the forces in the z direction to obtain the
relaxed adatom position. In the case of the GaAs molecule,
an additional Ga atom is placed above an As adatom. The As
atom position is fixed laterally as described above, while the
Ga atom is free to relax in every direction. At each mesh point,
the positions of the low-most 24 GaAs pairs for {1010} (16
pairs for {1120}) and of the H atoms are fixed at their slab
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FIG. 1. (Color online) (a) Scheme of adatom diffusion along type-
I and -II wurtzite GaAs nanowire sidewalls and corresponding slabs
(in side view) with (b) {1010} and (c) {1120} surfaces. The large,
dark (blue) balls are As atoms and the small, light (silver) balls are
Ga atoms. The bottom surface is passivated by pseudohydrogen atoms
(small, white balls).

optimized positions, so that the five top-most layers of GaAs
pairs are treated as a model for the surface and are further
relaxed with an adatom or a molecule.

At each grid point, a DFT calculation has been performed
using a basis set of plane waves for the electronic wave
functions, as implemented in the Vienna Ab-initio Simulation
Package [VASP (Ref. 29)]. The 4s and 4p electrons of Ga
and As are treated as valence electrons, and the remaining
core electrons are described using the projector-augmented-
wave method (PAW).3 The pseudohydrogen atoms used for
passivation have 0.75 or 1.25 elementary charges. The k-point
mesh is created using the Monkhorst-Pack®! scheme with
a 4 x 4 x 2 resolution. The exchange-correlation potential
is approximated with the Perdew-Burke-Ernzerhof approach
(PBE).?? An energy cutoff of 150 eV of the plane wave basis
is found to be sufficient.

The PESs are constructed by interpolating the discrete grid
data. The energies are presented with respect to the energy
of the clean surface, and of a free species in the gas phase,
Ex. Here, Ex may represent Eg,, the energy of a free, spin-
polarized Ga atom, or Ex, half the energy of a gas-phase
Asy molecule, or Egaas, the energy of a free GaAs molecule,
respectively.

III. POTENTIAL ENERGY SURFACES

Adatoms on the NW facets have to migrate along the [0001]
direction of the hexagonal wurtzite NW to reach the growth
zone (the interface with the Au particle in case of Au-catalyzed
growth) and get incorporated into the structure. Potential
energy surfaces are calculated for two different sidewall facets,
wurtzite {1010} and {1120}, and for three different kinds of
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TABLEI. Potential energies at local minima and saddle points on
the {1010} facet for Ga, As, and GaAs adatoms. The adsorption energy
gain is defined with respect to the energy of atomic Ga, gas-phase
As,, and GaAs molecules. The negative sign means energy gain by
adsorption. The barrier is the activation energy for the saddle point
with respect to the initial minimum A ;.

Adatom  Minima (eV) Saddle points (eV) Barrier (eV)
(A, — A)) —2.24 0.10
T5(A, — A)) =231 0.03
As Ay —2.10 Ti(A; — A;) —0.88 1.22
Ay, =193 T,(A,— A) —1.54 0.39
GaAs Ay -291 Ti(A, — A) 253 0.38
Ay, 274 T,(A, — A;) =240 0.34
Ty(Ay — Ay)  —2.64 0.10
Ay =252 T3(As— A) =246 0.06

adatoms and molecules, Ga, As, and GaAs. The figures are
arranged in such a way that the vertical axis points into the
[0001] direction, which in the case of a GaAs NW is the growth
direction, and the material from the substrate should diffuse
in this direction to promote growth. Minima and saddle points
are labeled A; and T;, respectively, in the figures, and their
exact energy values taken from higher resolution contour plots
are listed in Tables I and II.

A. Type-I nanowire: {1010} facets

Figure 2 shows the PESs of the {1010} surface over an
energy range of 1.5 eV, starting at the lowest minimum. The
positions of the top-most Ga [small, light (silver) balls] and As
[large, dark (blue) balls] atoms are superimposed on the PESs:
At the {1010} facet, higher-lying, tilted GaAs pairs alternate

TABLEII. Potential energies at local minima and saddle points on
the {1120} facet for Ga, As, and GaAs adatoms. The adsorption energy
gain is defined with respect to the energy of atomic Ga, gas-phase
As,, and GaAs molecules. The barrier is the activation energy for the
saddle point with respect to the initial minimum A ;.

Adatom  Minima (eV) Saddle points (eV) Barrier (eV)
Ga Ay -2.56 Ty(A; — A) 224 0.32
T5(A, — Ay) —2.29 0.27
Ay, 237 T(A,— Ay) —2.09 0.28
Ty(Ay — A)) —2.28 0.09
As Ay -245 Ti(A,— A) —1.80 0.65
T5(A, — A)) —1.80 0.65
Tx(A, — A) —1.70 0.75
Ay, =209 T,(A,—> A)) —1.80 0.29
GaAs Ay —-326 Ti(A; — A)) —2.56 0.70
Ts(A, — Ay) —2.71 0.55
A, =264 T,(A, —> A;) 247 0.17
Ty(Ay — A)) =245 0.19
Ay =255 T3(A3 — Ay) 237 0.18
Ay =273 Te(Ay — A;) 234 0.39
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with lower-lying GaAs pairs (the latter are shown as dark gray
balls in the figures).

For the diffusion of adatoms, we notice a maximum of
the PESs for all adatoms at the topographically highest point
of the surface, the upper arsenic atom row. In case of a
gallium adatom (left panel of Fig. 2), the energetically favored
diffusion path along [0001] leads from the minimum at A,
over T; to the next A; minimum (A; — 7} — A path). The
energy barrier in this direction is 0.60 eV. For a diffusion in
[1210] direction (A; — T» — A, — T3 — A, path), we find
an effective barrier (the largest barrier in the path) of 0.10 eV
across T,. These barriers are calculated from the results for
the adsorption energies listed in Table 1.

In the simplest possible treatment of activated diffusion, us-
ing transition state theory, the diffusion coefficient is given by

1, AEq
D = ZaOI‘o exp| — T (1)
B

where AEqq = E(T;) — E(A}) is the energy barrier between
the lowest minimum energy A; and the highest saddle point
T; in the path. kg is the Boltzmann constant and 7T is the
temperature in Kelvin. The pre-exponential factor consists
of the attempt frequency Iy and the distance between two
neighboring minima of the same kind ay. For a rough
estimation, one may assume I’y as 1 x 10'% s=!, a typical
value for surface diffusion of adatoms; for a more accurate
treatment, see Refs. 33 and 34. Using this rough estimation,
we find effective diffusion coefficients of Djggo1) =
1.87 x 10° cm?/s and D5, =9.71 x 10~* cm?/s  at
800 K for the two orthogonal directions along the surface.
Obviously there is a large anisotropy between the diffusion in
the growth direction and the diffusion orthogonal to it.

For arsenic adatoms the energy barrier is much higher,
as shown in the middle panel of Fig. 2 and Table I. The
diffusion path in the [0001] direction for an arsenic adatom
(A} — T1 - Ay - T, — Aj) leads over the transition point
T | located above the Ga—As bond. From the calculated binding
energy with respect to free As, molecules in Table I, we find
an energy barrier in the [0001] direction of 1.22 eV and in
the [1120] direction of 0.52 eV. The corresponding diffusion
coefficients are Djj5,o; = 2.19 x 107° cm?/s and Djgoo1) =

2.32 x 1071 cm?/s at 800 K. The highly corrugated PES in
the middle panel of Fig. 2 and the empirically known short
lifetime of As at the surface®* let us conclude that As sidewall
diffusion plays a minor role in the growth of GaAs nanowires.

The right panel of Fig. 2 shows the PES of a GaAs molecule
on the {1010} facet. At the transition point 75, the energy
barrier is strongly reduced compared to that of arsenic adatoms
and even compared to Ga adatoms. As seen from Table I,
the effective barrier along [0001] direction is only 0.51 eV,
which leads to a diffusion coefficient of 6.90 x 10~ %cm?/s at
800 K along the [0001] direction. There are similar barriers
of 0.45 and 0.38 eV along the [1210] direction Ay > T5 —
A3 —> Ty —> Arand Ay > T) — Ay > Ty — Ay > T) —
A paths, respectively), and the resulting diffusion coefficient
of the lower barrier path is 1.67 x 107> cm?/s. At first,
it appears unexpected that attaching a Ga atom to the As
adatom reduces its diffusion barrier. However, Horch et al.
experimentally observed a similar phenomenon, enhanced
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FIG. 2. (Color online) Potential energy surfaces of Ga, As, and GaAs adatoms on the sidewalls of a type-I wurtzite nanowire ({1010}
surface). The large, dark (blue) balls are As atoms and the small, light (silver) balls are Ga atoms in the first GaAs layer. The dark gray atoms
represent Ga and As atoms in the second layer. A; and 7; are the local energy minima and saddle points on the energy surfaces, respectively.

The detailed values are listed in Table 1.

self-diffusion for Pt adatoms with adsorbed hydrogen atoms.*®

Thus, in the same way the hydrogen atom decreases the
diffusion barrier of Pt, the diffusion barrier of the As adatom
may be decreased by the attached Ga atom. Consequently,
the surface chemical reaction of Ga and As species to GaAs
molecules does not impede the mass transport on type-I
nanowire facets. The critical nucleus for radial growth is larger
than a single GaAs unit.

B. Type-II nanowire: {1120} facets

The {1120} facets of wurtzite GaAs NWs display similar
structural features as the {110} facets of zinc-blende NWs. The
top-most layer of both surfaces consists of chains of alternating
three-fold coordinated Ga and As atoms. While on the {110}
facet of zinc-blende NWs these chains run across the facet
diagonal to the growth direction; the chains on the {1120}
facets of wurtzite NWs run in the [0001] growth direction.
Hence, they don’t form an obstacle for materials transport
towards the growth zone of the NW. In Fig. 3, the As and
Ga atoms of these chains are superimposed on the PESs. The
trenches between these chains contain second-layer Ga and As
atoms that also form chains along the [0001] direction. The

favored adsorption positions depend on the adatoms species.
Gallium adatoms prefer positions in the trench between the
chains, whereas arsenic adatoms preferentially adsorb on top
of the chains.

For Ga diffusion, we see from the PES in the left panel
of Fig. 3 that the effective energy barrier along the [0001]
direction is given by the difference between the minimum
A; and the transition point 7|, with AE.s = 0.32 eV. The
diffusion coefficient along this direction is Djgpo1; = 1.09 x
10~* cm? /s at 800 K. For Dy 1y, we find 2.14 x 10~* cm?/s
at T = 800 K with AE., = E(Ty) — E(A;) = 0.28 eV. The
binding energies of the Ga adatoms at the various sites are
listed in Table II. We note that the diffusion barrier in the
growth direction is somewhat lower than the corresponding
barrier of 0.57 eV (Ref. 23) on the zinc-blende GaAs(110)
surface, despite the very similar structural motif of Ga—As
chains.

The middle panel of Fig. 3 shows the PES of an As adatom
at a {1120} facet. The favored adsorption positions A; and A3
lie above the top-most Ga—As chain. At the {1 120} facet the
energy barrier for As diffusion in the [0001] direction (A; —
Ty — A path) is AE¢ = 0.65 eV, and hence lower than on
the {1010} facet, but still high compared to the barrier for Ga

=) :(?"/ N

FIG. 3. (Color online) Potential energy surfaces of Ga, As, and GaAs adatoms on the sidewalls of a type-II wurtzite nanowire ({1120}

surface).
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adatoms. Inside the trench we find a further minimum A, with
somewhat higher energy than A;. Hence these sites are just
metastable and not relevant for the diffusivity; As adatoms at
this position diffuse back onto the Ga—As chains. The diffusion
coefficients at 800 K are Dy jgo = 2.34 x 1077 cm*/s and
Diooo1] = 9.06 x 1077 ¢cm?/s. The adsorption energies are
given in Table II.

The right panel of Fig. 3 shows the PES of GaAs molecules.
The binding energies of the GaAs molecule at the various
sites with respect to a free GaAs molecule are summarized
in Table II. The deepest minimum A; is found somewhat to
the left or to the right of the top-most Ga—As chain. Such a
behavior differs from both, the As adatoms, which migrate
on the Ga—As chains, and from the Ga adatoms, which favor
the positions in the trench between Ga—As chains. The very
strong binding at the site A; (see Table II) is related to the
fact that the As atom of the GaAs molecule inserts itself into
the adjacent Ga—As bond of the Ga—As chain, resulting in a
significant relaxation of the atomic structure. In the case of
GaAs molecules the diffusion in the [0001] direction (A; —
T\ > Ay > Ty —> Ay —> T} > Ay — Ty — A path) leads
from the A; minimum over the saddle point 74 with an
effective energy barrier of 0.81 eV. At 800 K, the diffusion
coefficientis Digoo17 = 8.89 X 10~ 8cm? /s, whichis lower than
the pure As result. For diffusion orthogonal to the growth
direction, the path leads from A; over Tg, with a similar barrier
height of 0.92 eV. We find a diffusion coefficient at 800 K
of Dyj7; = 6.63 x 107 cm?/s. In contrast to the results for

{1010} facets, the energy barrier of GaAs molecules on {1 120}
facets is higher than for single As adatoms or Ga atoms. This
finding is due to the special bonding of GaAs in the deep
minimum A; that may act as a nucleation site for radial NW
growth. Consequently, the surface chemical reaction of Ga and
As species to GaAs molecules will lead to a slowing down of
materials transport on this facet. We note that the situation on
the {1120} surface, with Ga adatoms being the most mobile
species, while GaAs molecules are less mobile, is in line with
the conclusions drawn from growth simulations for GaAs(001)
based on the solid-on-solid model.?®

IV. CONSEQUENCES FOR NANOWIRE GROWTH

In Table I11, the diffusion constants at 800 K for the various
species along the [0001] growth direction are collected. In
a previous paper,'* we have put forward the view that the
arsenic species in Au-catalyzed nanowire growth is delivered
mostly by direct impingement and catalytic dissociation of
arsenic molecules at the Au particle, while the Ga species could
originate both from direct impingement on the Au particle or
from influx via sidewall diffusion. The results of the present

TABLE III. Diffusion constants in cm?/s along the [0001]
direction at 7 = 800 K for the surface species Ga, As, and GaAs
on NWs with type-I or -1I side facets.

Ga As GaAs
Type 1 1.87 x 1076 2.32 x 10710 6.90 x 1076
Type 1T 1.09 x 107* 9.06 x 1077 8.89 x 1078
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calculations are consistent with this view; the diffusivity of
As adatoms is lower than the diffusivity of Ga adatoms on the
side facets of both type-I and -II NWs. At the same time, we
find that Ga diffusivity on the sidewalls is very high, much
higher, in fact, than on other GaAs surfaces studied so far.?>>
In MBE experiments, typically a much larger flux of arsenic
molecules, Fas, compared to the flux of Ga atoms, Fg,, is
used. Thus, it is plausible that the smaller number of Ga atoms
impinging on the Au particle is complemented by a flux of
Ga adatoms from the sidewalls diffusing to the growth zone to
ensure stoichiometric growth.

For a quantitative analysis of the materials balance, one
has to distinguish various growth regimes: In one regime, the
applied flux of As molecules or the kinetics at the Au particle
may limit the growth speed.”? In another regime, the influx of
Ga atoms from the sidewalls could be the limiting factor. In
the following, we restrict our discussion to this second regime.
In an experiment, the scaling of the axial growth speed with
wire diameter may be used as an indicator for this regime:
If the NWs have constant radius R, the material required
to lengthen the wire by a fixed amount scales quadratically
with R, while the material supply by sidewall diffusion scales
with the circumference, i.e., it is proportional to R. From
such simple considerations, it becomes clear that the regime
where material supply via sidewall diffusion is rate-limiting
should be characterized by a 1/ R scaling of the growth speed.
Experimentally, such a 1/R dependence has been observed,
e.g., for InP NWs; see Fig. 5 in Ref. 36. Other experiments on
AlGaAs and GaAs NW growth?”-3 found a crossover between
a 1/R? dependence and a 1/R dependence of the NW growth
speed. For arrays of InAs NWs, deviations from the 1/R law
have been reported as well,'! possibly due to neighboring NW's
competing for the material.

In the regime where sidewall diffusion is important,
our calculations corroborate the principal possibility of Ga
diffusion all the way from the substrate to the wire tip: The
diffusivity of Ga on the NW sidewalls is sufficiently high, and
losses due to evaporation of Ga are small at typical growth
temperatures due to the large adsorption energy of Ga on these
facets of 2.34 to 2.56 eV; see Tables I and II. This ensures
that temperatures as high as 1000 K can be employed in
catalyst-free MBE growth of GaAs NW without observing
any tapering of the NWs (Ref. 2).

First we discuss arsenic-limited growth. If the Ga beam
is directed towards the substrate under an angle 6 # 0 with
the substrate normal, the Ga atoms impinging on the NW
sidewalls will in many cases already be sufficient to ensure
growth of stoichiometric GaAs. Note that excess Ga atoms
may be “stored” in the Au nanoparticle by forming a AuGa
alloy, while the capability to “store” As atoms is very limited
due to the small low-pressure solubility of As in Au. In a
very simple model, illustrated in Fig. 4, arsenic molecules are
assumed to stick only to the hemispherical particle at the NW
tip, while Ga atoms may stick to both the particle surface
and a cylindrical region of length L near the NW tip that is
geometrically accessible. For stoichiometric growth, we need

[ R*(1 + cos0) + T RL1Fga = 27t R?*Fas, )

which yields L = R(2Fas/Fga — 1 —cosf). For a NW of
height H with perfect side facets, all Ga atoms impinging
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FIG. 4. (Color online) Schematics of a simple growth model with
Ga atom impingement onto the sidewalls. Ga atoms impinging in the
gray-shaded collection zone are required to diffuse to the metal-
nanowire boundary to maintain stoichiometric growth. Sidewall
nucleation is likely where the stationary concentration ng,(z) exceeds
a critical value.

above the height H — L are required diffuse to the triple-phase
boundary to ensure stoichiometric growth.

For the simulation of general NW growth, including Ga-
limited growth conditions, a numerical solution of the one-
dimensional diffusion equation along the sidewall

8nGa aznGa
5 @D = D[%?)m]a—zz(z,r) + Fga — N(nGa) 3)

is sought for. Here, z is the coordinate along the growth
direction, ng,(z,t) is the concentration of Ga adatoms, and
N(ng,) includes the Ga loss through sidewall nucleation and
island growth. The Galoss on NW sidewalls is relatively small;
thus a stationary solution for absorbing boundary conditions at
both the NW tip and footing, neglecting N (ng,) contributions,
is obtained as

F Ga sin 0
4D
Then the adatom concentration vanishes near the NW tip,
nga(H) = 0, and is maximal at half of the NW height (see

blue curve in Fig. 4).

In some experiments of Au-catalyzed NW growth, e.g., in
Ref. 39, a tapering of the wires is observed under prolonged
growth. This has been ascribed to a shrinking of the particle
at the NW tip due to insufficient supply of Ga. Since the
evaporation loss is small, the major loss mechanism (for axial
growth) is nucleation on the sidewalls triggering radial growth
of the NWs. It has been observed experimentally*’ that the
radial growth rate is sensitive to both the As flux and the
molecular arsenic species used in MBE (more reactive As; or
less reactive As4 molecules). To estimate if nucleation takes
place under given conditions, we assume that two Ga adatoms
at neighboring sites are required to allow for adsorption of As,,
similar to the findings on GaAs(001) (Ref. 25). Nucleation is
likely if the squared Ga adatom concentration exceeds some
critical value, agnéa(z) > n., where n, is a dimensionless
number of order unity that depends on the molecular species of
arsenic and the flux used. Since the growth zone at the NW tip
is a sink for Ga adatoms, there is a denuded zone of height /(7T")
right below the NW tip where nucleation is unlikely. Equating
agn (1) = n., where the Ga density is taken from Eq. (4), we

nGa(z) = [(H/2)* — (z — H/2)*]. )
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obtain

_lén 172 D[Go%ou(T)> ™

H?2a} Fg,sin6

H
(T) = ?<1 —

Using our calculated Ga diffusion constant D[%%OH =1.87 x

107% cm?/s at T = 800K on the (1010) surface, a NW height
of H=28x10"%cm, and a typical value a}Fg,sinf =1
monolayer/s for the flux, a value of / =2.15 x 1073 cm is
obtained. In the early stages of growth, as long as the NW is
shorter than /, sidewall nucleation will not take place, and the
materials transport by Ga sidewall diffusion is very efficient.
For longer, but thin wires, nucleation and island growth on the
sidewalls will consume some Ga atoms before they can reach
the growth zone. One may distinguish two cases: If [ > L,
there is sufficient Ga supply to consume the whole arsenic
flux sticking at the metal particle. For [ < L, a Ga-limited
regime is reached where unused As, molecules will desorb
from the metal particle. Tapering may set in if / < L, because
nucleation on the sidewalls and radial growth will diminish
the Ga supply for axial growth. Thus, the tapering occurs in a
regime of relatively fast NW axial growth due to a high V-III
ratio (= large L) but reduced temperature [= small /(T')].

V. CONCLUSIONS

The potential energy surfaces governing diffusion on the
sidewalls of GaAs wurtzite nanowires have been determined
from DFT calculations. The topography of the PESs is found
to be similar to those for the group-Ill-nitrides GaN (Ref. 41
and 42) and AIN (Ref. 43), for which the corresponding
wurtzite facets are accessible on macroscopic samples. In
summary, we find that Ga adatoms are able to diffuse over large
distances on the sidewalls of GaAs nanowires, while adsorbed
As atoms have a much shorter diffusion length. Moreover, the
Ga diffusion barriers on the wurtzite surfaces are comparable
or even smaller than the barrier on zinc-blende GaAs(110)
(Ref. 23), and thus the diffusivity of Ga on the NW sidewalls is
higher than for any other GaAs facets where experimental** or
theoretical®*>?3 studies are available so far. Taking into account
our previous result'# that the Au particle at the nanowire
tip is very efficient in promoting dissociative adsorption of
As, molecules, we conclude that the influx of Ga from the
sidewalls to the growth zone at the triple-phase boundary is
very important to maintain growth of stoichiometric GaAs,
in particular in MBE using large V-III ratio. Under these
conditions, Ga atoms from a large area of the nanowire sidewall
will be collected to feed the growth. However, if nucleation
on the sidewalls and radial growth sets in, the availability of
Ga atoms from the sidewalls may limit the axial growth speed.
The strong binding site found in our calculations for GaAs
molecules on the {1120} facets may facilitate nucleation on
these sidewalls. Consequently, on nanowires with both type-I
and -II facets coexisting, the {1120} facets may grow out and
eventually disappear. In a previous study,'” we had argued
that, due to the very similar surface energies of wurtzite
GaAs{1010} and {1120}, one would expect to find both
facets on the wurtzite GaAs nanowires. The kinetic arguments
presented above thus provide an explanation why wurtzite
nanowires grown to their full length predominately display
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{1010} side facets. Furthermore, the information about the
sidewall diffusivity obtained from our calculations could help
to clarify the scope of different growth regimes where either the
influx of material to the growth zone or the rate of nucleation at
the triple-phase boundary is limiting the rate of axial growth.
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