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Abstract

Compositional segregation is commonly observed during the growth of III-V alloys in core-shell nanowires. Nanometer-
thin stripes, enriched in one of the alloy components, are observed along the six <112> directions perpendicular to
the [111]-wire axis, departing from the core to the outer shell edges in between the {110} faceted sidewalls. While it
has been well established that the phenomenon occurs because of the different mobility of the alloy components, the
actual mechanisms by which it happens are yet unclear. A phase-field model, coupling deposition and surface diffusion
dynamics, is here developed to inspect the simultaneous evolution of the shell morphology and composition during
growth. Both surface energy anisotropy and orientation-dependent growth rates are taken into account to identify their
different role. Simulations reveal that the observed segregation is mainly triggered by the enhanced growth rate at the
facet edges, while surface anisotropy keeps the stripes thin. Polarity effects are also included to differentiate the behavior
between <112>A and <112>B orientations, so to reproduce the experimental observation of a 3-fold symmetry.
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1. Introduction

Compositional segregation effects are very common dur-
ing the epitaxy of semiconductor alloys, especially at the
nanoscale. The origin can be both thermodynamic and
kinetic and the resulting behavior is strongly influenced5

by the growth dynamics. Understanding and controlling
the mechanisms driving the evolution of crystal morphol-
ogy and segregation is of great importance as nonuniform
composition profile seriously impact on the material prop-
erties and applications. The peculiar geometry of core-10

shell nanowires (NW) offers an interesting case to inspect
such processes.

In particular, a “sunburst” pattern is ubiquitously ob-
served when growing shells of III-V alloys on a NW core
with [111]-axis. Nanometer-thin sheets, enriched in one of15

the alloy components with respect to the composition in
the NW facets, are observed to develop radially along the
six <112> directions, right at the corners between the six
{110} sidewall facets, running across the whole shell thick-
ness, from the core edges to the outer shell ones. In partic-20

ular, the formation of Al-rich stripes has been reported in
the case of lattice-matched systems such as GaAs-AlGaAs
[1, 2, 3, 4, 5, 6], InGaAs-InAlAs [7, 8], GaAs-AlInP [9, 10],
and also for strained systems such as GaAs-InAlAs [11].
The same behavior has been also observed for the strained25

system GaAs-InGaAs [11], with segregation of Ga, and
for GaAsP-GaAsP core-shell NWs [12], with segregation
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of P. A similar sunburst segregation pattern was even rec-
ognized in the case of Ge-GeSn core-shell NWs [13, 14],
despite their poor miscibility.30

Notably, the reported experiments were performed by
both molecular beam epitaxy and chemical vapour depo-
sition excluding any specificity of the phenomenon with
respect to the growth technique. The fact of observing sim-
ilar behavior also in the case of lattice-mismatched struc-35

tures, at least when strain levels are low enough, indicates
a quite general mechanism. This is further sustained by
the observation of analogous effects of segregation even for
systems diverse from NWs, e.g. in squared GaAs/AlGaAs
corner-overgrown heterostructures [15] or at facet edges in40

GaAs/AlGaAs epitaxial nanomembranes obtained by se-
lective area epitaxy [16].

It is commonly recognized that the origin of the sun-
burst segregation process is kinetic, resulting from the dif-
ferent mobility of the alloy components (see [17, 18]). In-45

deed, the species accumulating in the stripes is in all cases
the one expected to have lower mobility. A flow of material
away from facet edges is then presumed to return the ob-
served behavior. Despite this qualitative understanding, a
model that could describe the segregation in a simple way50

with a minimum number of assumptions is not yet fully es-
tablished. Some of the cited studies [2, 10, 9] hypothesize
the presence of small {112} segments in between the {110}
sidewalls, with self-limited size [19] of just few nanometers.
In Ref. [20] it was shown that a possible interpretation of55

the here-discussed segregation effects could be achieved by
admitting peculiar surface properties on such nanofacets,
including a local reversal in the mobility ratio between the
alloy components.
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In this study we propose a simple yet effective con-60

tinuum model of the shell growth, able to capture the
key factors driving the coupled evolution of morphology
and composition, on the basis of a reduced set of param-
eters, established according to the available experimental
evidences. In particular, the model is conceived in a suffi-65

ciently general way not to require the explicit introduction
of the {112} nanofacets. In our continuum description of
the growth front, such corners are locally rounded so to
smoothly connect the {110} sides. Interestingly, some the-
oretical studies on the faceting of nanoparticles [21] even70

proposed that facet edges may be properly defined by a lo-
cal rounding at the atomic scale. However, our treatment
is meant to be valid in both cases as far as the rounded re-
gions can be considered an equivalent of {112} nanofacets
in our continuum limit.75

The numerical implementation by a phase-field approach,
detailed in the following section, allowed us to perform
simulations of the shell growth in combination with inter-
mixing. First, simple test cases are considered, in order
to identify the role of both surface energy anisotropy and80

orientation-dependent growth rates. Then, more realis-
tic simulations, also including polarity effects [3, 12], are
developed, in good agreement with the experimental ob-
servations.

2. Phase-field model85

A continuum model is exploited to reproduce by nu-
merical simulations the coupled evolution of morphology
and composition of the NW shell during its growth around
the core. The AlxGa1−xAs alloy is here considered as ref-
erence case even if the description is valid more in general90

for other III-V alloys and for group-IV binary alloys. Only
the two-dimensional (2D) (111) cross-section is modeled
under the assumption of axial symmetry for the NW [5],
as sketched in Fig. 1a.

The model concept follows the seminal work by J. Ter-95

soff in Ref. [18] (see also [22]). In particular, the inter-
mixing dynamics is restricted within few monolayers from
the surface, where activation barriers for atomic exchanges
are reasonably low, while the underlying bulk region is as-
sumed immutable and hence it preserves any non-uniform100

composition profile. As the surface advances during the
shell growth, a corresponding amount of material below
the mixing region gets buried into the bulk.

Each component of the alloy distributes according to
its own incorporation from the gaseous phase, with rate
R, and to the local diffusion along the surface, driven by
the gradients of chemical potential µ. The net flux of
component ν at a given position on the growth front, is
then defined as

∂Nν
∂t

= Rν +∇S · (cνMν∇Sµν) (1)

where Nν is the net number of atoms of the ν species
moving in time t, Mν is the mobility of adatoms of species105
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Figure 1: Model definitions. (a) Schematic representation of the
2D (111)-cross-section of the NW as considered in the simulations.
A view of (b) the phase-field function ϕ used for defining the NW
shape and of (c) the composition field c tracing the local Al content
is shown for a portion of the simulation cell. Notice that c has
physical meaning only within the ϕ=1 solid phase while it changes
randomly in the ϕ=0 vacuum region. (d) Portion of the adaptively
refined mesh with (e) a magnification of the corner region between
two {110} facets. The initial core geometry, used as starting point
for the simulations, is indicated by the white dotted line. Plots of
the anisotropic surface energy density γ (f) and growth rate R (g)
functions used in the simulations. Both the cases of polar (solid) and
non-polar (dashed) <112> orientations is considered.

ν, here assumed to be the same on any facet. cν is the local
atomic fraction of species ν, such that

∑
ν cν = 1. ∇S is

the surface gradient, i.e. the gradient computed along the
surface coordinate. In the present case study, ν can be
one of the two alloy cations, i.e. Ga or Al, while the anion110

As is assumed to immediately bond with both during the
layer growth.

By definition, the local chemical potential is the func-
tional derivative of the system free-energy F , here com-
prising surface energy, edge energy and entropy of mixing:

µν = κ(γ + γ′′(θ))− β
(
∇2
Sκ+

1

2
κ3
)

+
kT

Va
ln cν (2)

The first addendum is the Gibbs-Thompson chemical po-
tential accounting for the surface energy contribution, given
by the product of the local profile curvature κ and the115

surface stiffness γ+γ′′, with γ(θ) the (anisotropic) surface
energy density. The second addendum accounts for the en-
ergy cost of forming an edge between two facets [23], with
energy parameter β. The third addendum accounts for
the mixing entropy, with k the Boltzmann constant, T the120

temperature and Va the volume per atom in the crystalline
structure (here assumed to be the same for both species).
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Further energetic contributions such as elastic energy or
mixing enthalpy are here neglected under the assumption
of lattice-matched, ideal alloys.125

By combining the fluxes of the two components, it is
possible to obtain both the velocity of the growth front
along the local surface normal n̂, and the variation in com-
position c, here given as the Al atomic fraction:

vn̂ = R+∇S · [cMAl∇SµAl + (1− c)MGa∇SµGa] (3)

w
∂c

∂t
= RAl +∇S · (cMAl∇SµAl)− cvn̂ (4)

where R = RAl + RGa is the total growth rate and w is
the thickness of the mixing region.

In order to efficiently solve the coupled evolution equa-
tions here derived, the phase-field (PF) approach [24] of
Ref. [25] is exploited. The NW geometry is traced implic-130

itly by the PF function ϕ , valued 1 in the solid region and
0 in the surrounding vacuum and with a diffuse interface,
of thickness ε, to smoothly connect them. Nominally, the
NW surface is localized by the ϕ=0.5 iso-line. The compo-
sition field c is then extended to the whole domain without135

any physical meaning in the vacuum region. Figure 1b and
c show a typical example of the ϕ and c fields as appearing
in the following simulations.

The motion of the growth front is then defined by the
temporal variation of the PF itself over the whole integra-
tion domain. By parametrizing eqs. 3 and 4 with respect to
ϕ, and rewriting µν = µϕ+kT/Va ln cν , with µϕ = δF/δϕ,
we obtain:

∂ϕ

∂t
= R|∇ϕ|+∇ ·

[
M̄∇µϕ

]
+
kT

Va
∇ ·
[(
M̃Al − M̃Ga

)
∇c
]

(5)

∂(cϕ)

∂t
= RAl|∇ϕ|+∇ ·

(
cM̃Al∇µϕ

)
+
kT

Va
∇ ·
(
M̃Al∇c

)
(6)

where M̃ν = Mν(36/ε)ϕ3(1−ϕ)2 is the mobility of compo-
nent ν, restricted to the surface by the functional depen-140

dence on ϕ (see Ref. [25]), and M̄ = cM̃Al + (1− c)M̃Ga.
By using eq. 6 we admit the mixing dynamics to occur
only within the ∼ ε-thick PF interface, where the mobility
is non-zero.

According to Ref. [26],

g(ϕ)µϕ = −ε∇ · [γ∇ϕ] +
1

ε
γW ′(ϕ)+

−∇ ·
[(

ε

2
|∇ϕ|2 +

1

ε
W (ϕ)

)
∇∇ϕγ

]
+

+β

[
−∇2ω +

1

ε2
W ′′(ϕ)ω

] (7)

with the double-well potential W (ϕ) = 18ϕ2(1 − ϕ)2, en-145

forcing the separation of the two phases, solid and vacuum,
and ω = −ε∇2ϕ + (1/ε)W ′(ϕ). g(ϕ) = 30ϕ2(1 − ϕ)2 is a
stabilizing function [27, 28]. The operator ∇∇ϕ returns
the gradient that takes effect along the ∇ϕ direction. The

first three terms in the right-hand side provide the PF150

equivalent of the Gibbs-Thompson chemical potential in
eq. 2 and the last term accounts for the edge contribution,
here defined as a Willmore energy [24].

The evolution described by the eqs. 5, 6 and 7 forms
a 6th order partial differential equations problem that can155

be solved numerically by using the finite element method.
Here, we use the AMDiS toolbox [29, 30]. Adaptive mesh-
ing is exploited to obtain a locally refined mesh, with finer
resolution only at the PF interface and in correspondence
of regions of compositional changes within the solid phase,160

as illustrated in the Fig. 1d,e. A maximum mesh resolu-
tion of ≈0.07 nm is used so that the PF interface width
ε can be made as small as 1 nm, which is to be consid-
ered the physical limit of the simulations. A semi-implicit
time-integration scheme is implemented.165

Both the growth rate R and the surface energy den-
sity γ are assumed as anisotropic functions depending on
the local profile orientation n̂ = −∇ϕ/|∇ϕ| but indepen-
dent of the composition c and identical for both species.
In the following we will use the realistic 3D notation for170

facets and directions, even if the actual model is restricted
to the 2D (111) cross-section. The convenient formula of
Ref. [26] is exploited, allowing to distinguish A and B po-
lar orientations by means of the Heaviside function Θ (see
below).175

In particular, γ is assumed to only have six minima,
corresponding to the six {110} planes of the NW sidewalls:

γ(n̂) = γ0

[
1−

<110>∑
m̂i

ai(n̂ · m̂i)
1/wγΘ(n̂ · m̂i)

]
(8)

with m̂i the six unit vectors in the <110> directions across
the NW sidewalls. We set γ0=100 meV/Å2 and a110=0.4
so to have a value of γ(110) ≈60 meV/Å2, compatible
with literature data [31], and use wγ=0.1 to exclude over-
lap between the minima. A plot of the γ(n̂) function is180

reported in Fig. 1f. The chosen parameters result in a
strong anisotropy condition that can be treated numeri-
cally only if corner energy is included. A value of corner
energy β=10 eV is selected to return a stable evolution
with rounding radius of few nms.185

The growth rate R is also assumed to have minima in
the same {110} planes while maxima are considered for
the intermediate <112> orientations:

R(n̂) = R0

[
1 +

<110>,<112>∑
m̂i

bi(n̂ · m̂i)
1/wRΘ(n̂ · m̂i)

]
(9)

with R0=1 Å/s. The m̂i unit vectors includes both the
six <110> and the six <112> directions. For the firsts,
we set a value of b110=-0.5, so that the growth rate of the
{110} facets is 0.5 Å/s, compatibly with experiments. For
the seconds, we consider b112A=0 and b112B=+0.5 to deal190

with the system polarity or simply b112=0 if not needed.
A value of wR = 0.01 is set to avoid any overlap between
them. A plot of the R(n̂) function is reported in Fig. 1g.
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In the present simulations, an AlGaAs shell with nomi-
nal composition of 33% Al is grown on a 40 nm wide GaAs195

core, shaped as a {110} hexagon. A typical growth tem-
perature of 500 ◦C is considered. To reduce the computa-
tional cost, only one half of the NW is considered by im-
posing a Neumann mirror boundary along its <112> sym-
metry axis. According to the experimental evidences indi-200

cating very slow mobility for Al, we set MGa = 100MAl.
The evolution is entirely controlled by the ratio between
growth rate and mobility, here arbitrarily tuned to 2·10−3

to match the experimental behavior.

3. Results and Discussion205

In order to identify and understand the key factors re-
sponsible for the segregation pattern observed in the ex-
periments it is very instructive to start by building the
model with the very minimum number of contributions
and parameters. This will allow us to get a qualitative210

indication of the role played by each term independently,
before combining them in a more realistic but complex
model.

The {110} faceting of the sidewalls of [111]-oriented
III-V core-shell NWs can be well understood on the ba-215

sis of energetic arguments. First-principle studies in the
literature [31] show indeed that {110} are stable facets
at variance with the other crystallographic planes running
parallel to the NW axis, i.e. the {112} planes, which have
higher surface energy and are indeed predicted to break220

into {110} or other low-index facets [32, 33]. The expected
equilibrium Wulff shape in the (111) cross-section is then
an {110}-bounded hexagon, compatibly with the experi-
mental observation.

A first, minimal model to inspect the evolution of the225

shell morphology and the associated effects of composi-
tional segregation can then be devised by considering a
uniform deposition rate R = R0 and the anisotropic sur-
face energy γ(θ) defined in eq. 8 to enforce the {110}
faceting. This situation is illustrated by the polar-plot in230

Fig. 2a. The result of such a test simulation is reported in
Fig. 2b. Evidently, the shell profile evolves with a {110}
faceting, with locally rounded corners. The segregation
pattern indicated by the color map is characterized by the
formation of narrow stripes radially departing from the235

core vertices to the outer corners of the shell. Such stripes
are however enriched in Ga, returning the exact opposite of
the experimental behavior. The explanation is made clear
by the analysis of the chemical potential along the surface
profile, reported in Fig. 2c. µ is minimum in the <112>240

direction, i.e. at the corners between the NW facets where
the surface energy is maximum, causing a net flow of ma-
terial from the {110} sides to the corners so to preserve
a straight faceting. Since Ga diffuses faster than Al, a
slightly higher amount of Ga is then pushed to the corners245

and buried in the bulk underneath as the front advances.
Since the segregation process is locally determined by the
balance of surface and edge energy contributions to µ at
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Figure 2: Evolution of an AlGaAs shell under the assumption of
anisotropic γ and uniform growth rate R, as reported in polar-plot
in panel (a). (b) Simulation profile showing the composition within
the shell by color map. The initial GaAs core geometry is shown by
dashes. (c) Plot of the surface chemical potential of both Ga and Al
referred to the value in the <110> direction. Arrows indicate the
direction and magnitude of the diffusion currents.

the corners, it is not modified by the increasing shell thick-
ness, evolving in a steady mode during the whole growth.250

The width of the segregation stripes is then essentially de-
termined by the rounding radius at the corners, that can
be made nm-thin by suitably tuning the β parameter.

While the simulation demonstrates that a {110}-faceted
shape can be enforced during growth by material redistri-255

bution due to the γ-anisotropy, the resulting segregation is
exactly reversed with respect to the experimental one. It
is therefore evident that this thermodynamic description
is not sufficient to capture the dynamical behavior of the
real system.260

The very opposite case to be considered for a mini-
mal model of the shell growth is that of kinetic-driven
faceting, determined by orientation-dependent growth rate
R(θ). Based on the simple geometric arguments of the ki-
netic Wulff construction [34, 35, 36], the apparent shape265

of a growing crystal is determined by those facets with the
slowest growth rate. Then, we admit that the growth rate
R is minimum in the <110> directions and maximum for
all other intermediate orientations. This is a quite reason-
able hypothesis also from a physical point of view, con-270

sistent with literature studies [3, 37], in particular with
the detailed experimental analysis on AlGaAs core-shell
NWs in Ref. [6]. There, it is indeed clearly shown that
the growth of AlAs shells proceeds at a quite different rate
in the <110> and <112> directions, returning a thicker275

profile around this latter orientations, protruding outward
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with respect to the ideal {110}-hexagonal shape.
Then, a test simulation is set by considering the anisotropic

growth rate R given in eq. 9, with the simplifying assump-
tion of b112 = 0 for all <112> directions, and isotropic280

surface energy γ = γ0, without any edge contribution, i.e.
β=0. These are shown by the polar plot in Fig. 3a. The
resulting growth profile, shown in panel (b), is shaped as
the desired {110}-hexagon but for a large rounding at the
corners. The compositional profile, rendered by the color285

map, now displays the right direction of segregation: Al
rich stripes are indeed formed along the <112> directions,
compatibly with experiments, even if substantially wider.

This is promptly understood by looking to the vari-
ation of the chemical potential while moving along the290

growth front, from <112> to <110> directions, plotted
in Fig. 3c. Now, there is an excess of material supply
at the corners with respect to the {110} facets and this
alone would result into outward profile protrusions. This
is however very unfavorable from the energetic point of295

view as corresponding to very high local curvatures, i.e.
much higher µ with respect to the {110} planes. A sub-
stantial transfer of material away from the corners is then
triggered to counter-balance the bias in material supply,
resulting in the local smearing of the profile. A station-300

ary condition is then reached, maintaining a constant µ
gradient to drive a continuous spill of material out of the
corners. Then, due to the its lower mobility, Al will remain
behind at the corners while Ga flows away and spreads all
along the {110} facets, resulting in the sunburst segrega-305

tion. As barely distinguishable by the color map, in the
first growth stages, when the size of the {110} facets is
short enough, the additional amount of Ga spilled-out of
the corners causes a slight enhancement of the Ga content
in the shell sides with respect to the nominal composition.310

This effect fades as the length of the facets grows large
offering a greater volume for diluting the Ga flux from the
corners. At a closer inspection, a local increase in the Ga
content is distinguishable right at the sides of the Al-rich
stripes, where the diffusion current is maximum.315

The previous analysis showed that the only hypothesis
of a slower growth kinetics on the {110} facets with respect
to the (faster) <112> corner regions provides the leading
factor to reproduce the segregation behavior. However,
it is reasonable to expect that in the real system both320

anisotropies in R and γ act simultaneously to return the
experimental behavior in a synergistic way: the former de-
termines the direction of the material flux from the corners
to the facets, the latter enforces a neatly faceted geometry
with a limited corner rounding on the scale of few nanome-325

ters.
In order to develop a more realistic description of the

actual system, a further analysis of the literature results
is to be done. Several studies [3, 12] showed that the ac-
tual symmetry of the sunburst segregation is just 3-fold.330

Polarity effects break the equivalence in the <112> di-
rections returning a different behavior between <112>A
and <112>B orientations. A direct evidence is provided
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Figure 3: Evolution of an AlGaAs shell under the assumption of
orientation dependent growth rate R and isotropic surface energy
γ, as reported in the polar-plot in panel (a). (b) Simulation profile
showing the composition within the shell by color map. The initial
GaAs core geometry is shown by dashes. (c) Plot of the surface
chemical potential of both Ga and Al referred to the value in the
<110> direction. Arrows indicate the direction and magnitude of
the diffusion currents.

by the already cited experiments of AlAs shell growth in
Ref. [6], exhibiting more pronounced protrusions in the335

three <112>B corners rather than in the three <112>A
ones. These testifies an enhanced growth rate in the<112>B
directions that can be modeled by raising the correspond-
ing maxima in the anisotropic function of R in eq. 9. By
using this function in combination with the anisotropic γ340

of eq. 8, as illustrated by the polar plot in Fig. 4a, it is
possible to reproduce the alternating growth of AlAs and
GaAs shells as in the experiments of Ref. [6]. An example
is reported in the Fig. 4b, showing the simulation result
for a multilayered structure grown on the GaAs NW core.345

Similarly to the experiments, the AlAs layers develop out-
ward pointing protrusions. As made evident in the magni-
fied view in panel c, the corner overgrowth builds up since
the first deposition stages, with a major development in
the fastest growing <112>B directions (see the profile dis-350

tortion with respect to the ideal hexagonal front reported
by a dashed line). On the contrary, the GaAs shells tend
to restore a nearly regular hexagonal shape, even when
deposited on the peaked AlAs shape. Such a different be-
havior between AlAs and GaAs in the simulations is fully355

determined by their large difference in surface mobility.
The former can indeed move only for very short distances
so that material is stuck in the directions of major supply,
i.e. the <112>, despite energetically unfavorable. The
same nonuniform growth rates are assumed also for GaAs360
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profile portion including both <112>A and <112>B. The evolution
sequence for the first AlAs-GaAs layers is shown by solid lines. The
dashed line show an ideal hexagonal shape, to be compared with the
outer profile of the first AlAs layer.

but, due to the much longer diffusion length of Ga, surface
diffusion spreads all the incoming material over the whole
facet length under the push of surface energy anisotropy.
Arguably, GaAs may also have an intrinsically lower pref-
erence to grow in the <112> directions compared to AlAs365

but, since the different mobility looks enough to explain
the change in morphology, we here neglect such an option.

Once proved the capability of the model in reproducing
the experimental evolution of the multilayered structure,
it can finally be applied to the growth of the alloyed Al-370

GaAs shell, so to get a more realistic description of the
sunburst segregation. The result of such a simulation is
shown in the Fig. 5a and closely resembles the experimen-
tal evidences [1]. In particular, an almost perfectly hexag-
onal shell is obtained despite the anisotropic growth rates375

thanks to the long range material redistribution enabled
by the large availability of Ga in the shell. Corners in be-
tween the {110} facets are now quite sharp, with rounding
radius of ∼3 nm. Al-rich stripes develop right along the
<112> directions, from the core to the outer shell cor-380

ners. For a more quantitative analysis, in panel b we plot
the composition variation when moving within the shell
along the path AB marked in panel a, passing through
both a <112>A and a <112>B corner. There, we see a
significant enhancement in the Al content, with a maxi-385

mum of ≈57% in the <112>B direction, while ≈51% is

obtained in the <112>A one, reflecting the difference in
growth rate discussed above. The width of the segregation
peaks is of the same order of the rounding of the corners,
i.e. ∼3-4 nm. It is almost the same for both directions, at390

variance with experiments reporting thinner stripes in the
<112>A direction [3], possibly related to finer details in
the anisotropic function and/or slight differences in edge
energy, beyond our simple model. All points within the
{110} region have the nominal Al content of 33%, with395

local variations within a ±1%. The radial variation of Al
content along the stripes and in the middle of the {110}
facets is made evident in the plot of Fig. 5c, where the
composition is traced along the <112> and the <110>
axis across the NW center. The formation of the Al-rich400

stripes in the <112>A and <112>B directions is almost
immediate and their composition is constant throughout
the whole shell thickness. A small deviation below the
nominal Al content set by the deposition is instead notice-
able in the {110} fronts close to the core region. This is405

due to the slight dilution of the deposited material with the
small amount of Ga spilling out of the corners, producing
a visible effect only when the facets are short enough. As
the shell thickness increases, the Al content in the middle
of the {110} facets converges to the nominal value.410

Simulation parameters set for the case in Fig. 5 have
been tuned in such a way to achieve a convincing corre-
spondence with the typical experimental observations, still
trying to avoid a strict fitting of one specific case to keep
the description general. The magnitude and definition of415

the observed segregation effects are of course dependent on
such a parameter choice. Clearly, the key factor to control
the Al-content in the stripes comes from the difference in
the growth rates between <110> and <112> orientations.
The surface energy anisotropy and edge energy also play420

a key role in controlling the width of the corners. An ac-
curate determination of these material parameters is quite
complex, especially for the largely unknown kinetic rates,
which may be different for each species and eventually de-
pend on the alloy composition.425

The external growth conditions of the experimental en-
vironment are also very important. In particular, since
the kinetic segregation effects here discussed takes place
through surface diffusion, it is a strict requirement to have
enough mobility to let the material move before getting430

permanently incorporated. If diffusion is much limited,
as in the case of the AlAs shell considered in Fig. 4, the
material will just accumulate on the fast growing fronts
with composition determined only by the material supply.
On the contrary, if diffusion becomes very fast, e.g. at435

very high temperature or by post-growth annealing, the
entropic tendency toward mixing will blur any segregation
profile in the surface region and eventually lead to a more
uniform composition.
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Figure 5: Simulation of sunburst segregation during the growth of the AlGaAs shell, including polarity effects. (a) Simulation profile showing
the composition within the shell by color map. The initial core is traced by dashes. (b) Plot of the composition along the AB path dashed in
panel a. (c) Plot of the radial variation of composition along the two <112> and the <110> main axis through the NW center. The nominal
33% Al content of deposition is also indicated by a dotted line for reference.

4. Conclusions440

In this study the dynamics of sunburst segregation in
core-shell NWs has been modeled and simulated by com-
bining the effects of orientation dependent growth rates
and surface energy anisotropy, along with the different mo-
bility of the alloy components. It is recognized that an445

enhancement in the growth rate at the facet edges along
the <112> directions is key to induce a material flow away
from the corners, leaving behind an excess of the slow dif-
fusing species. The surface energy anisotropy, enforcing
the {110} faceting also plays a role in limiting the width of450

the segregation region to few nms, as in experiments. The
distinction between <112>A and <112>B orientations by
imposing a faster growth in these latter ones, produces a
differentiation in the segregation returning a 3-fold sym-
metry, consistently with the experiments.455

Even if the whole study has been conducted with re-
spect to a GaAs-AlGaAs core-shell NW, setting param-
eters consistent with it, the overall description is to be
considered general and directly extensible to all other III-
V systems mentioned in the Introduction, by just tuning460

the appropriate parameters. Further effects are expected
whether the core or the shell are multi-faceted, eventu-
ally combining corner segregation effects with the faceting
transition [9, 38, 39].

While the analysis here reported is strictly valid for465

lattice-matched alloys, the sunburst segregation pattern
is also recognizable in strained systems. In the case of
low-strain systems it is reasonable to expect that the here
discussed mechanisms are still the leading ones. For high
strain levels the actual contribution of elastic energy to the470

chemical potential has to be explicitly taken into account.
In such a case, a redistribution of the alloy components
at the surface may be activated to achieve a better strain
relaxation (see e.g. [39, 40]), as corners are expected to
better accomodate the misfit with respect to the facets.475

While the modeling of strain effects is out of the scope of
the present study, it is a natural extension of this approach
for an upcoming work.
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