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1. Introduction

Semiconductor nanowires (NWs) grown by the vapor–liquid–
solid (VLS) mechanism have a variety of potential applications
in electronics, optoelectronics, photovoltaics, and sensorics
due to their elongated shape, high crystalline quality, and the
presence of quantum-size effects.[1–5] Particularly, III–V NWs
are promising candidates for the fabrication of single-photon
emitters,[2] high-quality multispectral photodetectors,[3] nanoan-
tennas,[4] and high-performance transistors[5] integrated with
silicon electronics. Self-catalyzed growth of III–V NW is usually
performed by molecular beam epitaxy (MBE) or metal–organic
chemical vapor deposition (MOCVD) on Si(111) substrates
coated with a native or thermally grown oxide layer.[6,7] The
growth technique involves the following stages. First, a litho-
graphic patterning or thermal treatment of the substrate is
applied to create pinholes in the oxide layer to seed gallium ada-
toms, which subsequently act as the VLS growth catalysts.

Second, after group V flux is turned on,
the critical supersaturation is created in
the droplets to start the VLS growth of
GaAs inside the pinholes. Third, GaAs
material fills the pinholes, and the NWs
grow above the mask layer maintaining ver-
tical orientation with respect to a (111) sub-
strate. Note that the use of external catalysts
(e.g., gold) for NW growth often causes the
incorporation of the catalyst material into
the growing crystal. This unwanted NW
contamination is fully circumvented in
the self-catalyzed VLS approach. Control
over the shape and crystal phase of III–V
NWs grown by the VLS mechanism is cru-
cial for the design of devices with dedicated
properties. Although the growth of III–V
bulk semiconductors (except for nitrides)
always occurs in the zinc-blende (ZB)

phase, both ZB and wurtzite (WZ) phases can be formed during
the VLS growth of III–V NWs. The polytypism in III–V NWs
obtained by the VLS method and the underlying crystal growth
mechanisms have been studied for decades.[8–15] Let us briefly
describe the main results of these studies. The preferred growth
direction of III–V NWs is the ½1 1 1� direction, so that the NW top
facet under the droplet is close-packed. There are two types of
close-packing of atomic layers: cubic (ABCABC) and hexagonal
(ABAB). Thus, geometrically, the difference between hexagonal
and cubic packing is not so large. For example, if the misplace-
ment occurs in the ABCABC sequence of the cubic lattice in the
fifth layer (B layer is replaced by C layer) and then the further
crystal growth occurs in the cubic phase, a twin (ABCACB) is
formed. In this case, several layers (CAC) with hexagonal packing
are formed. As a result, the crystal phase switching can occur due
to a random misplacement of one of the layers. Since a single-
monolayer forms by itself neither the ZB structure nor the WZ
structure, it is convenient to use the following notation for the
monolayer structure.[15] When a new monolayer is formed
relative to two previous monolayers according to the ZB (WZ)
stacking, A on BC (C on BC), it is denoted as c-monolayer
(h-monolayer), i.e., cubic monolayer (hexagonal monolayer).
The ZB and WZ structures containing stacking faults can also
be described by this notation. The bulk WZ structure of GaAs
at atmospheric pressure was found to have the energy about
20meV pair�1 higher than that of ZB and, therefore, the WZ
phase is metastable.[16] Thus, the bulkWZGaAs phase formation
at the normal pressure can only be observed under exotic
conditions.[17] At the same time, the phenomenon of polytypism
and twinning processes is inherent to the nature of the VLS
growth of nano- and microcrystals and was observed both in
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h islands, corresponding to the cubic and hexagonal crystal phases, at the triple-
phase line and in the center of the catalyst–NW interface, is considered within the
classical nucleation theory. As a result, the probability of h-island nucleation as a
function of the average contact angle is obtained. It is found that the maximum of
this probability shifts to the region of large contact angles when the length of
narrow edges of the NW top facet decreases. Also, it is shown that the GaAs
island nucleation at the triple-phase line occurs preferentially in the vicinity of the
top facet corners.

RESEARCH ARTICLE
www.pss-b.com

Phys. Status Solidi B 2024, 2300367 2300367 (1 of 11) © 2024 Wiley-VCH GmbH

mailto:koryakinaa@spbau.ru
https://doi.org/10.1002/pssb.202300367
http://www.pss-b.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssb.202300367&domain=pdf&date_stamp=2024-01-26


GaAs NWs[15] and GaAs whiskers (microwires)[8] during their
growth along the [111]/½1 1 1� direction. Akiyama et al.[18] used
the empirical potential approach to show that the WZ phase
in III–V NWs is stable if the NW radii are small enough (about
5 nm for GaAs) due to the lower energy of the WZ NW side fac-
ets. The VLS growth of pure ZB GaAs NWs with such radii has
been demonstrated later by Gil et al.[19] These results seem to be
contradictive because, according to Akiyama’s conclusions, one
should observe a transient regime with the alternation of c and h
layers for the NW radii of about 5 nm. However, it is known that
kinetic factors play a crucial role in crystal growth with a specific
shape and structure, and should also be considered for a realistic
description of the ZB–WZ phase switching in III–V NWs.

Crystal growth occurs through the attachment of atoms to the
step,[20] the source of which in the case of VLS NW growth is 2D
nuclei (islands) at the catalyst–NW interface.[10,11,21] The position
of the nucleus relative to the previous monolayers, i.e., its crystal
orientation, determines the monolayer crystal structure. The
kinetic approach of the classical nucleation theory is often used
to study the VLS growth and to describe the related NW crystal
structure.[11,12,22–25] This approach involves the consideration of
the Gibbs formation energy for c and h nuclei and the use of the
Zeldovich formula for the nucleation rate. Within this approach,
it was shown[10,11] that the factors determining the crystal struc-
ture of the NW are as follows: 1) the chemical potential difference
for species in liquid and solid phases per III–V pair, which
depends on the element concentrations in the liquid phase
and on the growth temperature. It is included as the bulk term
in the Gibbs formation energy and is a priori smaller for the WZ
nuclei. 2) The effective interphase energy per unit length of the
island perimeter, which enters the surface energy term. For
nucleation at the triple-phase line (at the edge of the NW top
facet), the nucleation barrier strongly depends on the value of
the droplet contact angle. The classical nucleation theory
approach allowed one to establish that the nucleation barrier
for h nuclei is lower than that for c nuclei within a range of
the contact angles.[10] This is because the effective interphase
energy of the part of the island perimeter in contact with the
gas phase (the difference between the interphase energies of
the liquid–vapor and solid–vapor interfaces) can be smaller than
that for the solid–liquid interface. As a result, although the bulk
term of the Gibbs formation energy is smaller for h island, there
can be an energetic gain due to the surface energy term.

Most models based on the kinetic approach, with the exception
of the model of ref. [26], use the assumption of cylindrical or
cone-shaped NW geometry, which significantly simplifies theo-
retical calculations. In this case, the droplet having the minimum
surface energy at a given volume has the shape of spherical cap,
and the local contact angle is equal to the average contact angle.
Since the effective interphase energy enters the exponent of the
Zeldovich formula, the nucleation rate strongly depends on the
variations of the contact angle. Note that this variation is equal to
tens of degrees for the droplet resting on a hexagonal NW.[26]

Moreover, the recent in-situ transmission electron microscopy
(TEM) study of self-catalyzed GaAs NW growth[27] has shown that
the WZ phase forms at the average contact angles in the range of
≈100°–125°, and that the NW crystal phase is sensitive to very
small changes of the contact angle (≈5°) at the boundaries of this

range. These facts indicate that the consideration of the contact
angle variation in hexagonal NW geometry is necessary for a
refined description of the ZB–WZ switching.

In this article, we address the impact of the NW top facet
geometry on the nucleation rate of c and h islands, depending
on the value of the local contact angle. As in ref. [26], the droplet
shape is obtained numerically by the gradient descent method
using Surface Evolver software.[28] To calculate the island nucle-
ation probability, we use the elements of the stochastic model[12]

applied to the case of the Au-catalyzed GaAs NWs growth by
MOCVD and further develop it to describe the NW growth by
MBE. The expressions for the material fluxes from the vapor
phase and for the chemical potential difference are determined
according to the model of ref. [24] The formula for the incorpo-
ration rate of III–V pairs into the critical island is taken from
ref. [29]. We model the self-catalyzed GaAs NW growth consid-
ering different geometries of the NW top facet, in contrast to the
model of ref. [26]. We show that the change of the NW top facet
shape has an impact on the probability of h island nucleation, i.e.,
the crystal phase switching caused by the contact angle change.

2. Theoretical Model

2.1. Problem Definition

Let us consider layer-by-layer growth of self-catalyzed GaAs NWs
in the ½1 1 1� direction due to the gallium and arsenic fluxes from
the vapor phase (Figure 1). Since the catalyst droplet at the typical
growth temperatures of 500–600 °C consists almost entirely of
gallium atoms with a small arsenic content (less than ≈2 at%),
we assume that the droplet volume is fixed and determined only
by the number of gallium atoms. Modeling the monolayer
formation is performed considering three components of the
total arsenic flux in vapor phase:[24] the direct flux JdirAs , the
re-evaporated flux JreAs and the desorption flux JdesAs . As revealed
by TEM and scanning electron microscopy techniques,[14,30–32]

the GaAs NW side facets are usually f1 1 2g or f110g planes
for ZB NW and f1100g or f1120g planes for WZ NW, so that
NW has regular hexagonal cross section. It is natural to assume
that the corners of the NW cross section are rounded due to ther-
mal fluctuations and kinetic effects.[26] Therefore, as an approxi-
mation to the real NW geometry, we consider the NW top facet in
the form of regular hexagon with truncated corners, bounded by
the GaAsf1 1 2g and GaAsf110g planes (ZB segment formation)
or by the GaAsf1100g and GaAs{1120} planes (WZ segment
formation) as shown in Figure 1b. Also, it is assumed that
the GaAsf1 1 2g NW side facets are not stable and have the
GaAsf1 1 2g microfaceting with the GaAs{111} and
GaAsf1 1 1g facets. This corresponds to a more general case
of the GaAs cross section obtained by the Wulff plot in ref. [33]
where the following stable planes were considered: f110g, {100},
{111}, and f1 1 1g. Note that the 12-corner GaAs cross section
with the edges having comparable lengths was experimentally
observed in ref. [34] for GaAs NW growth without catalyst.
The NW top facet edges of different length (edge type 1 and edge
type 2 in Figure 1b) bounded by the GaAsf1 1 2g and GaAsf110g
planes in the ZB phase or by the GaAsf1100g and GaAsf1120g
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in the WZ phase are defined by the angles α1 and α2 (the sum of
the angles equals 60°).

The radius of the circumscribed circle around the NW top
facet R0 defines the NW radius. The NW growth occurs due
to mononucleation of islands located at the triple-phase line
and islands that do not have contact with it (the center nucleation
hereinafter) (Figure 1a). It is assumed that at the moment of
nucleation of each monolayer, the NW top facet is atomically flat
and there are no additional facets along its perimeter, as well as
wetting of the NW sidewalls by the droplet. It should be noted
that the faceting of the NW top facet in the case of NW growth in
the ½1 1 1� direction observed in the experiments[14,27] at large
droplet volumes is a periodic process, with the period approxi-
mately equal to the period of the monolayer formation. The edges
of the NW top facet can dissolve during the monolayer growth;
however, the crystal structure of the monolayer is determined at
the moment of nucleation, so that the faceting does not directly
affect the ZB–WZ switching.

To find the shape of the droplet resting on the NW top facet,
we minimize the droplet surface area for a given volume. It is
assumed that the droplet edges at the catalyst–NW interface
are fixed, i.e., the droplet cannot detach from the triple-phase
line. To prove this assumption, we verify that the local contact
angle is greater than the critical angle βc. We also note that
numerical minimization of the droplet surface area requires con-
sideration of the droplet surface as a continuous medium.
As a result, the dependence of the local contact angle β (hereafter,
the contact angle) on the coordinate ξ along the triple-phase
line is found. This allows us to consider the effect of the variation
of the contact angle on the nucleation rate of c and h
islands at the triple-phase line. The contributions to the island
nucleation probability from the nucleation at the edge type 1
and type 2 are calculated separately. The goal is to find and
explain the dependence of the relative probability of h island
nucleation on the droplet volume and, consequently, on the
average contact angle considering different shapes of the NW
top facet.

2.2. Island Shape

We consider a disk-shaped geometry of the islands for the center
nucleation (Figure 1a). Indeed, let us assume that the ratios of
the interphase energies corresponding to different orientations
of the island edge (i.e., the {111}, {100}, and {110} microfacets
for c islands) equal to the ratios of the GaAs surface energies.
Using the Wulff plot and reference data for GaAs surface
energies,[33] we find that the islands should have the octagonal
shape with different edge length ratio depending on the choice
of the As-rich or Ga-rich condition. Given the errors in the sur-
face energy calculations, the disk-shaped geometry of the island
seems to be a reasonable approximation to the real shape. To
describe the formation energy of a disk-shaped island, we intro-
duce the effective interphase energy per unit length of the island
perimeter denoting it as σSL (in J m�1).[20] For the nucleation at
the triple-phase line, the equilibrium shape of the island is
assumed in the form of circular segment. According to the
Winterbottom construction used to find the equilibrium shape
of the crystal in contact with the surface,[35] the island “sinks”
in the solid–vapor interface so that the distance from the island
center to the droplet surface h is determined as follows:
h/R= (σSV� σLV)/σSL, with σSV as the effective interphase energy
of the solid–vapor interface; σLV as the effective interphase
energy of the liquid–vapor interface per unit length (which is
removed by the island formation); and R as the island radius.

2.3. Gibbs Energy of Island Formation

The Gibbs energy of the island formation in the form of a circular
segment is given by[11,12]

ΔG ¼ � hGaAs
ΩGaAs

c1R2Δμ þ c2RΣ (1)

where Δμ is the chemical potential difference per GaAs pair in
liquid and solid (this Δμ is a function of the arsenic molar

Figure 1. a) Schematic illustration of the apex of GaAs NW with the catalyst droplet. Two possible positions for the island nucleation are shown. b) The
geometry of the NW top facet.
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fraction in the droplet NAs/NGa, where NAs and NGa are the num-
ber of arsenic and gallium atoms, and the growth temperature);
hGaAs= aGaAs/3

1/2 and ΩGaAs= a3GaAs/4 are the GaAs monolayer
height and volume per GaAs pair, aGaAs is the GaAs lattice con-
stant (hGaAs and ΩGaAs are assumed to be the same for c and h
islands); c1 and c2 are the geometrical factors that determine the
island area c1R

2 and perimeter c2R such that

c1 ¼ π � 1
2

2 arccos
h
R
� sin 2 arccos

h
R

� �� �
,

c2 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� h2

R2

r
þ π � arccos

h
R

 ! (2)

The quantity Σ ¼ ð1� xÞσSL þ xðσSV � σLVÞ is the average inter-
phase energy per unit length of the island perimeter; x is the
fraction of the island perimeter in contact with the triple-phase
line, determined by

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� h2

R2

q
ffiffiffiffiffiffiffiffiffiffiffiffi
1� h2

R2

q
þ π � arccos h

R

(3)

The values of the interphase energies of the island perimeter are
estimated from the known values of the corresponding surface
energies. In particular, σSL≈ γSLhGaAs. Following ref. [13], the
interphase energy σSV is estimated as

σSV ¼ γSV
cosφ

� γSL tanφ
� �

hGaAs (4)

where φ is the tilt of the GaAs facet, which bounds the island
edge at the solid–vapor interface (counted from the vertical such
that the condition φ> 0 corresponds to the narrowing facet);
γSV and γSL are the surface energy of the solid–vapor interface,
i.e., the droplet surface energy, and that of the solid–liquid
interface. Thus, the effective interphase energy σSL is the average
characteristics used to describe the formation energy of a unit
length of the island perimeter in contact with the liquid phase.
GaAs anisotropy is considered to determine the interphase
energy σSV of the island edge in contact with vapor.

To calculate the interphase energy σLV, we use the approximate
analytical dependence:[10,12,13]

σLV ¼ γLVf ðβ,φÞ hGaAs, f ðβ,φÞ ¼ sin β þ cos β tanφ (5)

The function f ðβ,φÞ determines the droplet surface area change
due to the island formation. In the case of spherical droplet, this
function yields a small error if the island perimeter in contact
with vapor equals the perimeter of the NW top edge (this holds,
e.g., for the full NW monolayer). By numerical calculation, we
found that this formula can also be used for estimations in
the case when the island size is much smaller than the NW
top facet (Figure S4, Supporting Information). Using
Equation (1), the nucleation barrier for the island in the form
of circular segment is found in the same form as in ref. [12]

ΔGðicÞ ¼
c22 ΩGaAsΣ2

4c1hGaAsΔμ
(6)

where ic= c22 ΩGaAsΣ2/4c1hGaAsΔμ2 is the critical island size. For
disk-shaped island nucleation, we simply have h= R in
Equation (1) and (6), giving c1= π, c2= 2π, x= 0, and Σ= σSL.

2.4. Island Nucleation Probability and Monolayer Crystal Phase

The nucleation probability of at least one island on the NW top
facet over the time period Δt= t2� t1 in the approximation of the
Poisson distribution is given by[12]

P ¼ 1� expð� Nh iÞ (7)

where Nh i is the average number of islands nucleated over the
time period Δt:

Nh i ¼
Zt2
t1

dt
Z
A

I dA (8)

where I is the nucleation rate; and A is the area available for the
island nucleation. Note that the Poisson distribution is often used
for the theoretical description of NW growth.[12,25] The nucleation
rate is determined according to the Zeldovich formula:[20]

I ¼ nWþZ expð�ΔGðicÞ=kBTÞ (9)

whereW þ is the attachment rate of III–V pair to the critical island
(in s�1), Z is the Zeldovich factor given by the formula:

Z ¼ 1
c2Σ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1hGaAsΔμ3

πΩGaAskBT

s
(10)

n= 4/(31/2a2GaAs) is the adsorption site density on the GaAs(111)
surface, kB is the Boltzmann constant, and T is the absolute tem-
perature. The value ofW þ is estimated according to the formula:
W þ≈ j þs, where the flux density of III–V pairs to the critical
island j þ is determined by[29]

jþ ¼ πDAs

Ω ln ð8 πRc=hGaAsÞ
(11)

where DAs is the diffusion coefficient of arsenic in gallium, Ω is
the average volume per atom in the droplet (we assume that this
volume equals the volume of gallium atom in liquid ΩGa), and
Rc= c2ΩGaAsΣ/2c1hGaAsΔμ. The island perimeter s for the disk-
shaped island and for the island in the form of a circular segment
equals 2πR and 2(π�arccos (h/R))R. The area available for the cen-
ter nucleation is the whole NW top facet area:

A ¼ 3R2
0ðsinα1 þ sinα2Þ (12)

For the island nucleation at the triple-phase line, the area available
for nucleation is a thin strip along the NW top facet edge, whose
width is determined by the critical island size and depends on the
coordinate ξ. The elemental area dA equals

dA ¼ qRc 1þ σSV � σLV
σSL

� �
dξ (13)

where q is the symmetry factor ensuring that integration in
Equation (8) is performed over a half of the NW top facet edge.
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Thus, for the center nucleation and for nucleation at the triple-
phase line, Equation (8) can be rewritten in the following forms:

NCh i ¼
Zt2
t1

3R2
0ðsinα1 þ sinα2ÞIdt (14)

NTPL
� � ¼

Zt2
t1

dt
Zξmax

0

I qRc 1þ σSV � σLV
σSL

� �
dξ (15)

In the model, we consider c- and h-island formation of different
types at the triple-phase line depending on the angle φ. To calcu-
late the nucleation probabilities of c and h islands, Pc and Ph, for
the time Δt (Equation (7)), the value of Nh i is found according to

Nch i ¼
X
ij

NTPL
c,ij

D E
þ NC

ch i (16)

Nhh i ¼
X
ij

NTPL
h;ij

D E
(17)

where the index i= 1,2 denotes summation over different island
types; and the index j refers to summation over different angles φ.
In what follows, we consider nucleation of c islands at the edge
types 1 and 2 (Figure 1b) having the following microfacets at the
solid–liquid interface: GaAs{111} (φ= 19.5°, q= 6), GaAsf1 1 1g
(φ=�19.5°, q= 6), GaAs{100} (φ= 35.3°, q= 6), and tilted
GaAs{110} (φ= 54.7°, q= 6) for the edge type 1; GaAs{110}
(φ= 0°, q= 12) for the edge type 2. Thus, the indexes ij in
Equation (16) take the values of 11, 12, 13, 14, and 21, respectively.
When h islands nucleate at the edge types 1 and 2, the following
microfacets are allowed to form: GaAsf1100g (φ= 0°, q= 12) and
GaAsf1120g (φ= 0°, q= 12), respectively. The indexes ij in
Equation (17) take the values of 11 and 12. To calculate the aver-
age number of c islands, the contribution from the center nucle-
ation, NC

ch i, is also included in Equation (16). The crystal phase of
the growing monolayer is determined by the ratio of the nucle-
ation probability of h islands over the sum of the nucleation prob-
abilities of h and c islands[12]: Ph/(Phþ Pc). This ratio for the small
time period Δt ! 0 is defined according to the simplified
formula:

lim
Δt!0

Ph

Ph þ Pc
¼ Nhh i

Nhh i þ Nch i ¼

P
ij

NTPL
h;ij

D E
P
ij

NTPL
h;ij

D E
þP

ij
NTPL

c;ij

D E
þ NC

ch i

(18)

2.5. Modeling Steps

Our computational algorithm consists of the following steps.
1) Set the growth parameters: temperature, arsenic flux, NW
radius, NW top facet shape (angle α1) and droplet volume.
2) Find the shape of the droplet resting on the nanofacet.
3) Calculate the arsenic molar fraction in the droplet as a function
of the growth time. 4) Find the nucleation time τ required to cre-
ate supersaturation in the droplet. As in ref. [25], the estimation

of τ is performed according to the following formula:
Nh i= ln(1/(1� P)), where the probability P equals 0.5. The
nucleation time is calculated for all types of islands at the triple-
phase line (τ= τh,ij and τ= τc,ij) and for the center nucleation (τc)
using Equation (14) and (15), where we put t1= 0 and t2= τ.
5) Find the minimum nucleation time among islands of all types
τmin=min{τh,ij, τc,ij, τc}. 6) Calculate the relative probability of
h-island nucleation by Equation (18) at the moment of time
τmin. To find the nucleation time self-consistently, the material
balance equation for arsenic atoms in the droplet is considered
in the form

ΔNAs ¼ ðJdirAs þ JreAs � JdesAs ÞΔt (19)

where ΔNAs is the change in the number of arsenic atoms
over the time Δt; the sum of the direct and re-evaporated
arsenic fluxes is defined by the following equation:[24]

JdirAs þ JreAs = jAsSf ;As, where jAs is the effective arsenic flux density
and Sf,As is the effective droplet cross-section area intersected by
the direct arsenic flux. The desorption flux is defined by the fol-
lowing formula[24]: JdesAs = SdkAsC2

As, where Sd is the droplet sur-
face area and kAs is the coefficient that characterizes desorption
(see Supporting Information).

3. Results

3.1. Variation of Droplet Contact Angle

To determine the nucleation rate for islands located at the triple-
phase line, it is necessary to calculate the values of the contact
angle β as a function of the coordinate ξ. Figure 2a shows a typical
result of the calculation for a fixed droplet volume and different
shapes of the NW top facet. The details of the calculation
obtained by Surface Evolver software can be found in
Supporting Information. In Figure 2a, the coordinate ξ= 0 cor-
responds to the middle of the edge type 2 and the maximum
value of ξ corresponds to the middle of the edge type 1. It can
be seen that the maximal values of β are at the middle of the
edges and the minimal values are at the corner between the edge
type 1 and type 2. It is important to note that the angle β changes
faster in the vicinity of the corner between the edges, so that a
wide range of angles is always observed in this region. As the
angle α1 decreases at a fixed droplet volume Vd, the average con-
tact angle increases slightly due to the increase of the angle β at
the wide edge (Figure S3, Supporting Information), but, simul-
taneously, the values of β at the narrow edge decrease. As a result,
the range of existing contact angles increases. The presence of
the narrow edges at the NW top facet causes the creation of favor-
able conditions at the triple-phase line for nucleation of islands
having the angle φ from a wide range of values. At small droplet
volumes, the calculated values of the droplet contact angle at the
corners of the NW top facet can be less than the critical value βc.
In this case, we equate the values of the contact angle β to βc
(Figure 2b) in the calculation. This approximation is reasonable
since, as shown later, the condition β< βc is satisfied only for
small intervals of ξ.
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3.2. Nucleation Rate at the Triple-Phase Line

Let us consider an example of calculation of the relative proba-
bility of h-island nucleation by Equation (18). The dependences of
the nucleation rates (per unit length) on the position at the
triple-phase line for the islands of different types and the relative
probability of h-island nucleation are shown in Figure 3 and 4,
respectively. Here, the growth temperature, arsenic flux, NW
radius, and angle α1 are fixed (the values of these quantities
are given in the caption of Figure 3), but the droplet volume
varies. The island nucleation rates at the triple-phase line were
calculated using the integrand depending on the coordinate ξ in
Equation (15) multiplied by R0. The curves are plotted at the
moments of time τmin for each droplet volume. For comparison,
the nucleation rate of c islands in the center of the catalyst–NW
interface normalized to the growth facet perimeter is also shown.
For this purpose, the integrand in Equation (14) is divided by the
sum ξ1max/R0þ ξ2max/R0, where ξ1max and ξ2max is a half of the
length of the edge type 1 and type 2, respectively. At small droplet
volumes corresponding to the average droplet contact angles β
below 105° (Figure 3a,b), the nucleation rate of c islands is much
higher than the nucleation rate of h islands. The nucleation of c

islands with the tilted GaAs{110} microfacets in contact with
vapor at the edge type 1 dominates due to their relatively low
surface energy. This results in the negligibly small probability
of h-island nucleation (see the values of the curve in Figure 4
at α1= 10° and β< 105°). The contact angle corresponding to
the maximum of the nucleation rate at β= 90°� φ= 35.3° is
not observed, because, first, this value is smaller than the critical
angle βc and, second, the values of the minimum of the theoreti-
cal contact angles βmin become larger than 35.3° with the increase
of the droplet volume. The nucleation rates of islands of
other types including the center nucleation are negligible in
this case.

At the average contact angles in the range of β ≈ 113°–130°,
the total nucleation rates of c and h islands at the triple-phase
line are comparable; however, the contribution of the center
nucleation is still negligibly small. Figure 3c,d shows the typical
dependencies of the nucleation rates on the coordinate ξ for a
given range of the contact angles. Finally, after β ≈ 135°, the
center nucleation dominates (see Figure 3e,f ). Note that the
nucleation rate for the c-islands with the GaAs{100} microfacets
is negligible in all cases.

Thus, we find that the island nucleation at the triple-phase line
occurs preferentially in the regions close to the NW top facet cor-
ners (the minima of the β(ξ) dependencies shown in Figure 3
correspond to the corners), where favorable conditions exist
for the nucleation of islands of different types (see Figure 3).
When the droplet volume reaches large values, the NW growth
occurs primarily due to the center nucleation. The average num-
bers of nucleation events per second calculated at the moment of
time τmin and obtained by integrating the nucleation rates along
the triple-phase line are shown in Figure 3. Note that the estima-
tion of τmin using these maximal values gives a lower bound esti-
mate. As a result, using Equation (18), we find the relative
probability of h-island nucleation at three considered volumes:
0, 0.38, and 0.17 (compare with the curves in Figure 4). We also
note that the ratio of h/R for the islands at the triple-phase line
changes with the coordinate ξ, so that the island can “sink”
deeper or shallower in the liquid–vapor interface. Obviously,
the island edge length in contact with vapor reaches its maxi-
mum at the contact angle of β= 90°� φ. The calculation shows
that at this point the island is half “sunk” and h/R≈ 0. If this ratio
becomes greater than 1, the island detaches from the triple-phase
line. In this case, we assume the nucleation rate to be zero.
Figure 3e,f shows the discontinuities in the curves for c islands
due to this fact. The calculation performed for βc= 55° almost
completely coincides with the calculation without considering
βc for the given contact angles β and angles α1. This is due to
the short range of the contact angles where β< βc. The estima-
tion of βc was obtained by using the value of the critical angle βc
measured in the GaAs NW growth experiment after the droplet
has detached from the triple-phase line and adopted a spherical
shape.[27] The error of the calculation in Figure 4 was estimated
by the error of the β(ξ) dependence (e.g., ≈0.03% for the wide
edge and ≈0.1% for the narrow edge at α1= 10°). The absolute
error for the probability in Figure 4 is typically of the order or less
than 0.01 for all contact angles except for the regions of increas-
ing probability where the typical error is of the order of 0.2. This
is because the probability is determined by the competition

Figure 2. a) Calculated values of the contact angle versus the normalized
coordinate along the edge of the NW top facet at a fixed droplet volume
(Vd/R3

0 = 3.6) and different angles α1 shown in the legend. b) Variation of
the contact angle with the droplet volume.
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between c islands with tilted GaAs{110} microfacets and h
islands in this region. The nucleation rate of the former has a
sharp maximum at small angles, where the error is maximum.
The calculations were performed using the values of the surface
energies obtained in refs. [33,36,37] for the estimation of γSV and
γSL. The values of the model parameters are given in Table S1,
Supporting Information. It is also assumed that Δμ=ΔμZB for
the c-island formation and Δμ=ΔμZB �ψ for the h-island for-
mation, where ΔμZB is the chemical potential difference between
the ZB GaAs phase relative to the liquid Ga–As phase calculated
by the Redlich–Kister polynomial equations as described by
Glas,[24] and ψ is the difference in the cohesive energy between
WZ and ZB phases.[12]

3.3. Dependence of the Relative Probability of h-Island
Nucleation on the NW Facet Shape

The relative probabilities of h-island nucleation calculated by our
model are shown in Figure 4. It is seen that the curves shift to the
right with the decrease of α1. At large values of α1, when the
lengths of the edge type 1 and type 2 are comparable, the depen-
dence changes slightly with the decrease of α1. However, if α1 is
smaller than 10°, the rate at which it changes with the variation of
α1 increases. For instance, the decrease of α1 from 10° to 5°
causes the shift of the maximum by about 6°, while the decrease
of α1 from 30° to 20° results in the shift by only 2°. The observed
shift is due to the decrease of the minimum of the β(ξ)

Figure 3. The island nucleation rate at the edge types 1 and 2 (left and right panels) at different values of the droplet volume corresponding to the average
droplet contact angle of a,b) 95°, c,d) 115°, and e,f ) 135°. The dependences of the contact angle on the coordinate are shown by black lines. It is seen that
the maxima of the nucleation rates at the edge type 1 are at β= 90° (h island), 70.5° (h island with the GaAs{111} microfacets), and at the edge type 2 are
at β= 90° (h island and c island). The maximum of the nucleation rate for c islands with tilted GaAs{110} microfacets (β= 35.3°) is not reached due to the
cutoff of the β(ξ) function at β< βc. The growth parameters are T= 500 °C, jAs= 1� 1019 s�1 m�2, R0= 20 nm, and α1= 10°. The numbers at the curves
indicate the integrated values of the nucleation rates (in s�1). Note the different scale of the axis for the nucleation rate.
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dependence with the decrease of α1. Indeed, the minimum of
β(ξ) does not change significantly if α1 is larger than 10°; how-
ever, there is a sharp decrease in its value when α1 tends to 0°.
Thus, the droplet is stretched laterally more at the corners of the
NW top facet, and the narrower thin edges (the smaller values of
α1), the greater the stretching. As a result, at the triplet phase line
in the vicinity of the narrow edges, the values of contact angles
“delay” as the droplet volume increases. This leads to the shift in
the dependence of the relative probability of h-island nucleation
with decreasing α1.

3.4. Effects of the NW Radius and Growth Temperature

In agreement with the previous theoretical investigations,[18,38,39]

we found that the decrease of the NW radius causes the increase
of the relative probability of h-island nucleation (Figure 5a). It is
seen that the positions of the lower and upper WZ/ZB boundary
change by 4°–6° with the variation of the NW radius. Hereafter,
we define the WZ/ZB boundary by the condition that the relative
probability of h-island nucleation is 0.5. Within the model, we
explain this fact by the increase of the arsenic content in the
droplet (e.g., by 30% when the NW radius decreases from 50
to 10 nm). As shown in ref. [10], the difference in the value of
Δμ for c and h islands decreases with increasing the molar frac-
tion of arsenic in the droplet at a fixed temperature. As a result,
the nucleation barrier for h islands becomes smaller than for c
islands due to the lower interphase energy of the solid–vapor
interface σSV for h islands. The exception is the case of small radii
(<5 nm), where an increase in the arsenic desorption flux due to
size effects leads to a decrease in the arsenic molar fraction.[24,29]

We find that the relative decrease of the c-island nucleation
probability for the center nucleation with the decrease of NW
radii also affects the dependence shown in Figure 5a although
to a lesser extent. Figure 5b shows that the growth temperature
decrease causes the increase in the relative probability of
h-island nucleation. Note that in this case the positions of the

WZ/ZB boundaries change by 5°–10°. This is due to the fact
that, despite the decrease of arsenic solubility in the gallium
droplet, the chemical potential difference ΔμZB increases
and, therefore, the relative height of the nucleation barrier
for h islands decreases. Also, Figure 5a,b shows that the
maximum of the curves is almost independent of the NW
radius; however, its position changes slowly with the
temperature.

In addition, we find that the dependence of nucleation proba-
bilities on the arsenic flux is very weak (not shown); however, an
increase of the arsenic flux causes an increase in the NW growth
rate. This is explained by the fact that for intensive nucleation it is
necessary to lower the nucleation barrier to a certain threshold
value, which depends only on the thermodynamic factors. As a
result, when the flux changes, the island nucleation occurs
approximately at the same values of nucleation barrier[12] and
arsenic molar fraction. The typical values of the NW growth rate
and the arsenic molar fraction at the arsenic flux of
jAs= 1� 1019 s�1 m�2 and R0= 20 nm are of the order of
2 nm s�1 and 0.1 at% for T= 500 °C and 0.7 nm s�1 and 0.6 at%
for T= 600 °C.

Figure 4. Dependence of the relative probability of h-island nucleation on
the average contact angle. The calculations were performed at the follow-
ing values of the model parameters: T= 500 °C, jAs= 1� 1019 s�1 m�2,
and R0= 20 nm. The lines are a guide for the eye.

Figure 5. Variation of the relative probability of h-island nucleation with
the change of a) the NW radius and b) the growth temperature. The model
parameters, except for the NW radius in (a) or the growth temperature in
(b), are the same as in Figure 4, α1= 10°.
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4. Discussion

In this section, we discuss the validation of the obtained results.
First, we compare the theoretical results with the experimental
data on the VLS growth of GaAs NWs. Panciera et al.[27] found
that the WZ phase in self-catalyzed GaAs NWs forms at the aver-
age contact angle within the range of 100°–125° at T= 420 °C and
R0≈ 15 nm. Using the value of α1= 15°, we obtain a satisfactory
agreement in the positions of the lower and upper WZ/ZB
boundary for the droplet contact angles, 106° and 128°, respec-
tively. The maximum of the theoretical dependence of the rela-
tive probability of h-island nucleation (about 0.8) is slightly lower
than the values corresponding to the formation of almost pure
WZ phase observed in the experiment. Note that the angle α1
defining the size of the narrow edges of NW top facet is the only
fitting parameter in this calculation. Panciera et al.[27] observed
no clear dependence of the positions of the lower and upper
WZ/ZB boundary on the NW radius and growth temperature.
The observed variation by 7°–10° in the values of these bound-
aries (at variable temperature) is explained within the model
by the change of the growth facet shape. Also, an important result
of our modeling is that the island nucleation at the triple-phase
line predominantly occurs at the corners of the NW top facet.
Due to the small size of the critical nucleus (a few III–V pairs),
it is challenging to experimentally find the nucleation site on the
NW top facet by modern TEM equipment.[30] Although the
results of the investigation of Au-catalyzed growth of GaAs
NWs having WZ structure[30] provide an indirect confirmation
of our model. The smallest island (occupying about 10% of
the top facet area) was formed at the triple-phase line in contact
with the facet corner. Similar result was obtained in ref. [40], but
the island was in contact with two corners of the NW top facet.
The experimental data[14,27] show that the ZB phase formation at
large droplet volumes is accompanied by the periodic dissolution
of the growth facet edge. It was found that the onset of this pro-
cess coincides with the moment of crystal phase switching from
WZ to ZB. Jacobsson et al.[14] argued that the dissolution even a
part of the top facet edge creates new preferential sites for
c-island nucleation with a high nucleation rate. Thus, there is
the second critical angle β0c (not to be confused with βc) at
which the top facet edge becomes truncated. Using our model
and the experimental values of the upper WZ/ZB boundary
(β ≈ 125°),[14,27] we estimate the value of β0c ≈ 139° reached in
the middle of the wide edges of the growth facet. This corre-
sponds to the droplet contact angle of ≈49° (for α1= 5°–15°) with
the vertical NW sidewalls, which is in agreement with the data on
the equilibrium contact angle of Ga droplet on the GaAs
surfaces.[27,41] Accounting for this effect in the model would lead
to a sharper ZB–WZ transition at large droplet volumes com-
pared to that shown in Figure 4 and 5 due to the presence of
a new term in the c-island nucleation probability and/or the dis-
appearance of nucleation sites at the triple-phase line. Moreover,
in this case, the shape of the dependencies of h-island nucleation
probability would vary slightly with the change of α1 after reach-
ing β ≈ 125°.

Let us now discuss the various sources of errors in the theo-
retical approach used in the calculations. Since there is usually
some range of the surface energy values obtained by

density-functional theory methods, we compare the results of
the calculations using the reference data[33,36,39] for defining
γSV. We find that due to variation of the surface energy by about
5%, the magnitude of the maximum of the relative probability of
h-island nucleation changes by about 20%, and its position by
about 4°. Also, the increase in the value of γSL by 30% yields
the increase in the height of the maximum of the dependence
by 13% and causes the shift of its position by 10° to the right.
We vary the value of γSL in a larger range because in the literature
there are only few references to the studies where this quantity
was estimated.[37] In addition, the results of the simulation
depend strongly on the set of island types nucleating at the
triple-phase line. For example, if we excluded from consideration
c islands with the tilted GaAs{110} microfacets, it would lead to a
significant increase in the relative probability of h-island nucle-
ation at small contact angles and to the broadening of the region
of WZ phase formation by more than a factor of 2 (the interphase
energies γSV and γSL were the same). However, at large average
contact angles, when the nucleation rate of islands of the given
types was negligibly small, the dependence would be completely
the same. The NW side facets GaAs{110} were chosen for com-
parison with the experiment.[27] It was found that the modeling
the NW growth with the GaAsf1 1 2g side facets yields results
very similar to those for the GaAs{110} side facet formation
(not shown).

It is important to emphasize that the developed model for the
island nucleation on the NW top facet, as the models,[11,12,22,24] is
essentially macroscopic. Indeed, the physical quantities included
in the Gibbs energy of island formation (Equation (1)) (σSV, σSL,
σLV, and Δμ) are estimated from the data for bulk materials. Also,
the additional assumption is used to estimate the change in the
droplet surface area during island nucleation (Equation (5)),
namely, we consider the surface of the gallium droplet near
the island as a continuous medium. At the same time, there
may be atomic wetting mechanisms that cannot be described
within the framework of classical macroscopic concepts.[35]

Therefore, we conclude that to calculate the probabilities of
island nucleation with a higher accuracy, it is necessary to calcu-
late the energy barriers of nucleation based on microscopic con-
sideration, for example, by using various ab initio methods. In
addition, the role of the intermediate state of atoms in the droplet
near the catalyst–NW interface with “partial ordering” remains
poorly understood,[42] as well as other collective mechanisms
of nucleation. Although these issues are beyond the scope of
the present article, this does not diminish the significance of
the developed model, which allows us to investigate the general
qualitative laws of the ZB–WZ switching in NWs.

5. Conclusion

In summary, a model of self-catalyzed GaAs NW growth was
developed which considers the NW top facet in the form of a
truncated hexagon. The dependences of the droplet contact
angles on the position at the triple-phase line were obtained
for droplets resting on the NW top facet of different shapes.
Using these dependences, the nucleation rates of c and h islands,
corresponding to the cubic ZB and hexagonal WZ crystal phases,
at the triple-phase line and in the center of the catalyst–NW

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2024, 2300367 2300367 (9 of 11) © 2024 Wiley-VCH GmbH

 15213951, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssb.202300367 by St. Petersburg N

ational R
esearch U

niversity A
cadem

ic of the R
A

S, W
iley O

nline L
ibrary on [22/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-b.com


interface, were calculated. The nucleation of islands with differ-
ent tilt angle of microfacets at the solid–liquid boundary was con-
sidered. As a result, the dependences of the relative probability of
h-island nucleation on the average contact angle were obtained
for the case of NW growth with different top facet shape. We
found that the maximum of this dependence shifts to larger con-
tact angles when the length of narrow edges of the NW top facet
decreases. It was shown that the island nucleation at the triple-
phase line occurs preferentially in the vicinity of the NW top facet
corners due to the presence of a wide range of contact angles.
Although at large contact angles, the nucleation of c islands in
the center dominates. Our findings on the preferential sites
for island nucleation are consistent with the experimental obser-
vations. Also, the theoretical predictions for the width and posi-
tion of the interval of contact angles at which the WZ phase
forms are in agreement with the existing experimental data.
The obtained results are important for further development of
the theory of polytypism in III–V NWs grown by the VLS
mechanism.
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