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Abstract
Cost- and resource-efficient growth is necessary for many applications of semiconductor
nanowires. We here present the design, operational details and theory behind Aerotaxy, a
scalable alternative technology for producing quality crystalline nanowires at a remarkably high
growth rate and throughput. Using size-controlled Au seed particles and organometallic
precursors, Aerotaxy can produce nanowires with perfect crystallinity and controllable
dimensions, and the method is suitable to meet industrial production requirements. In this
report, we explain why Aerotaxy is an efficient method for fabricating semiconductor nanowires
and explain the technical aspects of our custom-built Aerotaxy system. Investigations using
SEM (scanning electron microscope), TEM (transmission electron microscope) and other
characterization methods are used to support the claim that Aerotaxy is indeed a scalable method
capable of producing nanowires with reproducible properties. We have investigated both binary
and ternary III–V semiconductor material systems like GaAs and GaAsP. In addition, common
aspects of Aerotaxy nanowires deduced from experimental observations are used to validate the
Aerotaxy growth model, based on a computational flow dynamics (CFD) approach. We compare
the experimental results with the model behaviour to better understand Aerotaxy growth.

Keywords: Aerotaxy, semiconductor nanowires, nanoscale synthesis

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the past three decades, 1D nanostructures have attrac-
ted substantial interest due to their outstanding opto-electronic
properties [1, 2]. They are expected to play a vital role both as

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

interconnects and as basic building blocks for future electronic
and opto-electronic devices [3]. III–V compound semicon-
ductors suited for multi-junction solar cells are expensive and
have complex fabrication procedures [4]. Nanowire architec-
ture is relatively more efficient in absorbing the incident light
[5] and the nanoscopic dimension makes it possible to com-
bine lattice-mismatched material and stack them on top of
each other [6] at a fraction of the material consumption and
production cost in comparison with traditional epitaxy. III–V
nanowire ensemble devices are now a prime focus of research
in next-generation, high-efficiency solar cells [7–9]. Reducing
production costs and increasing the production volume makes
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Figure 1. The principle of Aerotaxy. Catalytic particles (yellow) mix with gas-phase group III (red) and group V (green) precursors in a
heated flow through the reactor to produce nanowires (SEM image).

III–V nanowires a viable alternative to current solar cell tech-
nologies. The most common method for nanowire fabrication
is a ‘bottom-up’ approach that involves gold (Au) catalytic
nanoparticles on a crystalline substrate, and the nanowires
assemble layer by layer in an additive fashion on the sub-
strate. The catalytic nanoparticles in the presence of suitable
precursors enhance growth in one dimension producing 1D
nanostructures [10]. Depending on the capability of the growth
technology used, nanowires with precise dimensions, crys-
tallinity and materials composition [11] can be manufactured.
metal organic vapor phase epitaxy (MOVPE) is a bottom-up
approach that has been used for manufacturing semiconductor
nanowires since the early 1990s [12] and can fabricate nano-
scale structures with surface quality on par with molecular
beam epitaxy (MBE). Both methods suffer in throughput from
batch processing and demand expensive crystalline substrates,
increasing the overall production cost [13]. Though cheaper
alternatives exist for nanowire production [14], they often suf-
fer from poormaterial quality or thewires lack in the beneficial
optoelectronic properties that make the nanowire architecture
interesting.

In order for nanowires to become key semiconductor build-
ing blocks, a cost efficient and high throughput production
method is crucial. Aerotaxy [15] is a growth technology
that serves the purpose of producing nanowires continuously
without a crystalline substrate. Size-selected catalytic Au nan-
oparticles mix with III–V precursor flux in a hot flow-through
reactor. Rapid growth occurs at a rate of ∼1 µm s−1 [16] and
the resulting nanowires can be collected on substrates/filter for
further processing. The Aerotaxy technique avoids the need
for pre-patterned, crystalline substrates and can be operated
continuously with high throughput. Scalability is in general
easier for continuous bulk chemical reaction processes as com-
pared to batch-based surface processes like MOVPE. Scaling
can be done by increasing e.g. reactor volume or carrier gas
velocity, or by parallelization of sub-processes. In this paper,
we describe our modular system, present the Aerotaxy growth
process in detail and provide an explanation of the principal
theory behind it.

Systematic understanding of nanowire crystal growth
is necessary in order to exploit the useful electro-optical
properties of nanowires. R S Wagner and W C Ellis from

Bell laboratories [17] proposed the vapor–liquid–solid (VLS)
growthmodel in 1964 to explain sub-mmSi wire growth. They
proposed that the liquid Au droplet on the substrate acts as a
sink or enhances cracking of the precursors in the vapor phase
that subsequently precipitates into the solid crystal phase. The
most common steps in VLS wire growth consist of (i) prepar-
ation of catalyst nanoparticles by aerosol deposition or litho-
graphy, (ii) heating the substrate along with catalyst particles
to form liquid alloy droplets that can aid in nucleation, and
(iii) supplying gaseous precursors that precipitate into the solid
crystal phase [18]. Today theVLSmechanism is themost com-
monly employed route to achieve nanowire growth. There is
also a relatively less common vapor–solid–solid (VSS) mech-
anism [19] in which growth occurs from a solid catalyst
particle below its eutectic melting point. Our experiments in
Aerotaxy were performed at temperatures above this eutectic
point for both binary and ternary semiconductor systems, and
the maximum growth rate we observed is much higher than
that predicted by VSS, hence we adopt the VLS framework to
understand nanowire growth.

2. Aerotaxy technology

The earliest mention [20] of Aerotaxy in literature reports on
direct conversion of Ga nanoparticles to crystalline GaAs in a
hot H2 atmosphere containing arsine (AsH3). This gas-phase
approach was later used for making elongated InP particles
[21]. Eventually, Aerotaxy was extended to produce crystal-
line nanowires in a tube furnace by mixing metalorganic (MO)
precursors to the gas phase [16]. Gold nanoparticles catalysed
the growth of nanowires in a continuous flow-through reactor
assembly as shown in figure 1. Au nanoparticles are produced
commonly by following methods (i) chemically reducing a
solution containing gold to precipitate metallic gold nano-
particles [22, 23] (ii) laser ablation [24], solvothermal syn-
thesis [25] (iii) electrochemical synthesis [26]. Most of these
techniques produce Au nanoparticles as liquid suspensions;
however, it is not simple to extract the nanoparticles from a
liquid and disperse them into the gas phase to aid Aerotaxy
growth. Direct production of Au particles by aerosol methods
(see process details below) is therefore used [27].
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Conventional VLS growth of III–V nanowires occurs
through surface diffusion of precursor adatoms on the sub-
strate and through direct impingement of adatoms on the seed
particle [28]. In Aerotaxy however, there is no substrate for
adatom migration. Our current understanding is that Aerotaxy
growth (for our standard GaAs nanowires) initiates when Au
nanoparticles are mixed with Ga precursor at a suitable tem-
perature at which Ga forms an alloy with the seed particle.
When the Au–Ga alloy particle is subsequently exposed to
AsH3, As atoms begin to dissolve in the particle, which effect-
ively becomes supersaturated with (Ga, As), which can precip-
itate as solid GaAs. In VLS nanowire growth, a seed particle
contains enough excess (Ga, As) to grow at most a couple
monolayers of GaAs (for very small particles less than one
layer) before attaining equilibrium. In Aerotaxy, homogen-
eous nucleation initiates growth (in the absence of a particle–
substrate interface), requiring a higher degree of supersatur-
ation. We thus expect it to yield an initial crystallite with a
somewhat larger volume than that of a few monolayers of
planar growth, and it will likely form on the surface of the
Au–Ga particle. A continuous supply of As (and Ga from
the remaining TMGa) from the gas phase quickly make the
particle supersaturated again, and the next nucleation event
will most likely happen somewhere adjacent to the first crys-
tallite, and also at the surface of the particle. Since the par-
tial pressures of the precursors in Aerotaxy is ∼100 times
higher in comparison with MOVPE, the next nucleation hap-
pens with a very short delay, and will likely form a crystal
that is not perfectly aligned with the first one. Thus, multiple
nucleation events create a cluster of GaAs crystallites, which
is soon the same size as the seed particle, and surface tension
will make the particle stick to one side of the growing GaAs
cluster. Some nucleation events will lead to growth of crys-
talline grains, where fast-growing surfaces taper into points
(since growth at corners is not favored), according to the kin-
etic Wulff plot, which has been discussed for GaN nanostruc-
tures by Jindal and Shahedipour-Sandvik [29]. Alternatively,
the surfaces meet the edge of the seed particle and cannot con-
tinue growing. Eventually this will leave only a single (111)B
surface extending across the width of the now approximately
hemispherical seed particle. Once the slow-growing [111]B
direction is established, subsequent growth proceeds further
by adding new planes in the [111]B direction; the preferred
directionality has been demonstrated by TEM [16]. At this
point, growth continues more or less in the same way as in
conventional nanowire growth, except that there is no sub-
strate to supply group-III material. We do acknowledge that
this hypothesis is qualitative and difficult to verify experi-
mentally. Intrinsic directionality of Aerotaxy wires similar to
substrate-assisted nanowires allows the possibility to fabricate
nanowires with excellent crystallinity. To the best of our the-
oretical and experimental understanding, the common aspects
of Aerotaxy-grown nanowires are:

• The wires have a base filled with dense stacking faults
under all investigated growth conditions, and the size of this
base appears to vary randomly.

• High Resolution Transmission Electron Microscopy (HR-
TEM) investigations show that the nanowires prefer to
grow with zincblende structure in the [111]B direction with
stacking faults in the 111 planes.

• Average nanowire length is largely insensitive to variations
in seed particle diameter.

• The average length is also largely insensitive to variations
in precursor flows (figures 4(a)–(f)).

• High precursor fluxes usually invoke parasitic growth, dust
etc (figures 4(a)–(f)).

• The average nanowire length is measured to be within
2–3 µm in the current reactor configuration. Statistical
treatment of the length measurements at a particular growth
condition leads to a smaller range with a mean standard
deviation of ±15%.

• Higher growth temperature produces longer and more
tapered wires.

In Aerotaxy, metallic gold is evaporated in a high-
temperature (HT) furnace maintained at a temperature
between 1800 ◦C and 1900 ◦C and the condensed vapor is
size-selected with the help of a differential mobility analyser
(DMA) to produce Au nanoparticles [27, 30]. Nitrogen carrier
gas flows through the HT furnace at a rate of 1.5 l min−1 car-
rying the Au vapor into the radiation charger and then to the
sintering furnace. The Au particle concentration in the aero-
sol can be modulated with HT furnace temperature or carrier
gas flow as they directly affect the rate at which the Au evap-
orates. The smaller sintering furnace is heated to a temperat-
ure of 550 ◦C at which the agglomerates partially melt and
compact to a roughly spherical shape [31]. The DMA helps
to achieve a narrow size distribution of charged nanoparticles
based on their aerodynamic size, which in our system is tune-
able between 10 nm and 100 nm. Catalytic particle-size is
one of the user-defined parameters in Aerotaxy used for tun-
ing the optical and electrical properties of the nanowires [32,
33]. Appropriate mass flow controllers (MFCs) regulate all gas
flows through the system. An electrometer downstream con-
tinuously monitors the flow of the aerosol.

This Aerotaxy tool was designed and built in close collab-
oration with the start-up company Sol Voltaics AB, which has
also built up-scaled versions based on the same principle [34,
35]. The reactor (figure 2) is built from stainless steel tubes,
with ultra-high vacuum joint seals. Resistive coils in a three-
zone clamshell furnace surrounds the reactor. In the case of
GaAs wire growth, size selected Au aerosol is mixed with tri-
methlygallium (TMGa) diluted in nitrogen carrier gas in the
alloying zone of the Aerotaxy reactor, maintained at around
430 ◦C. The aerosol is at room temperature before reaching
the reactor. The steep temperature profile of the alloying zone
in the presence of Au nanoparticles under near atmospheric
pressure allows a fraction of the Ga precursor to decompose
and alloy with the Au particle. The Au–Ga particles are car-
ried further downstream into the growth zone, maintained at
a higher temperature relative to the alloying zone, typically
around 550 ◦C. As shown in figure 2, the flow downstream
enters a wider volume of the growth zone. The active flow
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Figure 2. Schematic of the Aerotaxy reactor, drawn approximately
to scale; the heated zones have a total height of 750 mm. Au aerosol
particles enters the reactor at the top through the alloying zone,
travels down into the growth zone to mix with group III and V
precursors, producing nanowires that exit from the cooling zone.
Sheath gas enters and exits both growth zones through showerhead
diffusers that ensure laminar flow. The gas transit time from top to
bottom is around 6 s for standard flow and temperature settings.

in the growth zone is surrounded by a sheath gas flow act-
ing as a buffer between the reactor wall and the aerosol. The
alloyed particles are thus heated further in an arsine (AsH3)

atmosphere in the growth zone. Preferential 1D growth occurs
at a rapid rate of ∼1 µm s−1, forming crystalline nanowires
on the Au nanoparticles during the time spent in the growth
zone. The total growth time is ∼3 s and is dictated by the res-
idence time in the heated zones of the tube furnace and can
be modulated by adjusting the flow rates. Approximately 300
million atoms (for our standard GaAs nanowires) find their
position within the crystal lattice of each nanowire at a rate
of ∼120 million atoms per second. The nanowires along with
the residual precursors are carried down into the cooling zone
maintained at ∼130 ◦C. The cooling zone avoids turbulent
mixing in the lower growth zone by gradually reducing the
temperature of the gas phase. As the aerosol exits the reactor,
the gas cools down to room temperature and flows to a depos-
ition chamber for collection onto a suitable substrate/filter. The
deposition chamber consists of a single stage, circular-plate,
dry electrostatic precipitator (ESP) placed perpendicular to the
gas flow. In practice, a Si wafer or a TEM grid is placed on the
ESP to collect the incoming nanowires. The ESP collects the
wires from gas phase by applying a high voltage to the circular
collection plate [36]. The nanowires retain the charge carried
by the Au seed particles, so the ESP can easily filter them out.
The residual gases, along with uncollected wires, are pumped
out from the system through particle filters and a gas scrubber.
All outgoing gas flows are controlled by low delta-pMFCs.

Instead of on a substrate, the nanowires can also be col-
lected on a filter with a pore size smaller than the nanowire’s
aerodynamic size. The collected nanowires land randomly on
the substrate/filter. Randomly oriented nanowires may appear
counterintuitive to our goal, as ensemble nanowire devices are
rarely built from random clusters. But, photoconductors made
from ensemble of randomly oriented InP nanowires on hydro-
genated silicon film exploits the randomness to geometrically
trap the incident radiation [37]. The same geometrical light
trapping phenomena can also be used for anti-reflection pur-
poses. Randomly oriented silicon core–shell nanowires act as
graded index broadband and wide angle antireflection coating
for next generation photovoltaics [38]. Randomness in orient-
ation thus seems to be useful to some aspects of next gener-
ation nanowire devices. However, when it comes to devices
beyond proof of concept, most nanowire ensemble devices
strictly require suitably aligned nanowires. Large-area align-
ment of nanowires from colloidal solutions grown byAerotaxy
has indeed been demonstrated by our industrial partner [39].

The Aerotaxy reactor is designed for mass-producing semi-
conductor nanostructures with uniform dimensions and high
crystallinity. A layer of N2 gas flow separating the reactant
flow from the wall is established through sheath inlets at the
top and outlets at the bottom of both the growth zones. The
wire length strongly depends on the residence time inside the
reactor. Operating in the laminar flow regime helps to avoid
wide variations in residence time, especially within the growth
zones, and in turn helps to achieve a narrow distribution in
wire length. In laminar flow regime, the velocity profile of
gas inside a circular pipe is a parabola with its fastest mov-
ing layers at the centre and the slowest layers near the inner
pipe walls. Such disparities in the velocity profile would lead
to non-uniform residence times within the growth zone, which
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Figure 3. SEM images of GaAs nanowires grown from 30 nm Au particles at reactor furnace set points of (a) 470 ◦C (b) 500 ◦C (c) 530 ◦C
(d) 560 ◦C (e) 590 ◦C (f) 620 ◦C, and at a V/III ratio of 1.6. (g) Temperature dependence of the nanowire length (error bars: std. of
measured nanowire length based on 10–20 manual measurements). Scale bars: 300 nm.

will inevitably affect the wire-length distribution. This is one
of the reasons for using a sheath gas flow, as it effectively
filters the slowest parts of the gas and promotes a near uni-
form velocity profile. Apart from that, the sheath flow adds a
buffer layer of gas between the growing wires and the reactor
wall. Early growth observations showed that wall interaction
leads to parasitic growth, which in turn leads to loss of wire
production.

In our configuration, the precursor injectors are placed at
different zones along the reactor to separate the supply of
group III and V precursors. Separation of precursors until the
reaction surface is a commonly employed tactic in MOVPE
to avoid stray reactions among the precursors resulting in
unwanted effects. However, in Aerotaxy the reaction sur-
face is not present during the initial stages but is fabric-
ated during nucleation. Therefore, systematic separation of
reactive species until the reaction surface assembles is para-
mount for proper nucleation and subsequent wire growth.
Reactive species that mix in the absence of alloyed Au–Ga
seed particles produce III–V dust instead of nanowires. Group
III precursor flux and Au seed particles mixed in the first
zone also allows for efficient alloying of the seed particle.
Aerotaxy nanowires with core–shell structures or pn-junctions
[35] have been demonstrated by adding consecutive growth

chambers in series. In our reactor, the growth zones con-
sist of two reaction chambers with identical dimensions. The
second growth chamber separated from the first by a short
tube, allows injection of additional precursors, such as group
III, V and dopant precursors, allowing growth of shells, pn-
junctions or heterostructures. In theory, two reactors in sep-
arate furnaces could be connected in series to achieve this.
This was indeed tested in a previous version of the Aero-
taxy system, but observations showed that in this configur-
ation most of the nanowires became kinked or malformed,
since a constant temperature between the growth zoneswas not
maintained.

3. Growth results and discussion

The first paper on Aerotaxy-grown GaAs nanowires [16]
reported that nanowire length increased with growth temper-
ature. This initial work was done in a much simpler con-
figuration, essentially just precursors mixed with an aero-
sol sent through a heated ceramic tube. Subsequent publica-
tions [40, 41] were made using the system described in this
paper. We here present further results from growth in this
system.
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Figure 4. SEM image of GaAs nanowires grown from 30 nm Au particles at V/III ratio of (a) 1.6 (b) 1.8 (c) 2.0 (d) 2.2 (e) 2.4 (f) 2.6 and at
a reactor furnace set point of 530 ◦C. It is evident from the SEM images that parasitic particle density increases with increasing V/III ratio
while the wire length remains unaffected. Scale bars: 300 nm.

Figure 5. (a) A TEM image of GaAs nanowire. (b) shows a higher magnification image (HR-TEM) of the region highlighted by green
square in (a) and (c) shows an FFT of the highlighted red square in (b) confirming the wire has zincblende-structure.

There is a complex dependence between nanowire mor-
phology, length, crystal structure and growth temperature
in Aerotaxy. Parasitic reactions between TMGa and AsH3

are enhanced at high growth temperatures, thus producing
Ga- and As-containing dust. The axial growth rate of the
nanowire increases with the growth temperature (figure 3(g)),
and nanowires grown at higher temperatures become more
tapered, as shown in figures 3(a)–(f). A higher growth tem-
perature could also lead to increased desorption of precursors,
which could in turn lead to a shorter diffusion length along

the sidewalls. In comparable epitaxial techniques, the axial
growth rate is suppressed at high temperatures due to parasitic
thin film growth on the substrate. Eliminating the substrate in
Aerotaxy enables us to achieve successful nanowire growth
over a wider temperature window.

Aerotaxy growth is reported to prefer a low V/III ratio [16]
as it helpswith saturating theAu droplet with group III species.
Aerotaxy wires are typically free from parasitic particles at the
lowest V/III ratios (figure 4(a)) but the parasitic particle dens-
ity clearly increases with increasing V/III ratios. A high V/III
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ratio favors formation of parasitic particles without inhibit-
ing the underlying nanowire growth (figures 4(c)–(f)). Due to
lack of a substrate, adatommigration occurs by direct material
influx through the catalytic particle and diffusion of adatoms
along the nanowire surface. An increase in material influx
at high precursor flows reduces the diffusion length of the
adatoms that contribute to wire growth. The additional mater-
ial flux also contributes to parasitic reactions and may lead
to formation of nanoparticles present along with wires. TEM-
based x-ray energy dispersive spectroscopy (XEDS) studies on
Sn-doped GaAs nanowires revealed that the parasitic particles
were made either of GaAs or Ga crystals [41, 42]. Particle
composition for other material systems has not been tested
so far.

Polytypism is a common occurrence among VLS III–V
semiconductor nanowires [43]. Aerotaxy-grown nanowires
[16, 40, 44] are found to exist in pure zincblende phase
(figures 5(b), (c)) at low (lowest temperature with success-
ful wire growth) to moderately high growth temperatures. At
even higher growth temperatures, the nanowires are found to
exist intermixed with wurtzite sections between zincblende
phases; this was first reported in [16], but is also present in
wires grown in the subsequent complex Aerotaxy systems.
HR-TEM investigations show that all investigated wires have
a base filled with dense stacking faults and that growth occurs
in the [111]B direction.

GaAsP nanowires with tuneable bandgap have been suc-
cessfully grown with Aerotaxy by using a mixture of arsine
and phosphine as group V source [40]. Au catalysed III–V
ternary nanowire growth is relatively less understood, since
existing VLS models based on surface energies, chemical
potentials and diffusivity fall short when explaining wire
growth in ternary systems like GaAsP [28]. Similar toMOVPE
grown GaAsP nanowires, the P content of Aerotaxy wires
varies non-linearly with the gas phase P ratio [40, 45]. The
bandgap energy of Aerotaxy GaAsP nanowires is modulated
by the gas phase ratio of group V precursors by altering the P
content in the wire. HR-TEM investigations revealed GaAsP
wires exist in pure zincblende phase with twin plane defects
even at higher growth temperature.

Successful n- and p- doping of GaAs has previously
been reported using tetraethyltin (TESn) [41] and diethlyzinc
(DEZn) [44] respectively introduced with the TMGa in the
alloying zone. It was observed that in situ doping has little
to no effect on the nanowire growth rate. However, at high
dopant injection ratios (dopant/TMGa), the morphology of the
nanowires suffered from high incidence of parasitic growth at
the base, whereas low dopant injection ratios gave morpho-
logically superior nanowires with less tapering. TEM invest-
igations [42] proved that the doped nanowires still preferred
the [111]B growth direction with zincblende crystal structure.
Dopant content in the alloyed seed particle seemed to drive
the dopant incorporation into the nanowire for both n- and
p- doped GaAs. We consistently observe doping levels above
5 × 1018 cm−3. Recent thermodynamic modelling suggests
that it is very hard to reliably achieve medium or low Zn dop-
ing in VLS growth, including Aerotaxy [46].

Figure 6. (a) the rotated 2D geometry in proportional scale of the
gas volume where nanowire growth occurs. The total length of the
reactor volume modelled here is 450 mm and the diameter is 55 mm;
(b) temperature (color scale) and gas flow (arrows); (c) Au seed
particles following the core flow; and (d) the convective/diffusive
transport of TMGa (red) and AsH3 (green). Images (b)–(d) are
radial cross sections with exaggerated radial scale.

4. Wire growth and process modelling

The Aerotaxy process takes place inside a stainless steel cyl-
inder heated by a tube furnace. This design is suitable for
creating a controlled gas flow structure but makes it very dif-
ficult to introduce view- or sampling ports without disturbing
the process and risking dangerous leaks. Therefore, modelling
is the best option for better understanding how the growth pro-
cess works. This modelling is based on computational flow
dynamics (CFD) and chemical reactions based on a growth
model for individual wires.

To account for the qualitative growth observations above,
in particular that the wire length depends only weakly on seed
particle diameter and precursor partial pressures, a new model
for nanowire growth was needed. Previous models [47, 48]
describing nanowire growth exhibit the opposite behaviour,
being developed for very different growth systems, where the
precursor pressures in MOVPE commonly are on the order of
10–3 mbar, at least for the group III precursors, andmuch lower
than this in MBE. In Aerotaxy, the precursor pressures of both
group III and V are about one mbar.

The new growth model is described in detail by Johansson
and Magnusson [49] and is summarized by the following rela-
tion for the wire growth rate G:

G=ΩI
J3φ

J3φ
(
1+ kd

J5

)
+ I

(1)

whereΩ is the molar volume of a III–V dimer, I is the rate lim-
iting incorporation factor, Ji is the impingement rate of pre-
cursor species i, kd is the desorption rate of group V atoms,
and φ= 2(1+λ/R) is a shape factor with R being the seed
particle radius and λ either the diffusion length or the wire
length, whichever is shorter. For high precursor pressures, the
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Figure 7. (a) plot of the wire length LNW during steady-state growth in the reactor. (b) Wire length as a function of peak temperature for
GaAs nanowires grown at a fixed V/III ratio of 1.6. (c) Length as a function of V/III ratio for nanowires grown at a peak temperature of
815 K (set point 530 ◦C). In both plots, the model is shown as red rings and the experiment as blue crosses, with the error bars indicating
plus/minus one standard deviation.

growth rate reduces to simply G=ΩI, i.e. independent of
flows and radius, in agreement with the growth observations.
The incorporation rate is assumed to be thermally activated
with I= kre−Er/kT.

The Aerotaxy process modelling will be described in more
detail in a coming paper; here we give only a summary of the
results. We start with a CFD model of the growth reactor, real-
ized in COMSOL Multiphysics® [50] in a rotated cylindrical
2D geometry, cf figure 6(a). Only the gas volume is included
in the model: gas flows in and out of the reactor (as shown
in figure 2 above) are measured with MFCs and the temperat-
ure profile at the outer surface is set by measurements at eight
points along the reactor; the temperatures used for modelling
are presented in K. The ‘growth’ temperature used in figure 7
is defined as the peak temperature in the reactor, which is up to
12 K higher than then the furnace set point. Figure 6(b) shows
the resulting temperature and flow pattern. Once the flow and
temperature profiles are calculated, Au seed particles are intro-
duced in the core flow as a gas with very low diffusion coeffi-
cient, to simulate particles. In figure 6(c), the Au particle con-
centration cAu is visualized in red, showing that they follow
the gas streamlines and are confined to the core flow by the
two sheath flows and is close to a step function in the radial
direction. And in figure 6(d), the interdiffusion of TMGa and
AsH3 is visualized using red and green overlay, where yellow
tone indicates a mixture of the two precursors.

Nanowire growth is then modelled at steady state using the
full expression (equation (1)), not using the high flow limit.
Wire growth (here GaAs) occurs only in the presence of the
Au seed particles and GaAs is modelled as a gas with the same
low diffusion coefficient as the particles. Wire length at each
point in the reactor is calculated by dividing the concentration
of GaAs with that of Au, using the particle cross section area
and molar volume to get the units right. The wire length is
set to zero where the Au concentration is very low, to avoid
division by zero. The diffusion length λ is set to 1 µm based
on TEM observations, group V desorption kd is set to zero and
only the incorporation rate activation energy Er and prefactor
kr are used as fitting parameters.

Figure 7(a) shows the wire length LNW at each point. The
resulting average length of the wires L̄ is calculated by a line
integral along the reactor exit:

L̄=

´
uzcAuLNW rdr´
uzcAu rdr

(2)

where uz is the downward flow out of the reactor. The standard
deviation of the wire length is calculated in a similar fashion.
Both the wire length average and variation are used to determ-
ine the fitting parameters.

This model behaves qualitatively as intended, with the res-
ulting average wire length unaffected by the seed particle size,
and only weakly depending on the precursor flow. Figure 7
shows a comparison between modelling and experiment for
different peak temperatures (b) and V/III ratios (c), with good
agreement in both average length and standard deviation. In
this experiment, the TMGa pressure range was 62–70 Pa and
the AsH3 pressure range was 99–112 Pa. The nominal dia-
meter of the gold particles was 30 nm. In the model, the activ-
ation energy for nanowire growth is 38 kJ mol−1 based on an
Arrhenius plot of the length and temperature data.

5. Conclusions

In summary, we have provided an overview of the low-cost,
high throughput, continuous Aerotaxy nanowire growth pro-
cess. We have discussed in detail about the technical aspects
of our custom-built Aerotaxy system. The morphology and
dimensions of the nanowires exhibit a tangible dependence on
factors like growth temperature, time and precursor flux ratios.
This observation is in agreement with previous studies con-
ducted with Aerotaxy. The nanowires discussed here exhibit
an inherent directionality even when grown in gas phase and
prefer to exist in zincblende crystal structure. Exploration of
the growth parameter space has helped us to achieve well-
defined boundaries between wire and parasitic growth.

The CFD Aerotaxy model shows a good agreement
with our experimental observations, such as the temperature
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dependence of nanowire length, the insensitivity to seed
particle diameter and precursor flows. The model is however
not yet capable of showing the origin of the crystal structure
observations and the occurrence of high density stacking faults
at the base in Aerotaxywires. Further experiments are required
to reinforce our CFD model to improve its predictive capabil-
ities and model the effect of doping.
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