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Abstract—GaAs, InAs, and InGaAs nanowires each exhibit sig-
nificant potential to drive new applications in electronic and op-
toelectronic devices. Nevertheless, the development of these de-
vices depends on our ability to fabricate these nanowires with
tight control over critical properties, such as nanowire morphol-
ogy, orientation, crystal structure, and chemical composition. Al-
though GaAs and InAs are related material systems, GaAs and
InAs nanowires exhibit very different growth behaviors. An un-
derstanding of these growth behaviors is imperative if high-quality
ternary InGaAs nanowires are to be realized. This report exam-
ines GaAs, InAs, and InGaAs nanowires, and how their growth
may be tailored to achieve desirable material properties. GaAs
and InAs nanowire growth are compared, with a view toward the
growth of high-quality InGaAs nanowires with device-accessible
properties.

Index Terms—III–V nanowires, electron microscopy, semicon-
ductor nanowires.

I. INTRODUCTION

S EMICONDUCTOR nanowires have been heralded as
the future nanobuilding blocks for electronic and opto-

electronic devices. Indeed, a broad range of nanowire-based
devices have already been developed, including nanowire so-
lar cells [1], waveguides [2], photodetectors [3], [4], light-
emitting diodes [5], [6], lasers [7], [8], single-photon sources [9],
resonant-tunneling diodes [10], single-electron transistors and
memory devices [11]–[13], field-emission sources [14], field-
effect transistors for ultrahigh density logic and memory de-
vices [15]–[18], integrated photonic circuits [19], [20], and
highly sensitive biological and chemical sensors [21].

GaAs and InAs nanowires are especially promising for op-
toelectronic device applications due to the superior electri-
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cal and optical properties of their constituent III–V materi-
als. These materials feature a direct bandgap and high electron
mobility. The GaAs material system is currently of great im-
portance in the electronics and optoelectronics industries, and
accordingly, GaAs nanowires are prime candidates for electri-
cally and optically active nanowire devices. InAs features very
high electron mobility at room temperature which makes InAs
nanowires particularly promising for use in high-speed elec-
tronic devices [15], [22]. InAs also exhibits surface Fermi level
pinning in the conduction band [23], which permits facile for-
mation of low-resistance ohmic contacts [15]. As a testament to
the utility of GaAs and InAs nanowires, a large proportion of
the aforementioned devices were created using GaAs or InAs
nanowires and associated heterostructures [4]–[18].

Ternary InxGa1-xAs nanowires are expected to drive high-
power and high-frequency electronics, long wavelength optical
transmission, and integrated photonics, as the InxGa1-xAs ma-
terial system is already used extensively for these purposes. In
addition, the bandgap of InxGa1-xAs can be varied over a large
range by changing the In mole fraction x. InGaAs nanowires
would enable a greater range of axial and radial heterostructures,
and thus, broaden the application range of nanowires. Hereafter,
we simply refer to InxGa1-xAs as InGaAs to describe the full
range of alloys between x = 0 and 1.

Despite the obvious importance of InGaAs nanowires, there
have been only a handful of reports on their growth [24]–[28]
and even fewer on InGaAs nanowire-based devices [29]. InGaAs
nanowire growth is known to be complicated by the different
growth behaviors of the In and Ga elements comprising the
nanowire [24]. In most growth systems, the In and Ga species
differ significantly in their decomposition efficiencies, solu-
bility, diffusion properties, and incorporation efficiencies [24].
Consequently, there are major difficulties in controlling the com-
position and uniformity of InGaAs nanowires, which severely
hamper the development of InGaAs nanowire-based devices.

To enable future fabrication of high-quality InGaAs
nanowires, it is important to first understand the similarities
and differences between GaAs and InAs nanowire growth. In
addition, GaAs and InAs nanowires are important in their own
right, and comparison of the growth systems gives considerable
insight into the growth mechanisms. Thus, the impressive po-
tential of GaAs, InAs, and InGaAs nanowires for future devices
motivates detailed investigation of their growth.

This report examines Au nanoparticle-assisted growth of
GaAs, InAs, and InGaAs nanowires by metal–organic chemical
vapor deposition (MOCVD). Arguably, this fabrication process
is the most promising and most widespread growth technique for
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III–V nanowires: it achieves epitaxial III–V nanowires via a Au
nanoparticle-assisted vapor–liquid–solid (VLS) or vapor–solid–
solid process [30], [31]. MOCVD is the method of choice for
many applications in electronics and optoelectronics [32]–[34].
It is a highly accurate and flexible growth technique, and offers
a number of parameters that can be controlled independently
to achieve the desired properties in the grown sample. These
parameters include growth temperature, V/III ratio, and growth
rate. The V/III ratio is the ratio of group V to group III growth
precursor flow rates, and it is widely acknowledged as a cru-
cial factor in III–V growth [35]. The growth rate is controlled
by scaling the flow rates of both the group III and group V
precursors, which we refer to as “absolute” precursor flow rate.

We investigate how these growth parameters affect nanowire
growth, and how they can be tailored to achieve desirable
nanowire properties. We highlight the differences between GaAs
and InAs nanowire growth, with a view toward fabricating high-
quality InGaAs nanowires.

II. NANOWIRE GROWTH

All nanowires presented were grown by MOCVD using
Au nanoparticles to drive nanowire growth. Trimethylgallium
(TMGa) and trimethylindium (TMIn) were the precursors for
group III elements Ga and In, respectively. The group V element
As was provided by arsine (AsH3). GaAs nanowires and InGaAs
nanowires were grown on semiinsulating GaAs(1 1 1)B sub-
strates. InAs nanowires were grown on undoped InAs(1 1 1)B
substrates. Before growth, substrates were treated with 0.1%
poly-L-lysine (PLL) solution for 60 s, and rinsed in DI water to
remove excess PLL, and dried with N2 . Then, a 50 μL droplet
of colloidal Au nanoparticles (50 nm diameter) in aqueous solu-
tion was applied to each substrate surface and left for 20 s, after
which the excess was rinsed away with DI water and substrates
were dried with N2 . The negatively charged colloidal nanopar-
ticles adhere to the positively charged PLL layer, as described
in previous reports [24], [36].

Nanowires, seeded by these nanoparticles, were grown by
horizontal flow MOCVD at a pressure of 100 mbar and a total
gas flow rate of 15 000 standard cubic centimeters per minute
(sccm) using H2 carrier gas. Prior to growth initiation, the sub-
strate was annealed in situ at 600 ◦C under AsH3 ambient to
desorb surface contaminants. After cooling to the desired tem-
perature, the group III precursor (TMG and/or TMI) was in-
troduced to initiate nanowire growth. The standard, or control,
group III flow rate was III0 = 1.2 × 10−5 mol/min (0.27 sccm).
The standard group V flow rate was V0 = 5.4 × 10−4 mol/min
(12 sccm), which gives a standard V/III ratio of 46.

GaAs nanowires were grown by either a single-temperature or
a two-temperature procedure. The single-temperature procedure
involved 15 min of growth at a constant temperature Tg between
350 and 550 ◦C. For the two-temperature procedure, growth
was initiated with a 1 min “nucleation” step at the nucleation
temperature Tn of 450 ◦C. The temperature was rapidly ramped
down to the subsequent “growth” temperature Tg between 325
and 425 ◦C. The total growth time t was 15 min, and the cooling
time was typically 1.5–6.5 min.

InAs nanowires were grown by a single-temperature proce-
dure at a constant temperature Tg between 375 and 550 ◦C. The
standard growth time t was 30 min.

For GaAs and InAs nanowires, the effects of V/III ratio and
absolute precursor flow rate were studied as follows. To study
V/III ratio, the group III flow rate was maintained at III0 , and
AsH3 flow rates were chosen between 1/4, 1/2, 1, and 2 times
V0 to achieve V/III ratios varying in binary orders of magnitude,
of 12, 23, 46, and 93. To study the effect of absolute precursor
flow rate, III0 and V0 were scaled by factors of 1/4, 1/2, 1, 2,
4, and 8. Groups III and V flows were scaled equally so that
the V/III ratio remained constant at 46. The growth time t was
scaled inversely with group III flow, to achieve nanowires of
reasonable height of approximately 1–5 μm across all samples.

InGaAs nanowires were grown by either a single-temperature
or a two-temperature procedure. The single-temperature proce-
dure involved 30 min of growth at a constant temperature Tg

between 375 and 450 ◦C. For the two-temperature procedure,
growth was initiated with a 1 min “nucleation” step at the nu-
cleation temperature Tn of 450 ◦C. The temperature was rapidly
ramped down to the subsequent “growth” temperature Tg be-
tween 375 and 425 ◦C. Total growth time was 30 min, including
the nucleation and cooling steps, and typical cooling time was
between 1.5 and 4 min. Source flows of TMGa, TMIn, and AsH3
were 1.2 × 10−5 mol/min (0.27 sccm), 3.9 × 10−6 mol/min
(0.087 sccm), and 5.4 × 10−5 mol/min (12 sccm), respectively,
which represents a 25% vapor In composition and 75 % vapor
Ga composition (xv,In = 0.25 and xv,Ga = 0.75).

III. CHARACTERIZATION AND GROWTH METRICS

Field-emission scanning electron microscopy (FESEM) was
employed to identify the general morphology of the nanowires,
including growth direction, height, diameter, tapering, and facet
planes. Transmission electron microscopy (TEM) was employed
to accurately resolve smaller scale structure, such as varia-
tions in nanowire width. For TEM images, nanowires were
mechanically transferred to holey carbon-coated copper grids.
Nanowires were imaged along the 〈11̄0〉 zone axis, perpendic-
ular to the nanowire growth direction.

Axial growth is the term describing the [1 1 1]B-oriented,
elongating nanowire growth. There are three contributions to ax-
ial growth: 1) reaction species, which directly impingement on
the nanoparticle; 2) reaction species, which are adsorbed on the
nanowire sidewalls and diffuse up the nanowire sidewalls to the
nanoparticle; and 3) reaction species, which are adsorbed on the
substrate and diffuse up the nanowire sidewalls to the nanopar-
ticle. The diffusing species may be the group III precursor itself
(e.g., TMGa), or one of its decomposition products, such as the
monomethyl product (e.g., monomethylgallium, MMGa), or the
elemental group III adatom (e.g., Ga). Radial growth describes
the lateral growth on the nanowire sidewalls. This receives con-
tributions from pathways 2) and 3). Axial and radial growths are
illustrated in Fig. 1. Growth may also occur on the substrate.

The axial growth rate Raxial was estimated by measuring
nanowire heights L from FESEM images and dividing L by
the growth time t. The axial growth rate was only calculated
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Fig. 1. Schematic illustration of axial and radial nanowire growth. It shows the
direct impingement of precursor species on the nanoparticle at the nanowire tip,
and the diffusion of adsorbed species from the substrate and along the nanowire
sidewalls. It also shows the diffusion length on the substrate λ.

Fig. 2. Schematic illustration of possible nanowire cross sections, and the
nanowire width w, as measured from a 〈11̄0〉 viewing angle.

for straight [1 1 1]B-oriented nanowires. At least 20 nanowires
were examined for each data point, and the measurements were
averaged to give the plotted data.

Note that both GaAs and InAs generally exhibit {1 1 2} side
facets, as illustrated in Fig. 2. The six {1 1 2} side facets are po-
lar, and can be subdivided into three {1 1 2}A and three {1 1 2}B
side facets. Nanowires may feature all six {1 1 2} side facets to
give a hexagonal cross section, as shown in Fig. 2(a). Under
certain conditions, rapid growth occurs on {1 1 2}A side facets,
which causes the {1 1 2}B facets to become elongated [37]–[39].
In this case, the nanowire cross section tends to adopt a more
triangular shape, as shown in Fig. 2(b). As illustrated in Fig. 2,
an image taken along a 〈11̄0〉 axis (perpendicular to the sub-
strate cleavage plane) gives an accurate representation of the
total radial growth on the two opposite {1 1 2}A and {1 1 2}B
side facets.

For this reason, FESEM images of nanowires tilted to the
〈11̄0〉 axis were used to measure w, the nanowire width. We
define the nanowire “radius” r as half the nanowire width w.

To calculate radial growth, we first calculate the increment
in nanowire radius Δr per increment in nanowire length Δl.
This is equivalent to the ratio of radial (Rradial) to axial (Raxial)
growth rates, and is known as the tapering parameter

Tapering paramater =
Δr

Δl
≈ Rradial

Raxial
. (1)

Measurements of Δr and Δl were taken from FESEM images
at consecutive intervals of approximately 1 μm in length, along
each nanowire from the Au nanoparticle–nanowire interface to
the base. For each length interval (Δl ≈ 1 μm), the tapering
parameter was determined. This was then averaged for each
nanowire. For each sample, measurements of Δr were also taken

Fig. 3. FESEM images of GaAs nanowires grown by the single-temperature
procedure at different temperatures Tg , as indicated. The V/III ratio was 46 and
the groups III and V flow rates were III0 and V0 for all samples. Scale bars are
1 μm. Samples are tilted at 40◦.

from TEM images, to confirm the data taken from FESEM
images.

The radial growth rate Rradial was quantified for each
nanowire by multiplying its tapering parameter by its Raxial ,
according to (1). At least 20 nanowires were examined for each
data point.

These calculations assume that Raxial and Rradial are constant
over the growth time t. In reality, Raxial and Rradial can change
with t during the early stages of growth [40]. This occurs as a re-
sult of contributions 2) and 3): as the nanowire height increases,
a lower proportion of substrate- and sidewall-adsorbed species
can diffuse the entire distance to the nanowire tip. This effect
is discussed in detail in [40]. Our extracted values of Raxial
and Rradial , despite lacking t dependency, still give a reasonable
representation of the growth processes.

TEM was also used to identify crystal structures and the pres-
ence of twin-phase boundaries and stacking faults. This is im-
portant because the crystallographic phase, whether zinc-blende
(ZB) or wurtzite (WZ), directly affects the bandgap, electronic,
and optical properties of the nanowires. Energy dispersive X-ray
spectroscopy (EDS) was used to study the composition of the
nanowires.

IV. RESULTS AND ANALYSIS

A. GaAs Nanowires

We first examine GaAs nanowires. Growth temperature has
a marked effect on GaAs nanowire properties. Fig. 3 illus-
trates FESEM images of nanowires grown at different Tg by
the conventional single-temperature procedure. When grown at
Tg of 410 ◦C and above, nanowires were straight and epitaxially
aligned in the vertical [1 1 1]B direction. In contrast, the major-
ity of nanowires grown below 410 ◦C exhibit irregular kinked
morphologies.

The two-temperature differs from the single-temperature pro-
cedure: it involves a brief high-temperature nucleation step at Tn

before prolonged growth at Tg . Unlike the single-temperature
procedure, the two-temperature procedure produced straight,
vertical [1 1 1]B-oriented nanowires at Tg as low as 350 ◦C [36].
Fig. 4 illustrates FESEM images of nanowires grown at different
Tg using the two-temperature procedure.

Adjunct studies using different Tn revealed that the two-
temperature procedure is equally effective for Tn between
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Fig. 4. FESEM images of GaAs nanowires grown by the two-temperature
procedure with nucleation temperature Tn of 450 ◦C and growth temperatures
Tg , as indicated. The V/III ratio was 46 and the groups III and V flow rates
were III0 and V0 , respectively, for all samples. Scale bars are 1 μm. Samples
are tilted at 40◦.

410 and 500 ◦C. These results illustrate that to achieve straight
[1 1 1]B-oriented nanowires, growth must be initiated at or above
a minimum nucleation temperature Tn ,min of 410 ◦C, and there-
after, must be maintained at or above a minimum growth tem-
perature Tg ,min of 350 ◦C. Below Tg ,min , nanowire growth
becomes kinked and irregular. This is apparent in the nanowires
of Fig. 4(a), whose lower portions are vertical and [1 1 1]B-
oriented and whose upper portions are kinked and irregular. The
lower portions grew during the nucleation step and during cool-
ing to Tg , and the kinked upper portions grew below Tg ,min , at
325 ◦C.

It is thought that kinking and the success of the two-
temperature procedure, are consequences of the physical state
of the alloyed Au nanoparticle during growth. This is explained
as follows. According to the conventional VLS growth mech-
anism, the Au nanoparticle forms a eutectic liquid alloy with
the reaction species. In the case of GaAs nanowires, Ga is sol-
uble in Au, whereas, As has negligible solubility, so an Au–
Ga alloy nanoparticle forms [31], [41]. This liquid alloy drives
nanowire growth. If the nanoparticle is solid, however, nanowire
growth may be considerably slowed, may cease completely, or
may become unstable leading to kinked nanowire morpholo-
gies [42], [43]. We believe that kinking occurs in Fig. 3(a) and
(b) because the Au nanoparticle is not adequately melted at
these low Tg . This is reasonable because these Tg are close to
the eutectic point of the Au–Ga system (339.3 ◦C). Note that the
cited Tg are measured by a thermocouple in the reactor, and it
gives readings, which are generally a few ten of degrees higher
than the true substrate temperature.

The Au–Ga–As ternary phase diagram shows a pseudobinary
tie line between Au and GaAs [44]. This tie line indicates that
GaAs substrates and Au nanoparticles do not react under AsH3
overpressure. Therefore, the Au nanoparticle does not alloy with
Ga supplied from the GaAs substrate, as discussed in [31]. In-
stead, the Au–Ga alloy forms only when Ga is supplied as
TMGa at growth initiation. Another consideration is melting–
solidification hysteresis as observed for Au–Ga nanoparticles
in [43]: a higher temperature was observed to melt the nanopar-
ticle, which could then be supercooled and remain liquid until
a solidification temperature. In [43], the authors observed a
60 ◦C difference between melting and solidification tempera-
tures. This is reminiscent of the 60 ◦C difference we observe

Fig. 5. Temperature dependence of axial and radial growth rates for GaAs
nanowires. Abscissa scale is logarithmic. The V/III ratio was 46 and the groups
III and V flow rates were III0 and V0 , respectively, for all samples.

between Tn ,min and Tg ,min . We infer that the nucleation step
of the two-temperature procedure melts the nanoparticle, and
the nanoparticle remains liquid when supercooled to the lower
Tg . The liquid nanoparticle drives straight, [1 1 1]B-oriented
nanowire growth, provided it is melted at a temperature of
Tn ,min or above, and maintained in a liquid state at a tem-
perature of Tg ,min and above.

The temperature dependence of Raxial and Rradial is plotted
in Fig. 5. To produce this plot, only single-temperature-grown
nanowires were examined because the brief high-temperature
nucleation and cooling steps alter the growth kinetics of the two-
temperature grown nanowires, albeit marginally. Only straight
[1 1 1]B-oriented nanowires were examined. The plot extends
down to 375 ◦C, because a small proportion of straight [1 1 1]B-
aligned nanowires could be found even for single-temperature
samples grown at 375 ◦C. The apparent Arrhenius activation
energy Ea is extracted for each plot in Fig. 5.

Such plots help ascertain the growth pathways and limiting
factors. In particular, growth may be kinetically limited, i.e., lim-
ited by thermally activated chemical reactions such as TMGa
and AsH3 decomposition. Alternatively, growth may be mass
transport limited, i.e., limited by the supply of group III species
to the growth interface. In the mass transport limited case, sur-
face reactions are faster than the diffusion of the limiting species
to the growth interface.

The radial growth rate monotonically increases with temper-
ature with an apparent Ea of 96 kJ/mol. This value is close
to that determined by Reep and Ghandhi for planar growth in
the low temperature, kinetically limited growth regime [45]. We
can infer that radial growth is kinetically limited. Figs. 3 and
4 illustrate that tapering increases as growth temperature is in-
creased, due to the significant radial growth occurring at higher
temperatures.

Axial growth exhibits a more complex dependency on growth
temperature. Between 375 and 450 ◦C, Raxial increases with
temperature with an apparent Ea of 38 kJ mol−1 . This Ea is
significantly lower than that calculated for Rradial . We cannot yet
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Fig. 6. FESEM images of GaAs nanowires grown at the indicated V/III ratios.
The growth temperature was 450 ◦C and the group III flow was III0 for all
samples. Scale bars are 1 μm. Samples are tilted at 40◦.

exclude the possibility that the nanoparticle behaves as a chem-
ical catalyst and lowers the activation energy for axial growth.
Interestingly, a recent study proposed that the nanoparticle cat-
alyzes the decomposition of TMGa to a mobile MMGa species,
which then diffuses considerable distances and enhances the
growth of adjacent nanowires [46] Another study suggested
that Au nanoparticles catalyze AsH3 pyrolysis [47]. However,
a number of other studies have concluded that the Au nanopar-
ticle is not a chemical catalyst; instead it enhances axial GaAs
nanowire growth simply by enhancing the transport of material
to the nanoparticle–nanowire growth interface [48]–[50].

Above 450 ◦C, Raxial decreases. This occurs due to the onset
of significant radial and substrate growth, which compete with
axial growth for adsorbed diffusing Ga species [36]. In other
words, the mass transport of Ga species limits axial growth
above 450 ◦C. Note that Raxial is lower at 500 ◦C than at
375 ◦C. This indicates that diffusing Ga species contribute to
axial growth even at low temperatures.

This temperature dependence suggests that in the tempera-
ture range examined, axial GaAs nanowire growth lies in the
transition region between kinetically limited and mass transport
limited growth regimes, with mass transport effects becoming
more dominant at higher temperatures. Note that the apparent
Ea is higher than that reported by Reep and Ghandhi for mass
transport-limited planar GaAs growth, but lower than their re-
ported value for kinetically limited planar GaAs growth [45]. It
is likely that our extracted Ea is low, not because of any catalytic
effect of the nanoparticle, but because of mass transport effects:
competitive radial growth increases with temperature, so that at
higher temperatures Raxial is lower than predicted by reaction
kinetics.

Next, we examine the effects of V/III ratio on GaAs nanowire
growth. Fig. 6 shows FESEM images of nanowires grown at var-
ious V/III ratios, and Fig. 7 plots Raxial and Rradial against V/III
ratio. As the V/III ratio is increased, there is a very marginal
increase in Raxial , peaking at a V/III ratio of 46. Typically,
mass transport limited growth exhibits no dependency on AsH3
flow: growth is limited by the diffusion of the less abundant
species, TMGa, to the growth interface [45]. In contrast, kineti-
cally controlled growth exhibits a weak positive dependence on
AsH3 flow: AsH3 species lower the activation energy for GaAs
growth [45], [51]. The trend in Fig. 6 lies in between, con-
sistent with Raxial being governed by both mass transport and
kinetic limitations. Rradial exhibits a more significant increase
with AsH3 , because it is kinetically limited.

Fig. 7. Axial and radial growth rates of GaAs nanowires for different V/III
ratios. Straight lines connect data sets for a constant group III flow rate. All
samples were grown at 450 ◦C. Axes are logarithmic.

Fig. 8. (a) and (c) FESEM images of nanowires grown at a high V/III ratio
of 93 as in Fig. 6(d). (b) and (d) Schematic illustrations of the 〈1 1 2〉B and
[1 1 1]B growth directions. (a) Plan view FESEM image and (b) schematic
illustration showing the three 〈1 1 2〉B and single [1 1 1]B growth directions.
(c) View of nanowires along the 〈11̄0〉 direction perpendicular to the (11̄0)
substrate cleavage plane and (d) schematic illustration showing the 〈1 1 2〉B and
[1 1 1]B growth directions as viewed along this 〈11̄0〉 direction. Scale bars are
1 μm.

Beyond a V/III ratio of 46, the axial growth rate drops steeply.
This effect cannot to be attributed to increased competition from
radial growth, because Rradial only undergoes a modest increase
which is insufficient to account for the drastic reduction in Raxial .
In addition, beyond a V/III ratio of 46, a proportion of nanowires
adopt a non-[1 1 1]B-orientation. Fig. 6(d) and (e), respectively,
are tilted and plan view images showing non-[1 1 1]B-oriented
nanowires grown at a high V/III ratio of 93. To ascertain the
growth direction, FESEM images were taken in plan view [see,
e.g., Fig. 8(a)] and along 〈11̄0〉 directions perpendicular to the
{1 1̄ 0} substrate cleavage planes [see, e.g., Fig. 8(c)]. Using plan
view images [see, e.g., Fig. 8(a)], these growth directions were
indexed against the dominant {1 1 2}B nanowire side facets
and against the {1 1̄ 0} substrate cleavage planes. In Fig. 8(c),
we observe that the non-[1 1 1]B nanowires grow at angles of
80.4◦ and 109.5◦ to the substrate plane. These measurements
confirm that the non-[1 1 1]B nanowires grow in three equivalent
〈1 1 2〉B growth directions. In summary, at high V/III ratios,
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Fig. 9. FESEM images of GaAs nanowires grown at the indicated absolute
precursor flow rates. (a) 1

4 III0 and 1
4 V0 for t = 60 min, (b) 1 III0 and 1 V0 for

t = 15 min, and (c) 8 III0 and 8 V0 for t = 112.5 s. All samples were grown at
450 ◦C with a V/III ratio of 46. Scale bars are 1 μm. Samples are tilted at 40◦.

nanowires either initiate in and maintain their [1 1 1]B growth
direction, initiate in and maintain a 〈1 1 2〉B direction, or initiate
in the [1 1 1]B growth direction and later kink to a 〈112〉B
direction.

The simultaneous observations of 〈1 1 2〉B growth and
growth rate reduction at high V/III ratio suggest that these
phenomena are related. In fact, stable As trimers form on the
[1 1 1]B surface at high V/III ratios, and this surface reconstruc-
tion is known to decrease the [1 1 1]B growth rate [52]. This
surface reconstruction is also thought to make [1 1 1]B growth
direction less energetically favorable than the 〈1 1 2〉B direc-
tions [53]. Interestingly, these results suggest that a high V/III
ratio can be used to select the 〈1 1 2〉B growth direction rather
than [1 1 1]B. This would offer a novel and simple means of
creating branched nanowires and 3-D interconnected nanowire
networks.

Further analysis of the effects of V/III ratio on GaAs
nanowires is given in [53].

The absolute precursor flow rate also had a profound effect
on nanowire morphology. Fig. 9 illustrates FESEM images of
GaAs nanowires grown at different absolute precursor flow rates
with a V/III ratio of 46. Fig. 10 plots Raxial and Rradial . Raxial
increases significantly with increasing absolute precursor flow
rate, similar to the observations of [50]. A linear increase is
expected for mass transport limited growth, whereas a weak
sublinear increase is expected for kinetically limited growth.
The observed trend for Raxial is in between these two cases. In
contrast, Rradial shows a much weaker dependence on absolute
flow rate, consistent with kinetically limited growth [45]. Be-
cause Raxial increases significantly and Rradial increases only
marginally, a high absolute flow rate reduces nanowire tapering.
This is evidenced by the minimally tapered wires of Fig. 9(c).

We have thus demonstrated that nanowire morphology can
be controlled using these growth parameters. Significantly, we
found that, GaAs nanowire crystal structure can also be tailored
using these growth parameters. Increasing the growth tempera-
ture increases the occurrence of twin defects, which effectively
leads to a more WZ crystal structure [36], [39]. Increasing the
V/III ratio decreases the density of twin defects, which effec-
tively promotes a ZB crystal structure [39], [53]. Using a low
growth temperature coupled with a high V/III ratio, we achieved
pure ZB nanowires without any twin defects [39]. Conversely, by

Fig. 10. Axial and radial growth rates of GaAs nanowires for different group
III flow rates. All samples were grown at 450 ◦C. The lines are guides for the
eye. Axes are logarithmic.

Fig. 11. TEM results for GaAs nanowires. (a)–(c) HRTEM images of pure
ZB and pure WZ nanowires and (d)–(f) their respective selected area diffraction
patterns. The insets in (a)–(c) show higher magnification images of the pure ZB
and WZ nanowires. The nanowires were grown with different nanoparticle sizes
of (a) 50, (b) 20, and (c) 30 nm. Reproduced with permission from [39].

coupling a high temperature with a low V/III ratio, we achieved
pure WZ nanowires, free of stacking faults [39]. HRTEM im-
ages of these pure ZB and pure WZ nanowires are shown in
Fig. 11.

In addition, GaAs nanowire optical properties are sensitive
to these growth parameters. For these measurements, nanowires
were clad in AlGaAs shells to passivate the GaAs surface, as
described in [54]. Time-resolved photoluminescence measure-
ments revealed that an increase in V/III ratio significantly re-
duces the exciton lifetime, probably due to the incorporation of
excess As-related defects at high V/III ratios. The defect is most
likely the EL2 defect, which is believed to be isolated arsenic
antisite defect (AsGa). It creates a deep donor level in GaAs
near midgap and acts as an electron trap. Nanowires grown at
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Fig. 12. FESEM images of InAs nanowires grown at (a) and (b) 450 ◦C and
(c) and (d) 500 ◦C. The areas feature high nanowire density in (a) and (c), and
low nanowire density in (b) and (d). The V/III ratio was 46 and the groups III
and V flow rates were III0 and V0 , respectively, for all samples. Scale bars are
1 μm. Samples are tilted at 40◦.

a low growth temperature exhibited long, nearly intrinsic exci-
ton lifetimes up to 1 ns [55]. Continuous wave photolumines-
cence measurements revealed that the donor–acceptor pair peak,
which results from carbon acceptor impurities, diminishes for
nanowires grown at low temperatures, high V/III ratios, and high
absolute precursor flow rates. These conditions, therefore, re-
duce carbon impurity incorporation [53], [56]. Low-temperature
grown nanowires also exhibit higher carrier mobility than those
grown at higher temperatures [57].

B. InAs Nanowires

In some respects, InAs nanowire growth behavior parallels
that of GaAs nanowires, and in other respects there are major
differences. The first major difference is the sensitivity of InAs
nanowire growth to the density of nanowires on the substrate.
This is clearly exemplified in Fig. 12(c) and (d). In Fig. 12(d),
nanowires are more sparsely distributed than in part c. The low-
density nanowires of part d are significantly taller and have
much wider bases than their high-density counterparts of part c.

This can be explained with reference to the schematic illus-
tration of Fig. 13. In areas of high nanowire density, adjacent
nanowires compete for reaction species that are adsorbed on
the substrate. In low-density regions, on the other hand, there is
minimal competition for diffusing species so the axial growth
rate is maximum. The degree of density dependence depends on
the diffusion length λ on the (1 1 1)B substrate surface. If λ is
long, as in the upper part of Fig. 13, then a significant fraction of
axial growth arises from these adsorbed species diffusing from
the substrate to the nanoparticle. In this case, density depen-
dence is marked. If λ is short, as in the lower part of Fig. 13, the
density dependence is more marginal because nanowires must
be very closely spaced to compete for diffusing reaction species.
This explains why the nanowires of Fig. 12(a) and (b) do not
exhibit such a marked density dependence as those of Fig. 12(c)
and (d). The nanowires of Fig. 12(a) and (b) were grown at a
lower temperature, which resulted in a shorter diffusion length
and consequently a lower density dependence.

This contrasts strongly with GaAs nanowire growth. None
of the GaAs nanowires samples exhibited any significant den-

Fig. 13. Schematic illustration of the competition between adjacent nanowires
for species adsorbed on the substrate. This illustrates high and low density
nanowire regions, and the effects of diffusion length λ. When λ is long, the
density dependencies are more significant: significant competition occurs in
high-density regions, and whereas significant height enhancement occurs in
low-density regions.

sity dependence. Typically, the diffusion length of Ga species
is significantly shorter than that of In species, so diffusion of
adsorbed species plays a more significant role in InAs nanowire
growth [40] than in GaAs nanowire growth.

These density dependences vary with temperature, V/III ra-
tio, and absolute precursor flow rate, because these variables
affect the diffusion length. In the following discussion on InAs
nanowire growth, only regions of similar nanowire density are
compared so that density effects do not obscure the results.

Further insight can be gained by comparing the decomposi-
tion and reaction processes of TMGa and TMIn. Homogeneous
decomposition reactions are those which take place in the vapor
phase H2 ambient. TMIn decomposes homogeneously above
300 ◦C, and its decomposition increases with temperature until
it is completely decomposed at 400 ◦C [58]. TMGa decom-
poses homogeneously above 375 ◦C, and is not completely de-
composed until 475 ◦C [59]. The relatively low homogeneous
decomposition temperature of TMIn compared with TMGa sug-
gests that kinetic limitations will be less significant for InAs
nanowire growth.

The aforementioned discussion considers the independent
decomposition of each precursor species. It should be noted
that when both TMGa (or TMIn) and AsH3 are supplied,
these precursors generally decompose by reacting with each
other. For instance, planar GaAs growth follows the Langmuir–
Hinschelwood model, whereby TMGa and AsH3 adsorb inde-
pendently on the substrate surface and then react together in a
1:1 ratio to progressively eliminate CH4 molecules and deposit
GaAs [45], [60]. The mechanism of planar InAs growth has
not been studied so extensively. It may follow a pathway anal-
ogous to GaAs growth. Another possibility is the formation of
a gas phase TMIn:AsH3 adduct, which adsorbs on the substrate
surface and then undergoes decomposition [61].

Comparison of planar GaAs and planar InAs growth gives
further insight. Planar GaAs growth is kinetically controlled at
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Fig. 14. FESEM images of InAs nanowires grown with different V/III ratios,
as indicated. The growth temperature was 450 ◦C and the group III flow was
III0 for all samples. Scale bars are 1 μm. Samples are tilted at 40◦.

low temperatures and is diffusion limited above 600 ◦C [45].
In contrast, planar InAs growth is kinetically controlled only
until 400 ◦C, and is diffusion limited above this temperature
[62]. This suggests, as already inferred from the homogeneous
decomposition temperatures, that kinetic limitations may be less
significant for InAs nanowire growth than for GaAs nanowire
growth.

Compared with GaAs nanowire growth, InAs nanowire
growth is confined to a narrower window of growth temper-
atures, V/III ratios, and absolute precursor flow rates. This will
be discussed in the following. A comprehensive quantitative
analysis of InAs nanowire growth is presented in [63], and the
results discussed here give additional insight into InAs nanowire
growth.

First, we examine the effects of V/III ratio with FESEM
images shown in Fig. 14 and growth rates plotted in Fig. 15.
Nanowires grow only within a finite range of V/III ratios. At the
lowest V/III ratios, for example Fig. 14(a), an irregular layer cov-
ers the surface, and the Au nanoparticles have failed to nucleate
nanowires. Pits in the substrate surface evidence decomposition
of the InAs substrate. Nanoparticles have been observed in these
pits, suggesting that the Au itself enhances substrate decompo-
sition. This is expected, because compared with GaAs, InAs
is more reactive with Au and at a given temperature, requires
a higher arsenic overpressure to prevent substrate decomposi-
tion [64]. This explains why the V/III window for InAs nanowire
growth is narrower than that of GaAs nanowires.

As V/III ratio is increased, there are sufficient As species to
promote nanowire growth, therefore, Raxial increases sharply.
This has also been observed in [63]. Rradial also increases, re-
sulting in nanowire tapering.

The axial growth rate reaches a maximum at a V/III ratio of
23, beyond which it decreases. This decrease is possibly because
diffusion length diminishes with increasing V/III ratio [65], so
that adsorbed In species are less likely to diffuse to the nanowire
tip and incorporate into axial growth [66]. The species are more
likely to incorporate close to the site of adsorption, either on
the nanowire sidewalls or on the substrate [66]. For this reason,
Rradial continues to increase with V/III ratio.

At the highest V/III ratios, Raxial slows considerably, the Au-
assisted structures appear island-like rather than nanowire-like,
and the short nanostructures often follow 〈1 1 2〉 directions
rather than [1 1 1]B directions. This parallels the growth be-

Fig. 15. Axial and radial growth rates of InAs nanowires for different V/III
ratios. All samples were grown at 450 ◦C with a group III flow rate of IIIo . Axes
are logarithmic.

havior of GaAs nanowires at high V/III ratios. InAs(1 1 1)B
surfaces, like GaAs(1 1 1)B surfaces, form an As-trimer surface
reconstruction under high As pressure [67]. This surface can
decrease the [1 1 1]B growth rate and also favor a growth direc-
tion other than [1 1 1]B. The short diffusion length at high V/III
ratios also hinders axial nanowire growth while favoring planar
growth on the substrate. This sets an upper limit on the V/III
ratio that permits nanowire growth, which we denote the upper
V/III limit.

The same overall trend, as shown in Fig. 15, was observed
for all temperatures studied. However, with increasing temper-
ature, the upper V/III limit and the peak of Raxial both shift to
lower V/III ratios. This has also been noted in [63] and [66].
This can be explained considering the decomposition tempera-
tures of TMIn and AsH3 . TMIn decomposition is complete at
400 ◦C [58], whereas AsH3 decomposition increases dramati-
cally between 350 and 525 ◦C [68]. Therefore, as the nanowire
growth temperature is raised, TMIn decomposition remains rela-
tively steady, whereas AsH3 decomposition increases. At higher
temperatures, a given input V/III ratio will produce a higher ef-
fective As to In ratio. Therefore, as temperature is increased,
the upper V/III limit and the peak of Raxial shift to lower input
V/III ratios.

Fig. 16 compares InAs nanowires grown at different growth
temperatures. The minimum temperature for straight [1 1 1]B-
oriented InAs nanowire growth was 400 ◦C. At the very low
temperature of 375 ◦C, the Au nanoparticles have seeded the
growth of irregular kinked nanostructures. This is similar to the
irregular kinked GaAs nanowires grown at low temperatures, as
discussed earlier. It is likely that the nanoparticle is solid at a
growth temperature of 375 ◦C, and this solidification is respon-
sible for irregular kinked growth, as proposed in the discussion
of GaAs nanowire growth. By this reasoning, the nanoparticle
is sufficiently melted at 400 ◦C and above to promote straight
[1 1 1]B-oriented InAs nanowire growth.

Interestingly, we found that the two-temperature procedure
did not produce any advantages for InAs nanowire growth.
Employing a high-temperature nucleation step did not achieve
straight [1 1 1]B-oriented nanowire growth at or below Tg of
375 ◦C.
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Fig. 16. FESEM images of InAs nanowires grown at different temperatures
Tg , as indicated. The V/III ratio was 46 and the groups III and V flow rates
were III0 and V0 , respectively, for all samples. Scale bars are 1 μm. Samples
are tilted at 40◦.

This is reasonable because there is no pseudobinary Au–InAs
tie line in the Au–In–As ternary phase diagram [44]. This means
that, unlike GaAs substrates, InAs substrates readily react with
the Au nanoparticle to form a Au–In alloy nanoparticle. There-
fore, nanoparticle alloying and melting readily occur during
pregrowth annealing. Therefore, a high-temperature nucleation
step is unnecessary: the nanoparticle is already a liquid Au–In
alloy. We infer that the minimum growth temperature of 400 ◦C
represents the minimum temperature for a liquid nanoparticle.

Binary phase diagrams show that the bulk Au–In eutectic
temperature is 454.3 ◦C [69], [70]. The solidification temper-
ature we infer from our experiments, 375 ◦C, is significantly
lower. It is likely that Au–In nanoparticles do undergo melting–
solidification hysteresis, similar to Au–Ga nanoparticles. This
hysteresis was observed in [71]. The hysteresis effect is masked
in the current InAs nanowire growth experiments because alloy-
ing takes place during pregrowth annealing, without requiring a
nucleation step.

Fig. 17 plots InAs nanowire growth rate versus temperature.
Apart from the observation of kinking at low temperatures, InAs
nanowire growth exhibits a very different temperature depen-
dency to GaAs nanowire growth. For GaAs nanowires, radial
growth was kinetically limited throughout the range of tem-
peratures examined (350–550 ◦C). For InAs nanowires, radial
growth was kinetically limited only at the lowest temperatures,
between 400 and 425 ◦C. In that range, Rradial increased with
increasing temperature. As the temperature was raised above
450 ◦C, radial growth moved into the mass transport limited
regime, where it showed much less dependence on growth tem-
perature. In the mass transport limited regime, radial growth
depends more on the diffusion of adsorbed In species.

The diffusion length increases as temperature is raised [65].
This was evident in Fig. 12. A long diffusion length means that

Fig. 17. Temperature dependence of axial and radial growth rates for InAs
nanowires. Abscissa scale is logarithmic. The V/III ratio was 46 and the groups
III and V flow rates were III0 and V0 , respectively, for all samples.

adsorbed In species are able to diffuse considerable distances
to the energetically favorable position at the Au nanoparticle-
capped nanowire tip. Consequently, as temperature is increased
above 450 ◦C, Raxial increases and Rradial decreases. This ta-
pering dependence has been discussed in detail in [63].

In general, the axial growth rate shows the opposite trend to
the radial growth rate. This is because radial growth competes
significantly with axial growth for adsorbed diffusing In species.
At 400 ◦C, where Rradial is low, Raxial is high, and the same is
observed at high temperatures.

At the highest temperature of 525 ◦C, we witness an abrupt
decrease in growth rate and the onset of nanowire kinking to
〈1 1 2〉 directions. As already discussed, higher temperatures
give rise to a higher As to In ratio [66], which can inhibit
[1 1 1]B nanowire growth. This sets the upper temperature limit
on InAs nanowire growth. In support of this explanation, the
upper temperature limit shifts to higher temperatures as the
input V/III ratio is lowered.

An interesting anomaly is observed at 425 ◦C, at which
nanowires are observed to kink. We believe that this occurs
because at 425 ◦C there is a local maximum in the ratio of
available As to In species. One factor contributing to this local
maximum is the relatively short diffusion length of In species at
425 ◦C, which causes a shortage of In species at the nanowire
tip. The second factor is that AsH3 decomposition is relatively
high at 425 ◦C [68], which results in an abundance of As. This
high As to In ratio could produce the As trimer reconstruction
at the nanoparticle–nanowire interface, which interferes with
[1 1 1]B nanowire growth as already discussed. To test this rea-
soning, further nanowire samples were grown at 425 ◦C with the
same TMIn flow, but with lower V/III ratios (12 and 23). The
resulting nanowires were straight and [1 1 1]B oriented. This
confirms that a high effective As to In ratio is responsible for
the kinking observed in Fig. 17(c).

Fig. 18 shows FESEM images of InAs nanowires grown with
different absolute precursor flow rates. Fig. 19 plots the change
in Raxial and Rradial with increasing absolute precursor flow
rate. Three observations can be made. First, Raxial increased
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Fig. 18. FESEM images of InAs nanowires grown at the indicated absolute
precursor flow rates. (a) 1

4 III0 and 1
4 V0 for t = 120 min, (b) 1

2 III0 and 1
2

V0 for t = 60 min, (c) III0 and V0 for t = 30 min, (d) 2 III0 and 2 V0 for t =
15 min, and (e) 4 III0 and 4 V0 for t = 7.5 min. All samples were grown at
450 ◦C with a V/III ratio of 46. Scale bars are 1 μm. Samples are tilted at 40◦.

Fig. 19. Axial and radial growth rates of InAs nanowires for different group
III flow rates. All samples were grown at 450 ◦C with a V/III ratio of 46. Axes
are logarithmic.

only marginally with increasing absolute precursor flow rate.
Second, a strong increase in Rradial was observed. Finally, the
substrate surface became increasingly irregular with increasing
absolute flow rate.

These observations are very different to GaAs nanowire
growth behavior. The differences between InAs and GaAs are
clear when comparing Fig. 19 (for InAs nanowires) with Fig. 10
(for GaAs nanowires). These plots use the same scale so that
comparison may be made. For InAs nanowires, Raxial has a
weaker dependence and Rradial has a stronger dependence on
absolute flow rate.

The three aforementioned observations point to a reduction
in diffusion length with increasing growth rate. Indeed, it is well
known that at low absolute precursor flow rates, there are fewer
species deposited per unit time, so that the adsorbed species
have more time to migrate and find energetically favorable sites
to incorporate [65]. Consequently, at low precursor flow rates, In
species can readily diffuse to the nanoparticle for incorporation
into axial growth. At high precursor flow rates, on the other
hand, In species have a much shorter diffusion length and area
more likely to be incorporated close to the point of adsorption,
either on the substrate or on the nanowire sidewalls. Thus, radial

Fig. 20. FESEM images of nanowires grown by (a) and (b) single-temperature
procedure with Tg of 450 ◦C, (c) single-temperature procedure with Tg of
390 ◦C, (d) single-temperature procedure with Tg of 375 ◦C, (e) and (f) two-
temperature procedure with Tg of 390 ◦C, and (g) and (h) two-temperature
procedure with Tg of 375 ◦C. The insets were taken at 0◦ tilt and the scale bar
is 500 nm. All other images were taken at 40◦ sample tilt and the scale bar is
2 μm.

growth, tapering, and substrate growth significantly increase
with absolute precursor flow rate. The axial growth rate, too,
increases with absolute precursor flow rate, but only marginally
due to the onset of significant radial and substrate growth, which
consume diffusing In adatoms. At the highest flow rates [see
Fig. 18(e)], the axial, substrate, and sidewall growth is highly
irregular, presumably due to the short diffusion length.

InAs nanowire crystal structure exhibits the same trends as
GaAs nanowires. As with GaAs nanowires, twin free ZB InAs
nanowires were obtained by choosing a low growth temperature
and high V/III ratio. Stacking fault-free WZ InAs nanowires
were grown by using a high temperature and low V/III ratio [39].

C. InGaAs Nanowires

InGaAs nanowire growth is complicated by the different be-
havior of In and Ga species. Extensive investigations were car-
ried out on InGaAs nanowires grown at 450 ◦C [24]. InGaAs
nanowires with high In composition showed a large density
dependence, with higher Rradial and Raxial in regions of low
nanowire density. Nanowires grown at 450 ◦C feature signif-
icant tapering [see Fig. 20(a) and (b)], and are significantly
taller and more tapered in regions of low nanowire density [see
Fig. 20(a)] compared to regions of high nanowire density [see
Fig. 20(b)].

This density dependence arises due to the long diffusion
length of adsorbed In species on the GaAs (1 1 1)B substrate
surface. The density dependence is analogous to the density
dependence observed for InAs nanowires. The nanowire pho-
toluminescence peak exhibited a red shift with decreasing
nanowire density, due to the higher degree of In incorpora-
tion in more sparsely distributed InGaAs nanowires. In addi-
tion, EDS measurements found that these InGaAs nanowires
exhibited a nonuniform composition: the In composition at the
base was approximately three times higher than at the nanowire
tip [24]. It is thought that the significant incorporation of dif-
fusing In species into radial growth gives rise to an In-rich shell
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structure around these tapered nanowires. Thus, unintentional
In-rich radial growth is largely responsible for this composi-
tional nonuniformity.

Device applications will require InGaAs nanowires with con-
trollable, uniform composition, and uniform diameter. For this
reason, it is important to minimize In-rich radial growth and ta-
pering. Considering the preceding discussion of GaAs and InAs
nanowire growth, we identify low growth temperature condi-
tions as optimal for reducing radial growth.

Fig. 20 compares InGaAs nanowires grown with the single-
temperature and two-temperature procedures at different Tg ,
with different densities. At Tg of 390 ◦C and below, (c) and
(d), the single-temperature procedure produced nanowires with
irregular morphologies: growth rarely initiated in the vertical
(1 1 1)B direction, and kinking was common. This is analogous
to the irregularity observed for GaAs and InAs nanowires grown
below 400 ◦C.

In contrast, the two-temperature procedure allowed the
growth of straight, vertical (1 1 1)B-oriented nanowires at tem-
peratures at 390 ◦C and as low as 375 ◦C [see Fig. 20(g) and
(h)]. Thus, low-temperature growth between 375 and 390 ◦C
produces nanowires of poor morphologies, unless preceded by
the high-temperature nucleation step using the two-temperature
procedure.

At lower growth temperatures Tg of 390 and 375 ◦C [see
Fig. 20(h)], there are several differences to the high tempera-
ture case of Tg of 450 ◦C [see Fig. 20(a) and (b)]. First, radial
growth and tapering are reduced. A low growth temperature
reduces tapering by two means: 1) it reduces the probability
of overcoming the kinetic barrier for radial growth; and 2) it
reduces the diffusion length [72], meaning a smaller flux of In
and Ga species diffuse from the substrate and along nanowire
sidewalls, to be incorporated into nanowire sidewalls. Secondly,
the density dependence of nanowire height and tapering is sup-
pressed. Density dependence is not apparent because at this low
temperature, the diffusion length is so short that nanowires must
be more closely spaced to compete for adsorbed species.

Thus, the two-temperature growth procedure produces
straight, epitaxial (1 1 1)B-oriented InGaAs nanowires at sig-
nificantly lower growth temperatures than previously achieved.
By reducing the growth temperature, the In species diffusion
length on the substrate is significantly reduced, and In-rich de-
position on the sidewalls is limited.

Other parameters also exhibit potential for achieving high
quality, compositionally uniform InGaAs nanowires. For ex-
ample, low V/III ratios minimize radial growth for both GaAs
and InAs nanowires. Therefore, a low V/III ratio is expected to
produce minimally tapered InGaAs nanowires.

V. CONCLUSION

This paper enhances our understanding of GaAs and InAs
nanowire growth, and also assists in plotting a course toward
compositionally uniform, high-quality InGaAs nanowires. In
particular, low growth temperatures present great advantages for
the growth of high-quality InGaAs nanowires. These findings
will greatly assist the development of future GaAs, InAs, and

InGaAs nanowire-based electronic and optoelectronic devices,
and are expected to be more broadly relevant to the rational
synthesis of other III-V nanowire materials.
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