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ABSTRACT

In conventional planar growth of bulk III-V materials, a slow growth rate favors high crystallographic quality, optical quality, and purity of the
resulting material. Surprisingly, we observe exactly the opposite effect for Au-assisted GaAs nanowire growth. By employing a rapid growth
rate, the resulting nanowires are markedly less tapered, are free of planar crystallographic defects, and have very high purity with minimal
intrinsic dopant incorporation. Importantly, carrier lifetimes are not adversely affected. These results reveal intriguing behavior in the growth
of nanoscale materials, and represent a significant advance toward the rational growth of nanowires for device applications.

Semiconductor nanowires have outstanding potential as nano-
components of future devices and systems. In the past decade,
several nanowire-based electronic and photonic devices have
been demonstrated, including solar cells,1 lasers,2 light-emitting
diodes,3 photodetectors,4 biosensors,5 and transistors for
ultrahigh density logic and memory devices.6 Among semi-
conductor nanowires, III-V nanowires show particular
promise due to the superior electrical and optical properties
of III-V materials.7 For example, the GaAs materials system
features a direct band gap and high electron mobility. This
makes GaAs nanowires prime candidates for future opto-
electronic devices,8 just as GaAs bulk materials and associ-
ated heterostructures are currently of great importance in the
optoelectronics industry. Furthermore, III-V nanowires can
be integrated with existing Si microelectronics technology.9

The development of III-V nanowire-based devices de-
pends on the ability to fabricate nanowires with tight control
over properties such as morphology, crystal structure, and
composition. The challenge is to produce nanowires free of
crystallographic defects with uniform diameters and with

high purity. Perhaps the most promising and most common
growth technique for III-V nanowires is metalorganic
chemical vapor deposition (MOCVD) using Au nanoparticles
as catalysts, via a vapor-liquid-solid (VLS)10 or vapor-
solid-solid (VSS) mechanism.7 This approach offers great
flexibility and high accuracy and is readily scalable for
industrial mass fabrication. A number of growth parameters
can be tailored for optimal nanowire growth: growth tem-
perature,11,12 the input V/III ratio,12-14 and the absolute flow
rates of group III and group V precursor species.

Increasing the absolute group III and group V flow rates
directly increases the nanowire growth rate.15,16 There are
however, only limited reports of the effects of III and V flow
rates on essential nanowire properties, such as crystal-
lographic quality, optical properties, and compositional
purity. In this letter, we investigate how the absolute
precursor flow rates, or equivalently the nanowire growth
rate, can be chosen to tailor nanowire properties.

In conventional planar epitaxy of bulk materials, a rapid
growth rate is associated with lower quality material. The
same would be assumed for nanowires.17 We find, unexpect-
edly, the opposite result; a rapid nanowire growth rate can
significantly improve nanowire properties. First, nanowires
grown at a rapid rate exhibit very uniform, minimally tapered
morphologies. This reduced tapering is especially desirable
for devices such as nanowire lasers, where a uniform
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nanowire diameter should enhance the nanowire’s perfor-
mance as a resonant cavity. Second, transmission electron
microscopy (TEM) investigations reveal that a high growth
rate eliminates planar crystallographic defects. Photolumi-
nescence (PL) measurements on these nanowires reveal
strong excitonic emission with minimal impurity-related
emission, indicating their high purity. Significantly, increas-
ing nanowire growth rate has no adverse effect on exciton
lifetime, and consequently nanowire quantum efficiency is
not compromised. For these reasons, rapid growth rates are
recommended for high quality III-V nanowires. We explain
these unexpected results with reference to previous studies
of nanowire and bulk epitaxy.

In this study, GaAs nanowires were grown on semi-
insulating GaAs (111)B substrates using trimethylgallium
(TMG) and AsH3 precursors. GaAs(111)B substrates were
treated with poly-L-lysine (PLL) solution, and a solution of
colloidal 50 nm diameter Au nanoparticles, as described in
previous reports.11,14 Nanowires, catalyzed by these nano-
particles, were grown by horizontal flow MOCVD at a
pressure of 100 mbar and a total gas flow rate of 15 slm.
Prior to growth the substrate was annealed in situ at 600 °C
under AsH3 ambient to desorb surface contaminants. After
cooling to a growth temperature of 450 °C, TMG was
introduced to initiate nanowire growth.

The control, or standard, group III (TMG) and group V
(AsH3) flow rates were III0 ) 1.2 × 10-5 mol/min and V0

) 5.4 × 10-4 mol/min, respectively and the V/III ratio was
46. For other growths, III0 and V0 were scaled by factors of
1/4, 1/2, 1, 2, 4, 8, and 16 to span flow ranges of III ) 2.9
× 10-6 to 1.9 × 10-4 mol/min and V ) 1.3 × 10-4 to 8.6
× 10-3 mol/min. Group III and group V flows were scaled
equally, so that V/III ratio remained at 46. Throughout this
letter, III and V flows will be expressed as multiples of III0

and V0, respectively. For nanowire samples grown with III
) III0, growth time (t) was 15 min. For other samples, growth
time was scaled inversely with group III flow. This was to
achieve nanowires of reasonable height, between 2 and 5
µm, across all samples.

Adjunct studies were performed at different V/III ratios
of 12, 23, and 93.

First, we note that precursor flow rates have profound
effects on nanowire morphology. Figure 1 illustrates field
emission scanning electron microscope (FESEM, Hitachi

S4500 operated at an accelerating voltage of 3 kV) images
of GaAs nanowires grown at different growth rates and V/III
of 46. The nanowires grow epitaxially in the [111]B direction
normal to the substrate surface.

Au-assisted [111]B nanowire growth is termed “axial
growth”. Broadly speaking, the axial nanowire growth rate
increases with increasing III and V flow, although the
relationship is not perfectly linear. This has been addressed
in previous work10,15,16 and in the Supporting Information,
so will not be considered in detail here.

Thin layer growth on nanowire sidewalls is termed “radial
growth”. Tapered nanowire morphologies, whereby nano-
wires exhibit wider bases and taper to narrower Au-capped
tips, are a consequence of radial growth. The nanowire bases
receive a greater fraction of precursor materials diffusing
from the substrate,16 and are exposed to reaction species
longer than the more recently grown Au-capped tip. Like
the axial growth rate, the radial growth rate too increases
with III and V flow.16

Yet, inspecting Figure 1, nanowires grown at high III and
V flow rates appear least tapered. To quantify tapering, we
define the tapering parameter as the increase in nanowire
radius, ∆r, per unit nanowire length, ∆l. This is equivalent
to the ratio of radial (Rradial) to axial (Raxial) growth rates

tapering parameter) ∆r
∆l

)
Rradial

Raxial

In Figure 2, the tapering parameter is plotted versus
precursor flow rates. The figure includes data from the
adjunct studies, each performed at a constant V/III ratio.
Undoubtedly, tapering is reduced by increasing precursor
flow.

To explain this finding, we note that axial growth is mass
transport limited.15,18 Therefore Raxial increases significantly

Figure 1. FESEM images of nanowires grown at constant V/III
ratio of 46 and the indicated III flows: (a) III ) 1/4 III0, t ) 60
min, (b) III ) 1/2 III0, t ) 30 min, (c) III ) III0, t ) 15 min, (d)
III ) 2 III0, t ) 7.5 min, (e) III ) 4 III0, t ) 225 s (f) III ) 8 III0,
t ) 112.5 s and (g) III ) 16 III0, t ) 56.25 s. Axis is logarithmic.
Samples are tilted at 40°. Scale bars are 1 µm.

Figure 2. Tapering parameter versus precursor flow rate. Straight
lines group data sets for a constant V/III ratio. Abscissa scale is
logarithmic. The tapering parameter, ∆r/∆l, was determined at
approximately 1 µm intervals along the length of each nanowire,
then averaged for each nanowire. Each data point represents an
overall average from at least 5 nanowires. Standard deviations for
each data point were less than 3 nm/µm.
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with increasing precursor flow rates. In contrast, radial
growth is a thermally activated process, that is, kinetically
limited.18,19 Therefore the Rradial is strongly affected by growth
temperature and is affected less significantly by precursor
flow rates. Because Raxial increases significantly and Rradial

increases only marginally, high precursor flow rates reduce
nanowire tapering.

Therefore high V and III flows, which accordingly allows
a short growth time to achieve a given nanowire length,
produce minimally tapered nanowires. This is great advan-
tage for laser applications which require uniform nanowire
diameters. This is also potentially advantageous for ternary
nanowires such as InGaAs20 and AlGaAs.21 One problem
facing ternary nanowire growth is the spontaneous formation
of a core-shell structure, where radial growth forms a shell
of a different composition to the axially grown nanowire
core.21 By reducing the amount of radial growth, high
precursor flows coupled with short growth times, may
prevent spontaneous shell structures and achieve composi-
tional uniformity in ternary nanowires.

We now consider nanowire crystallographic properties as
a function of III and V flow. For TEM investigations,
nanowires were dispersed onto holey carbon grids and these
specimens were examined using a FEI Tecnai F30. To
simplify discussion we occasionally use the phrase “increas-
ing (decreasing) growth rate” to describe increasing (decreas-
ing) III and V flow rate while keeping V/III ratio constant.

Crystallographic imperfections can limit the performance
of nanowire devices. Unfortunately, the phase purity of
[111]B-oriented III-V nanowires is difficult to control.
Nanowires can be wurtzite structure22 or zinc-blende struc-
ture23,24 and generally feature multiple stacking faults or twin
defects.23,24 These defects significantly alter the optical and
electronic properties of III-V nanowires.25

In this study, all GaAs nanowires were of zinc blende
crystal structure, the stable bulk phase. Twin defects were
identified by tilting each nanowire to the [110] zone axis.
Figure 3a illustrates a TEM image of a twinned nanowire
grown at a slow growth rate (III ) 1/4 III0, V ) 1/4 V0).
Intriguingly, the nanowire of Figure 3b, grown at a high
growth rate (III ) 4 III0, V ) 4 V0) is completely twin free.
In Figure 3c, we plot twin density against precursor flow
rate. We define twin density as the number of twin defects
per unit (micrometer) of nanowire length. Each data point
of Figure 3c is averaged over at least 3 nanowires. At the
higher growth rates (above III ) 4 III0, V ) 4 V0), all
nanowires examined were twin free and this data could not
be plotted on the logarithmic axis of Figure 3c. Clearly,
increasing both precursor flows, and consequently increasing
growth rate, decreases the twin density.

This is an unexpected result. Increasing precursor flows
increases the supersaturation of the vapor and liquid phases.
According to theoretical and experimental studies of both
planar and nanowire growth, a higher supersaturation (or
supercooling) causes twin defects,26-28 and can even drive
wurtzite nanowire growth.28-30 Note that a wurtzite structure
is equivalent to a zinc blende structure with a twin plane
every alternate monolayer.

One possible explanation for this unexpected result is
outlined below. This explanation concerns surface and
interfacial tensions, which reportedly drive twin formation
in several nanowire31,32 and bulk systems.26 During nanowire
growth, each plane nucleates at the triple phase line where
nanowire, nanoparticle, and the ambient atmosphere meet.23,30

Twin planes, too, nucleate at this triple phase line.23 Several
processes take place continuously during nanowire growth:
nanowire side facets form, the shape and wettability of the
nanoparticle-nanowire interface can change, and the nano-
particle can deform to wet this interface.23,32,33 Fluctuations
in mass transport and thermal fluctuations can also occur.23,34

Consequently surface and interfacial tensions at the triple
phase line can change dynamically throughout growth.34

Twin plane nucleation is believed to relieve these surface
and interfacial tensions, when these tensions exceed critical
values.31,32

We propose that As and Ga precursor species act to reduce
these surface and interfacial tensions. Arsenic species have
low solubility in Au35 and are thought to behave as
surfactants when adsorbed on the Au nanoparticle surface.36

For example, when the arsenic species AsCl3 is added during
Au-assisted VLS growth of Ge wires, the AsCl3 acts as a
surfactant on the Au droplet surface. Thus it decreases both
the vapor-liquid and liquid-solid surface energies in the

Figure 3. (a,b) TEM images of (a) a twinned nanowire grown with
a slow growth rate (III ) 1/4 III0, V ) 1/4 V0) and (b) a twin-free
nanowire grown at a rapid growth rate (III ) 4 III0, V ) 4 V0).
Arrows indicate twin defects. Scale bar is 250 nm. (c) Twin density
versus III flow. Group III flows are expressed as multiples of III0.
Straight lines group data sets for a constant V/III ratio. Axes are
logarithmic.
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Au droplet-Ge wire system.34 Furthermore, in melt growth
of bulk GaAs material, the addition of excess arsenic is
known to lower the surface tension of the melt, and thus
suppresses twinning.26 We expect that in the Au nanoparticle-
GaAs system under study, arsenic species significantly lower
the surface tension at the Au liquid-vapor interface. Arsenic
species may also lower the interfacial energy at the Au
liquid-GaAs nanowire interface, but this effect is expected
to be less significant due to the rapid consumption of any
arsenic surfactant species present at this growth interface,
into new nanowire growth.14

On the other hand, Ga dissolves into the nanoparticle to
make it more Ga rich. Ga has lower surface and interfacial
energies than pure Au,37 so we expect a higher Ga concen-
tration would reduce the nanoparticle surface and interfacial
tensions.30,38 Thus, both As and Ga species act to reduce
surface and interface tensions throughout growth, so that the
critical tensions for twin plane formation are exceeded less
frequently. This may be responsible for the reduction in twin
defects when As and Ga precursor flow rates are high.

In Figure 3c, we plotted lines connecting data points with
common V/III ratios. In Figure S3 (Supporting Information),
we again plot twin density against III flow, but this time
plot lines to connect data points with common group V flow
rates, rather than common V/III ratios. Interestingly, there
is no clear trend in Figure S3 (Supporting Information).
Increasing group III flow, while keeping group V flow
constant, neither consistently promotes nor consistently
hinders twin formation. We believe there are two opposing
mechanisms that contribute to this result. At higher group
III flows, the high supersaturation and rapid growth rate may
indeed promote twin formation.26-30 In opposition, the
abundance of Ga species would decrease the surface and
interfacial tensions of the nanoparticle-nanowire system, and
hence hinder twin defect formation as argued above. Clearly,
increasing group III flow alone is not sufficient to prevent
twin formation. Group V flows must also be scaled up to
significantly reduce twin density.14

Because GaAs nanowires offer the greatest potential in
optoelectronics, their optical properties are of great impor-
tance. We use low temperature time integrated and time-
resolved photoluminescence (PL) measurements to study the
optical properties of these GaAs nanowires. For these PL
measurements, GaAs nanowire cores were grown as de-
scribed above, then clad in an AlGaAs shell to passivate the
GaAs surface.39,40 AlGaAs shell growth was performed for
20 min at 650 °C producing a shell approximately 30 nm
thick with a nominal Al composition of 26%.

AlGaAs clad nanowires were transferred from the as-
grown GaAs substrate to Si substrates by gently touching
the two substrates together. Measurements were conducted
at 18 K using slit confocal microphotoluminescence spec-
troscopy.41 For time integrated PL spectra, ensembles of 5
to 10 nanowires were excited at 780 nm with a continuous
wave Ti:sapphire laser defocused to an approximately 10
µm diameter spot. Time integrated PL was detected by a
2000 × 800 pixel liquid nitrogen-cooled CCD detector.
Time-resolved PL measurements were performed on single

isolated nanowires using time-correlated single photon
counting. This employed pulsed laser excitation (780 nm,
800 µW) with 200 fs pulses at a 76 MHz repetition rate and
a silicon avalanche photodiode detector. The temporal system
response was measured to be 80 ps.

In Figure 4, we plot normalized PL spectra from three
different nanowire samples. The peak at approximately 1.518
eV is attributed to free exciton recombination, as observed
in bulk GaAs.40,42 The lower energy peak between 1.48 and
1.50 eV is attributed to donor-acceptor pair (DAP) recom-
bination involving a neutral donor and a carbon acceptor (D0,
CAs).14,43 Note that the exciton peak is not evident in spectrum
of the 1/4 III0 sample in Figure 4, because this time integrated
spectrum is dominated by the DAP peak. The time-resolved
spectrum (Figure 5), on the other hand, shows the exciton
peak at early times clearly.

Carbon has previously been identified as the dominant
impurity in GaAs nanowires.14,44 Carbon is the only impurity
intrinsic to the MOCVD growth process.45 It is a byproduct
of the decomposition of the organometallic precursors, for
example TMG.45-47 Other contaminants, such as Si and Zn,
are eliminated through the use of high purity sources.
Consequently, controlling intrinsic C doping is a major
concern in III-V nanowire growth. By careful choice of
growth parameters, we can indeed minimize intrinsic C
doping, as we now discuss.

The relative intensity of the DAP peak to the exciton peak
indicates the degree of carbon impurity content.46,48 We

Figure 4. Normalized PL spectra comparing the relative magnitudes
of DAP and exciton emission from nanowire ensembles grown with
various III flows and a constant V/III ratio of 46. Spectra are offset
for clarity. TEM images of the corresponding GaAs cores are
illustrated alongside each spectrum.

Figure 5. PL spectra at 100, 300, 500, 700, and 900 ps after the
excitation laser pulse. Each spectrum is integrated over a 200 ps
time window.
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compare the exciton and DAP peaks for nanowires grown
with various growth rates (III ) 1/4 III0, III0 and 4 III0).
The spectra of Figure 4 were obtained under low excitation
power (90 µW) to avoid saturation of the DAP peak. In
Figure 4, we note that the DAP peak intensity decreases with
increasing growth rate. This indicates that the carbon
impurity concentration decreases as growth rate increases.
Apparently, a high growth rate favors high purity nanowires
with minimal carbon contamination. This experiment was
performed under conditions of constant V/III ratio (Figure
4). Under conditions of constant group V flow, exactly the
same result holds (see Supporting Information, Figure S4).
This again is surprising. A high growth rate is generally
associated with lower quality growth and greater impurity
incorporation.49

By examining Figure 4 we also note the large change in
nanowire morphology concomitant with the change in C
incorporation. With lower growth rates nanowires are more
tapered, and have more C impurity incorporation. A likely
explanation is that C incorporates preferentially via radial
growth on the nanowire sidewalls. C has low solubility in
Au,50 so only a small amount of C is likely to be incorporated
into the nanowire interior via Au-assisted axial growth. In
contrast, C can be readily incorporated onto the nanowire
sidewalls via the vapor-solid radial growth mechanism.
Thus, nanowires with a greater proportion of radial growth
(more tapered nanowires) have a greater degree of C
incorporation. This same mechanism has been used to explain
the formation of a boron- or phosphorus-rich shell in
deliberately B- or P-doped Ge nanowires.51

Finally, we used time-resolved PL to probe the dynamics
of photoexcited carriers in nanowires. Exciton lifetimes
indicate the quality of the crystal and the presence of
nonradiative recombination centers. These lifetimes were
measured from the time decays of the exciton emission (at
1.518 eV).

Under the pulsed excitation used for the time-resolved
measurements, all samples exhibited an exciton peak. We
consider the sample (III ) 1/4 III0) corresponding to the
bottommost time-integrated spectrum of Figure 4. Figure 5
illustrates time-resolved PL spectra from this sample dis-
played for consecutive 200 ps intervals after the excitation
laser pulse. The exciton peak is clearly observed at early
times after the excitation pulse (spectra at 100 and 300 ps),
when the electron-hole density is highest. As the carriers
recombine, the exciton peak rapidly decreases in intensity,
leaving the lower energy DAP peak at later times (spectra
at 500, 700, and 900 ps).

Exciton lifetimes for nanowires grown with slow, inter-
mediate, and rapid growth rates are summarized in Table 1
(corresponding plots provided in the Supporting Information,

Figure S5a). The exciton lifetimes are approximately 200
ps regardless of the growth rate. Increasing growth rate had
no appreciable effect on exciton lifetime.

This is contrasted with the pronounced effect seen upon
increasing V/III ratio (Table 2 with corresponding plots
provided in the Supporting Information, Figure S5b). Nano-
wires grown at a high V/III ratio of 93 have an exciton
lifetime over 50% shorter than nanowires grown at a low
V/III ratio of 11. The short exciton lifetime for nanowires
grown at higher V/III ratios is attributed to an increase in
excess arsenic-related defects at high V/III ratios.52,53 These
defects are most likely As antisite defects (AsGa). As
interstitials (Asi), Ga vacancies (VGa) and the so-called EL2
defect consisting of a complex of an AsGa defect and an Asi

defect54 are also possible. These are the dominant defects in
GaAs material grown at low temperatures by conventional
growth techniques.52,55 These defects create deep levels that
rapidly trap free carriers and act as a nonradiative recom-
bination centers, thereby reducing the radiative lifetime.53,55,56

A high V/III ratio does impart some significant advantages
to nanowires,14 but the associated decrease in radiative
lifetime is undesirable for optoelectronics applications which
require a longer carrier lifetime. In contrast, increasing the
growth rate is a superior means of obtaining excellent quality
nanowires without compromising the exciton lifetime.

The time-resolved measurements point to a further unex-
pected phenomenon. One might expect that twin defects act
as nonradiative recombination centers.41 Indeed, twin-free
nanowires have been reported with very long, nearly intrinsic
exciton lifetimes.41 Yet our current study indicates that excess
arsenic-related defects (AsGa, Asi, VGa, or EL2) are also
primary nonradiative recombination centers. Take, for ex-
ample, the nanowires grown at high V/III ratio (Table 2).
These feature short exciton lifetimes, yet have a very low
twin density.14 Furthermore, using a rapid growth rate
minimizes twin defects but does not enhance the exciton
lifetime (Table 1). Therefore, we suggest that both twin
defects and point defects must be eliminated to significantly
improve nanowire optical properties.

In conclusion, a high growth rate has clear advantages for
III-V nanowires. A high growth rate is achieved by scaling
up both group III and group V precursor flows. Nanowires
grown with fast growth rates are minimally tapered with very
uniform diameters. Surprisingly, twin defects are markedly

Table 1. Exciton Lifetimes for Nanowires Grown with Different Growth Ratesa

group III flow (multiple of III0) group V flow (multiple of V0) growth rate exciton lifetime (ps)

1/4 III0 1/4 V0 slow 210
III0 V0 intermediate 200
4 III0 4 V0 rapid 190

a V/III ratio was held constant at 46.

Table 2. Exciton Lifetimes for Nanowires Grown with
Different V/III Ratiosa

V/III ratio exciton lifetime (ps)

12 280
46 200
93 120

a Group III flow was held constant at III0.
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reduced by employing a rapid growth rate. In addition, a
rapid growth rate minimizes carbon impurity incorporation.
C impurities are thought to be incorporated preferentially
into radial growth on the nanowire sidewalls, rather than via
Au-assisted axial growth. Clearly, high growth rates impart
excellent crystallographic and optical nanowire properties.
Furthermore, these results should translate to other important
III-V nanowire materials systems, and assist in producing
high quality binary and ternary nanowires with device
accessible properties.
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