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T
he III-Sb materials have many proper-
ties that are of interest for applica-
tions in electronics and opto-elec-

tronics, such as narrow direct bandgaps
and high carrier mobilities, with GaSb and
InSb having the highest hole and electron
mobilites respectively of all III�Vs. The
growth of these materials as epitaxial nano-
wires has been accomplished by metalor-
ganic vapor phase epitaxy (MOVPE) for
GaSb1�3 and InSb.4�7 For the latter chemi-
cal beamepitaxy (CBE)8,9 andmolecular beam
epitaxy (MBE)10 have also been used. Epitaxial
nanowires of the III-Sb ternary InGaSb,11 as
well as various other Sb containing ternaries
such as GaAsSb,12,13 InAsSb,10,14,15 and
InPSb16 have also been reported. The nano-
wire morphology is particularly advanta-
geous for heterostructures containing these
materials, as it is able to accommodate
lattice mismatch (caused by the large lattice
parameters of the III-Sbmaterials) to a great-
er extent than thin films.17

In addition to reduced formation of misfit
dislocations at heterointerfaces, the thin

nanowire geometry can provide further
benefits for some of the applications for
InSb and GaSb. Thin InSb nanowires are
one platform proposed for the creation
and detection of Majorana fermions, and
have recently been used to produce signa-
tures thereof for the first time.18,19 GaSb
combined in a heterostructure with InAs
has potential for tunneling devices, where
a small diameter would reduce carrier ther-
malization and improve performance by
more ideal gate coupling and less scatter-
ing.20,21 In addition, GaSb nanowires are of
interest for single hole transistors, with ap-
plications in spintronics.22

Very thin III-Sb nanowires have been
synthesized by vapor transport chemical
vapor deposition methods, with diameters
down to 5 nm for InSb23,24 and 20 nm for
GaSb.25 These methods however do not
easily offer the possibility of creating het-
erostructures or adding dopants, and gen-
erally do not result in epitaxial nanowires
(with exceptions reported for thicker nano-
wires26,27). Using the alternative MOVPE,
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ABSTRACT The nanowire geometry offers significant advantages for exploit-

ing the potential of III-Sb materials. Strain due to lattice mismatch is efficiently

accommodated, and carrier confinement effects can be utilized in tunneling and

quantum devices for which the III-Sb materials are of particular interest. It has

however proven difficult to grow thin (below a few tens of nanometers), epitaxial

III-Sb nanowires, as commonly no growth is observed below some critical

diameter. Here we explore the processes limiting the diameter of III-Sb nanowires

in a model system, in order to develop procedures to control this effect. The InAs�GaSb heterostructure system was chosen due to its great potential for

tunneling devices in future low-power electronics. We find that with increasing growth temperature or precursor partial pressures, the critical diameter for

GaSb growth on InAs decreases. To explain this trend we propose a model where the Gibbs�Thomson effect limits the Sb supersaturation in the catalyst

particle. This understanding enabled us to further reduce the nanowire diameter down to 32 nm for GaSb grown on 21 nm InAs stems. Finally, we show

that growth conditions must be carefully optimized for these small diameters, since radial growth increases for increased precursor partial pressures

beyond the critical values required for nucleation.
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CBE, and MBE methods on the other hand has proven
difficult in the growth of III-Sb nanowires from
small diameter catalyst particles, as noted in earlier
reports.4,28 In addition the III-Sb nanowires will gener-
ally have larger diameters than the corresponding III-As
or III-P nanowires, further limiting the minimum attain-
able diameter, for two reasons. In both gold- and self-
catalyzed growth, III-Sb nanowires will generally have
larger diameters than the corresponding III-As or III-P,
since III-Sb materials are generally grown from catalyst
particles with significantly higher concentrations of
group III2,4 and possibly group V atoms.5,6 Sb can also
strongly increase the radial growth, even for small local
variations in the V/III ratio.7 This makes it desirable to
initiate growth from as small diameter particles as
possible.
In this study we investigate the effect of the seed

particle diameter on the growth of III-Sb material for
the technologically interesting InAs�GaSb heterostruc-
ture. In the reverse growth direction (GaSb�InAs) such
nanowires have shown excellent tunneling proper-
ties,21,29 but always form InAs1‑xSbx rather than pure
InAs due to Sb carry-over. Because of the Sb content
this segment necessarily adopts the zincblende crystal
structure type and has a narrow band gap, which may
be unwanted for some applications.30 These con-
straints are both avoided for the InAs�GaSb growth
direction studied in this report. Here, previous reports
instead indicate that a minimum 25 nm long nominal
GaAs insert is needed to facilitate proper nucleation of
the GaSb segment on the InAs stem, which could
reduce tunneling performance by acting as a barrier.31

We show here that by tuning the temperature and
precursor partial pressures at the materials switch, it is
possible to grow InAs�GaSb heterostructures without
the intentional growth of a GaAs segment between
the two materials. The resulting nanowire growths
display a clear diameter dependence: the nucleation
of the GaSb segment usually fails for the thinnest

nanowires, below some critical diameter. In this report
we explore the diameter limitation in this system using
a growthmodel32 which includes the Gibbs�Thomson
effect (previously used for studying the diameter-
dependent growth rate in InGaSb11 and InAs33) acting
on Sb.

RESULTS AND DISCUSSION

A schematic of the InAs�GaSb nanowire hetero-
structure is shown in Figure 1a. In the following pre-
sentation and discussion of the results the GaSb
growth temperature is denoted TGaSb and the partial
pressures of the precursors is given as the trimethyl-
antimony (TMSb) partial pressure, pTMSb, at a constant
V/III of 1.1 (unless otherwise noted). Figure 1 panels b
and c show scanning electron microscopy (SEM)
images recorded of samples with GaSb grown at
TGaSb = 500 �C but with different precursor partial
pressures (pTMSb of 0.19 and 0.38 Pa, respectively).
The conditions used for the sample in panel c will be
used as a reference throughout this report. For the
purpose of calculating yield in this report we have
considered as failed those nanowires consisting only of
InAs, while all nanowires containing a GaSb segment,
independent of its length, were considered successful.
The presence of this segment was readily visible by
SEM due to an expansion of the nanowire diameter,
which is characteristic of III-Sb growth in Au seeded
nanowires.1,2,4,34 Typical morphologies for successful
and failed nanowires are shown in Figure 1b�d. We
have confirmed by transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy (EDX)
that for these growths the wider top segment is
uniquely associated with the presence of GaSb. The
lower precursor partial pressures resulted in a low yield
of GaSb segments on top of the InAs stems, with
consistently successful growth only for nanowires with
a stem diameter of 70 nm or larger. For the higher
precursor partial pressures sample the yield increased

Figure 1. (a) Schematic of the InAs�GaSb nanowires. (b�d) SEM images recorded at 30� tilt of nanowires grown from
nominally 30�70 nmgold particles, all at V/III = 1.1. (c) Reference sample grownwith TGaSb = 500 �C and pTMSb = 0.38 Pa. (b, d)
Nanowires grown at a lower pTMSb and TGaSb, respectively. Note that all nanowires in panel c contain a GaSb segment (colored
according to the schematic for one nanowire in each image), while only a few in panels b and d do. (e) Yield for 40 nm stems at
varying V/III ratio (series C).
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to 100% for nanowires with stem diameters of 50 nm
and larger. A similar trend as for increasing pTMSb can
also be seen with increasing TGaSb, as illustrated by the
SEM images in Figure 1 panels c and d which were
recorded of samples grown with the same pTMSb, but
at different TGaSb (500 and 465 �C, respectively). The
diameter dependence of the yield will be the main
focus of this report and is analyzed separately in the
coming sections.
It is apparent from Figure 1b,c that the nucleation of

the GaSb section on the InAs stem is limited by the flow
of precursor material. To determine whether the nuclea-
tion is limited by the supply of Ga or Sb, the partial
pressure of each precursor was reduced to half of that
in the reference procedure while keeping the other
constant (series C, see Methods). Figure 1e shows the
resulting yield of nanowires with stem diameters of
40 nm for these growths together with the reference
nanowires. The reduction in pTMGa (V/III=2.1) did not
adversely affect the GaSb yield, apparently even result-
ing in a small improvement compared to the standard
procedure. The reduction of pTMSb (V/III=0.54) on the
other hand dramatically reduced the yield, implying
that the nucleation is group V limited. This trend in
yield with changing V/III is present also for other stem
diameters.
The composition of the gold particle was measured

by EDX after 45 min of GaSb growth. A clear difference
could be seen between the nanowires which success-
fully nucleated GaSb and those which stopped grow-
ing after forming the InAs stem. While the particles in
both cases contained roughly 50 atom % group III
(Gaþ In), the successfully grownnanowires had5atom%
In, while the failed had 12 atom % In. To determine
whether the difference in group III content could be
responsible for the success or failure of nucleating
GaSb we investigated a sample where the GaSb
growth was terminated after 5 min (see Figure 2), but
otherwise followed the reference procedure. In this
case no difference could be measured between the
nanowires, all having approximately 34 atom%Ga and
21 atom % In in the gold particle. A significant expul-
sion ofmaterial during cool-down is unlikely as no neck
region or segment with a different composition under-
neath the gold particle was observed. This strongly
indicates that there is no difference in group III content
in the catalyst particle at the beginning of the GaSb
growth which could affect the nucleation. The differ-
ence seen after the long GaSb growth times is instead
likely caused by the growth of the GaSb segment,
during which In from the particle can be incorporated
in the nanowire, thus reducing the amount remaining
in the catalyst particle. Sbwas found in all gold particles
in the range of 1�2 atom%. However, the combination
of low concentrations and peak overlap with In makes
the Sb quantification uncertain, precluding any com-
parison between failed and successful nanowires.

The heterostructures resulting from the reference
procedure were further investigated by TEM, using the
sample with 5 min GaSb growth in order to keep the
overgrowth of the heterojunction area to a minimum.
Figure 2a shows a high resolution TEM (HRTEM) image
of the heterojunction area, with wurtzite InAs and
zincblende GaSb. Figure 2b shows a high angle annular
dark-field (HAADF) scanning TEM (STEM) image of the
same area overlaid with an EDX line profile. The HAADF
image shows a short (approximately 10 nm) segment
with dark contrast between the InAs stem and the
GaSb segment. According to the EDX line scan this
segment contains graded In1‑xGaxAs with x = 0�0.5 in
the first half, continuing into the second half which also
contains increasing quantities of Sb as the group V
switch commences. Because of the short length and
graded composition of this segment, the accuracy of
the EDX quantification is low as some of the surround-
ing material is likely also included in the analysis. A
comparison of the (111) plane spacing in the growth
direction reveals a contraction of a maximum 4%
compared to the InAs, which corroborates the EDX
quantification by indicating a composition of approxi-
mately Ga0.6In0.4As, provided that the segment is un-
strained in the axial direction. This assumption is
validated by strain measurements on nanowires with
abrupt compositional changes, which show that the
axial strain is relaxed very efficiently.35 There is also

Figure 2. (a) HRTEM image of the InAs/GaSb heterojunction
in a nanowire grown using the reference procedure, but
with only 5min GaSb growth time. The image was recorded
in <1�10> and shows the transition from wurtzite InAs to
zincblende GaSb. The inset shows an overview image of the
nanowire. The scale bar is 20 nm in both cases. (b) HAADF-
STEM image of the heterojunction area with an overlaid
EDX profile. The group III switch starts slightly before the
group V switch, both occurring over approximately 12 nm.
The inset on the left is a Ga KR map from the InAs stem,
showing a thin GaSb shell.
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some In carryover into the GaSb segment evident from
EDX, resulting in Ga0.9In0.1Sb immediately after the
switch, but with a rapidly decreasing In content away
from the heterojunction. Despite the compositional
changes across the interface no misfit dislocations
could be seen in the HRTEM images. The EDX map
inset in Figure 2b shows the presence of a GaSb shell
on the InAs stem, also evident from the apparent
nonzero Ga content in the InAs segment from the line
scan. This shell is too thin to be accurately measured
from these images, but is estimated to about 1 nm from
EDX quantifications of the InAs segment. Although
quite thin, this shell consists of wurtzite GaSb which
to our knowledge has not been reported previously.

Diameter Dependence. Wenext analyzed sampleswith
systematically varied GaSb growth temperatures and
precursor partial pressures for a range of diameter
(series A and B, see Methods). By grouping the nano-
wires according to the diameter of their InAs stems
(using 5 nm cohorts, as described in the Materials and
Methods section) we could observe a clear diameter
dependence for theGaSb yield. Figure 3 panels a and b,
respectively, show the increase in yield with GaSb
growth temperature and total precursor partial pres-
sures (constant V/III = 1.1), for four distinct stem
diameter cohorts. The measured stem diameters in-
clude the GaSb shell, but due to its limited thickness
this should not distort the trends presented here.
For any given diameter the probability of successfully

nucleating, and subsequently growing, a GaSb seg-
ment is close to zero at low GaSb growth temperatures
or precursor partial pressures. The yield then increases
rapidly once a certain minimum TGaSb or pTMSb is
reached. The temperature or flow where this dramatic
increase in GaSb yield occurs is shifted toward higher
TGaSb and pTMSb with decreasing diameters, indicating
that the underlying effect is strongly diameter depen-
dent. It is worth noting that although a high yield
was eventually reached for all diameters included in
Figure 3, the 30 nm and below stems also present in
these samples did not nucleate GaSb segments with
any considerable yield under any of these conditions.

As the GaSb nucleation was limited by Sb, the
minimum total precursor partial pressure described
above can be interpreted more specifically as a mini-
mum Sb partial pressure. The diameter dependence of
this minimum Sb partial pressure can equivalently be
stated as there being a critical diameter, below which
no GaSb nucleates, which depends on the Sb partial
pressure. In this case the yield should rapidly fall to zero
for diameters smaller than the critical diameter and
quickly increase to one for larger diameters, which
describes the observations from the growth series well.
For some diameters there do seem to be partial
pressures where the yield is high, but not 100%
(60 and 40 nm) or low, but not 0% (50 nm). However
this can be explained by the critical diameter specified
by the Sb partial pressure falling somewhere inside the
diameter cohort, which will then contain nanowires
both somewhat larger and smaller than the critical
diameter.

The explanation for the equally clear trend in yield
with temperature is more difficult to identify, as in-
creasing the temperature will have multiple effects on
the growth. However we note that the decomposition
rates of TMGa (trimethylgallium) and TMSb are tem-
perature dependent. Since the growth is performed in
a constant flow system where the precursors have a
short residence time, the amount of decomposed
precursor material available for growth will depend
directly on the decomposition rate. One of the effects
of an increased temperature would therefore be to
increase the amount of Sb (and also Ga) available for
growth. For planar GaSb growth using these precursors
the growth rate has been shown to depend exponen-
tially on temperature up to 575 �C,36 supporting a
temperature effect on the precursor availability
throughout the temperature interval used in the
growths reported here. Thus the increased yield with
temperature in this interval can, at least partially, be
explained by the samemechanism as the increase with
precursor partial pressures.

The InAs stems grew longer with smaller diameters,
which can be explained by a surface diffusion limited
growth rate.33 The increased stem length could poten-
tially adversely affect the GaSb growth by limiting the

Figure 3. (a) Diameter-dependent yield of GaSb segments
as a function of GaSb growth temperatures (series A). (b)
Diameter-dependent yield as a function of TMSb partial
pressure at constant V/III ratio (series B). For clarity only four
diameter cohorts are shown. (c) Plot of the smallest diam-
eters for which GaSb growth was successful as a function
of pTMSb, measured from series A. The dashed vertical line
represents the pTMSb = 0.095 Pa sample, in which no GaSb
growth was observed for any diameter. The best fit for the
Gibbs�Thompson model is also included, showing good
agreement with the measurements. The open square re-
presents the highest TMSb partial pressure, grown using a
higher V/III ratio (sample E).
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supply of precursors from surface diffusion. To pre-
clude this effect we investigated samples with varying
stem lengths by varying the InAs growth time for
otherwise identical conditions (series D). A small de-
crease in GaSb yield was observed for the very longest
(several μm) stems, but for the stem lengths typically
used for the samples in this study the stem length
effect is negligible compared to the diameter effect. In
growths under similar conditions the Sb surface diffu-
sion length was estimated to 50 nm.11 Since the InAs
stems are always much longer than this we do not
expect to see any effects due to a limitation in the
amount of Sb supplied from surface diffusion for the
longer stems.

Gibbs�Thomson Model. Having discounted a limita-
tion of available Sb due to diameter-dependent stem
lengths, we instead investigate a size-dependent lim-
itation of the Sb supersaturation in the alloy particle
due to the Gibbs�Thomson effect. An increase in
vapor pressure of Sb in the alloy particles with decreas-
ing diameter could cause the growth to fail, by reduc-
ing the driving force for the transport of Sb from the
vapor to the particle (effective supersaturation). To
focus the analysis on the nucleation event, we mea-
sured the smallest stem diameter with successful GaSb
growth for each sample in the precursor partial pres-
sures series (series A), as illustrated in Figure 3c. To
analyze these critical diameters we use the expression
for the growth rate of nanowires affected by surface
diffusion and the Gibbs�Thomson effect derived in ref
32 and used in refs 33 and 11 (see Materials and
Methods section for details). Solving for the critical
diameter, dcrit where no growth occurs, yields

dcrit ¼ 4γaΩa

kBT ln
RpTMSb

xp�v

 !

where γa and Ωa are, respectively, the surface energy
and the atomic volume of the alloy particle, R is the
utilization factor for the Sb precursor, pν

* is the satura-
tion vapor pressure of pure Sb, and x is the steady-state
Sb fraction in the alloy particle during growth. It is
reasonable to assume that the Sb fraction should
increase with increasing TMSb partial pressure (that
is, supersaturation in the alloy is connected to the
vapor supersaturation). As a first approximation we
use a linear model

x(pTMSb) ¼ xeq þ k � pTMSb

where the steady-state Sb fraction increases from the
equilibrium Sb fraction, xeq, proportionally to the TMSb
pressure by a factor k. We obtained the best fit for our
data with xeq = 0.005, k = 0.12 Pa�1 and R = 0.075. For
the lowest pTMSb of 0.096 Pa GaSb did not nucleate on
any of the nanowires, and this point could therefore
not be directly used for fitting the model. However, it

serves as a check for the validity of the model's
predictions.

Although the model was fitted to only three mea-
surements we note that it is consistent with several
more aspects of our growths. The critical diameter is
predicted to increase dramatically at low TMSb pres-
sures and no growth should occur at pTMSb < 0.1 Pa for
any diameter, which is verified by the failed growths for
the pTMSb = 0.096 Pa sample. Additionally, the Sb
fraction in the alloy particle should increase with pTMSb

according to themodel, but still be in the range of only
a few atom % (e.g., with a predicted Sb fraction of 0.05
during growth for pTMSb = 0.380). EDX measurements
postgrowth do show an increase of the Sb fraction in
the catalyst with increasing pTMSb used during growth;
a small but statistically significant difference of x =
0.013 and 0.021 was found for growths using pTMSb =
0.285 and 0.380 Pa, respectively, (p = 0.0002 in a one-
tailed test).

In the above analysis we have used the material-
related parameters for pure gold and have fitted the
remaining unknown parameters (utilization factor R
and Sb fraction x) to themeasured critical diameters. As
the alloy particles in III-Sb growth usually contain more
group III atoms than Au atoms, one would expect a
material-dependent difference in these parameters
compared to pure gold. When a single materials
system is analyzed the differences in the material
related parameters from pure gold is however com-
pensated by the fitted parameters. This allowed us to
make quantitative predictions within the InAs�GaSb
system. Qualitatively, the behavior observed here
should also be relevant for other related systems,
which could be investigated using the same principles.
One could speculate that the Gibbs�Thomson di-
ameter limit is larger or smaller in other materials
systems due to differences in the material-related
parameters, but this effect would be complicated to
disentangle from the simultaneous changes in utiliza-
tion factor or relation between TMSb pressure and Sb
fraction in the alloy particle. The model also suggests
that the choice of catalyst material could affect the
diameter limit. A lower atomic volume or surface
energy would for instance be beneficial, as would a
lower solubility of the growth species. For III-Sbmateri-
als both In (i.e., self-seeded growth)5,6 and Ag9 has
proven to yield epitaxial nanowires, but not thin
enough that any difference to Au in this regard can
be evaluated.

Further Reductions in Diameter. To decrease the critical
diameter even further, and enable growth of even
thinner GaSb, the model together with the growth
series presents two possibilities: further increasing
either the GaSb growth temperature or the precursor
partial pressures. The GaSb growth temperature can
however not be increased further as the InAs stems,
especially the thinner ones, will decompose due to the
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As-deficient environment during GaSb growth. For the
precursor partial pressures the model indicates that
there is some room for further decreasing the diameter
of the GaSb segment by further increasing the TMSb
partial pressure, but that increasing partial pressures
will eventually give diminishing returns. Figure 3c
shows the critical diameter approaching 22 nm asymp-
totically, allowing a potential diameter reduction of
only a few more nanometers. In practice the limit may
be somewhat higher as themass flow controllers in the
MOVPE system always put an upper limit to the flows.

However, the results of series C shown in Figure 1c
suggest that the V/III ratiomay play a role in the yield in
addition to the absolute magnitude of the TMSb flow.
The flow of TMGa may affect the Sb supersaturation
either directly (if the precursors decompose competi-
tively, as suggested in ref 11) or indirectly (if the species
form a nonideal solution with gold, their respective
chemical potentials will be interrelated). To test this we
attempted to grow nanowires from nominally 20 and
30 nm gold particles by increasing the TMSb partial
pressure from the reference conditions to 0.543 Pa
(sample E), thereby also increasing the V/III to 1.5. SEM
images of the resulting structures are shown in Figure 4

panels a and b, respectively. It can immediately be seen
that at least some of the nanowires grown from 20 nm
gold particles show the same type of diameter increase
as the successful InAs�GaSb nanowires in Figure 1c,
indicating that a GaSb segment has been formed with
an overall yield of 65%. This was confirmed using TEM
and EDX, where we observed GaSb segments for InAs
stem diameter as small as 21 nm. To illustrate the
compositional profile in the interface region, a map
of the local lattice parameter is shown in Figure 4c,
measured both parallel and perpendicular to the
growth direction. This map, containing a 9 nm transi-
tion region between the InAs and GaSb segments, was
calculated using the geometrical phase analysis meth-
od. The contraction of the (111) planes perpendicular
to the growth direction indicates In0.5Ga0.5As, which
matches well the previous growths. The diameter of
the GaSb segment is here only 32 nm, which is the
smallest diameter reported thus far for GaSb nanowires
grown by MOVPE.

The nanowires grown from 30 nmparticles with the
higher pTMSb also show two distinct segments, though
the GaSb segment is heavily overgrown and has lost
the high aspect ratio which was obtained for the 20 nm
gold particles (or from larger particles at lower pTMSb).
In this case the resulting GaSb segment is increasingly
dominated, compared to the growth direction, by the
inclined {111} facets rather than the parallel {110}
facets which normally bound the GaSb nanowires.
Similar results have also been observed for InSb7 and
GaInSb,11 where the nanowires eventually transitioned
to nanodiamonds bound almost entirely by {111} facets.
This highlights the need to optimize the flows for the
desired diameter of the InAs�GaSb: high flows are
needed in order to nucleate and grow high aspect ratio
GaSb segments for small particle diameters but if set too
high will instead result in high radial overgrowth and a
decreased aspect ratio. As diameter decreases, this opti-
mization becomes increasingly important.

CONCLUSIONS

The growth of GaSb on InAs stems is highly sensitive
to the precursor partial pressures (more specifically the
TMSb partial pressure), which can be seen by the sharp
decrease in yield when these are reduced below some
threshold value. We found that the yield was also
diameter dependent, as no GaSb segment nucleated
on nanowires with InAs stems thinner than a certain
critical diameter. This critical diameter is in turn de-
pendent on the precursor partial pressures and could
be decreased, thus enabling the growth of thinner
InAs�GaSb nanowires, by increasing the precursor
partial pressures. We suggest that these results can
be explained by a Gibbs�Thomson model where the
Sb supersaturation in the alloy particle is reduced
due to the high Sb vapor pressure in small diameter
particles. This model predicts that further increasing

Figure 4. (a�b) SEM images recorded at 30� tilt from
samples grown with pTMSb = 0.543 Pa at V/III = 1.5 for 20
and 30nmparticles, respectively (sample E). A large number
of the nanowires in panel a contain a GaSb segment
(marked red for one nanowire in each sample), which is
also the case in image b. However, for the larger diameters
significant overgrowth occurs and the resulting structures
have a drastically reduced aspect ratio. (c) Strainmaps from
ananowirewith a stemdiameter of 21 nm, calculated froma
HRTEM image recorded in a Æ1�10æ projection. The reduced
(111) plane distance at the interface between the InAs and
GaSb segments indicates the presence of an approximately
9 nm long transition region. The inset shows the diffracto-
gram of the same nanowire and indicates which reflections
were used to produce the strainmaps for the zincblende (0)
and wurtzite ()) segments.
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the precursor partial pressures allows for further diam-
eter reductions, but will eventually give diminishing
returns. A further increase in TMSb partial pressure was
attempted, and resulted in successful growth from
21 nm stems, producing 32 nm GaSb. However the
very high precursor partial pressures used in this case
resulted in increased overgrowth and reduced aspect

ratio for nanowires grown from larger diameter parti-
cles under these conditions. In summary, this study
shows that as the diameter decreases below 30 nm it
will become increasingly important to optimize (rather
than maximize) the Sb partial pressure in order to
overcome the Gibbs�Thomson effect without increas-
ing the radial growth.

MATERIALS AND METHODS
Epitaxial Growth. Gold aerosol nanoparticles with diameters

of 30�70 nm were deposited on epi-ready InAs(111)B sub-
strates at an average surface concentration of 1 μm�2. The
nanowire heterostructures were epitaxially grown on these
substrates by MOVPE using trimethylgallium (TMGa), trimethyl-
indium (TMIn), trimethylantimony (TMSb), and arsine (AsH3) as
precursors. The following procedure was used to grow the
InAs�GaSb sample used as a reference throughout this report:
first the sample was heated under 15 Pa AsH3 at 550 �C, at a
reactor total pressure of 10 kPa and 13 L/min flow. The
temperature was then lowered to 450 �C and InAs growth
was commenced by introducing 0.045 Pa TMIn and reducing
the AsH3 partial pressure to 1.9 Pa. To switch to GaSb growth
TMIn was turned off, AsH3 was increased to 15 Pa, and the
temperature was ramped to the GaSb growth temperature
(TGaSb = 500 �C) over 1 min. When the desired growth tempera-
ture was reached, AsH3 was turned off and TMGa and TMSb
turned on (0.36 and 0.38 Pa, respectively, giving a V/III of 1.1).
Normally GaSb was grown for 30�45 min, but to characterize
the difference between successful and failed nanowires closely
after the GaSb nucleation, the growth was terminated after only
5 min for one sample.

This procedure was modified in four series to determine the
requisite conditions for nucleating the GaSb segment on the
InAs stem. In the first series (series A) the precursor partial
pressures were modified by setting pTMSb = 0.095, 0.190, 0.285,
and 0.380 Pa at a constant V/III of 1.1 (the last sample
following the reference procedure). In a second series
(series B) the growth temperature of the GaSb segment was
modified to TGaSb = 450, 465, 485, 500, and 520 �C while
otherwise following the reference procedure. For both series
GaSbwas grown for 30min. Series C consisted of two samples
with differing V/III ratios of 0.54 and 2.1 using pTMSb/pTMGa

of 0.190/0.355 and 0.380/0.177 Pa, respectively, all grown at
at TGaSb = 500 �C to be comparable with the reference
procedure. In the fourth series (series D) the growth time,
and hence the length, of the InAs stem was varied between 7
and 13 min while otherwise following the reference
procedure.

Following the analysis of these growths with the Gibbs�
Thomson model we attempted to grow the InAs�GaSb struc-
ture fromeven smaller gold particles (sample E). For this growth,
20 nm gold particles (as well as 30�70 nm) were used at a
growth temperature of 500 �C, pTMSb = 0.543 and V/III = 1.5.

Gibbs�Thomson Model. For studying the influence of the
Gibbs�Thomson effect we adapt the model derived in ref 32
and previously used in refs 11 and 33. From this expression we
evaluate the critical radius below which no growth can occur by
setting the growth rate dL/dt = 0. This is equivalent to

0 ¼ RpTMSb � pv

where R denotes the utilization factor of TMSb, pTMSb is the
TMSb partial pressure in the reactor, and pv is the Sb vapor
pressure in the alloy particle. As the steady state fraction of Sb in
the gold particle, x, is low we assume that Raoult's law applies.
By including the Gibbs�Thompson effect pv can now be
expressed as

pv ¼ xp�v exp
2γaΩa

rkBT

� �

where pν
* is the saturation vapor pressure of pure Sb, and γa and

Ωa are the surface energy and the atomic volume of the alloy
particle, respectively. As a first approximation we use the values
for gold (γ = 1.2 J/m2 and Ω = 10.2 � 10�6 m3/mol). We also
assume a simple model to describe the relationship between x
and pTMSb, where x increases linearly with pTMSb from some
equilibrium value xeq. These equations can now be solved for r
to yield the result described in the main text.

SEM Characterization. Scanning electron microscopy (SEM)
was used to investigate the resulting heterostructures (LEO
1560 operated at 15 kV). In each sample the nanowires were
grouped by the diameter of their InAs stems, including any
GaSb shell, into 5 nm cohorts with dstem ( 2.5 nm. The yield of
GaSb segments (visible due to the associated diameter
increase) was evaluated for each cohort. Because of the change
of side facets from {1100} in the wurtzite InAs to {110} in the
zincblende GaSb, the two segments have the shape of hex-
agonal prisms rotated 60� with respect to one another, which
should be taken into account when measuring diameters.34 In
our case the InAs becomes rounded during the GaSb growth,
mainly because of etching due to the As deficient conditions,
which makes the viewing direction less important. In all cases
for GaSb the diameter is here reported as the diameter of the
circle in which the hexagonal cross-section of the segment can
be inscribed.

TEM Characterization. Samples for TEM characterization were
prepared by gently pressing a lacey carbon Cu grid to the
substrate. High resolution TEM (HRTEM) and scanning TEM
(STEM) together with energy dispersive X-ray spectroscopy
(EDX) was used for structural and compositional characteriza-
tion, respectively. The EDX maps used for calculating composi-
tional profiles across the heterojunctions were noise filtered by
a principal component analysis method.37 These profiles were
in turn quantified under the assumption that the V/III ratio in the
solid material is 1, using reference spectra from the pure binary
materials. For the thinnest nanowires, where EDX produced
insufficient signal, the composition was estimated from the
local lattice parameter which was measured using the geo-
metric phase analysis (GPA) method.38 All TEM analysis was
performed on a 300 kV JEOL 3000F microscope.
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