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In this study, we designed a simple method to achieve the growth of defect-free thin InAs nanowires
with their lateral dimension well below their Bohr radius on different substrate orientations. By
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depositing and annealing a thin layer of Au thin film on the (100) substrate surface, we have achieved the
growth of defect-free size-uniformed thin InAs nanowires. This study provides a strategy to achieve the

growth pure defect-free thin nanowires.
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Introduction

III-V semiconductor nanowires have attracted extensive attentions in
the recent decades due to their distinct physical properties and hence
potential applications in nanoelectronics and optoelectronics.'” As a
key III-V semiconductor, InAs has attracted tremendous research
interest due to its narrow bandgap, high electron mobility, small
electron effective mass, and low-resistance ohmic contact.*® The
combination of these unique features and the distinct characteristics
of thin nanowire have made InAs thin nanowires a promising
candidate for applications in single-electron transistors, resonant
tunnelling diodes, and ballistic transistors.””

Generally speaking, the most typical techniques to grow epitaxial

III-V nanowires are metal-organic chemical vapor deposition,'®?

1316 and chemical beam epitaxy'’

molecular beam epitaxy (MBE)
through the vapor-liquid-solid mechanism'® or vapor-solid-solid
mechanisms.'® 2° From their structural point of view, although the
zinc-blende structure is energetically favorable for the III-V bulk
materials, III-V nanowires can adopt the wurtzite structure as well
due to its low surface energy.”! Consequently, III-V nanowires tend
to contain planar defects due to their small energetic differences of
the stacking sequences in zinc-blende and wurtzite structures along
their growth directions of <111>/<0001>.** For nanowires to be
practically useful, it is critically important to control their structural
quality. Both theoretical prediction’’ and experimental results™2®
have shown that thin nanowires prefer to form wurtzite structure.
Therefore, small catalysts provide a strategy to improve the wurtzite
structural quality of nanowires. Inspired by this idea, Shtrikman et
al* employed different substrate orientations in order to form small
catalysts due to their different uneven substrate surfaces. However,
the induced GaAs nanowires contained much larger diameters in

their bottom due to possible nanowire lateral growth, and hence the
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thin GaAs nanowires with defect-free wurtzite structure have not

been yet achieved. On the other hand, Pan et al?

proposed that a
two-step catalyst thin film annealing procedure consisting of a low-
temperature annealing for 10 hours and a high-temperature annealing
for 20 min. Under this long-period of annealing process, small Ag
catalysts with uniform sizes were achieved to induce the growth of
thin nanowires. However, there are also many irregular
nanostructures grown simultaneously with the nanowires. In
addition, this long annealing process is time-consuming.

Although Au catalysts may affect the performance of III-V

nanowires>®

and great progress has been made to explore the
possibility of catalyst-free growth of III-V nanowires,”>' Au-
assisted catalytic growth is still considered as an easy and cost-
efficient approach to induce III-V nanowires. Based on our previous
study,* we demonstrated that by depositing and annealing a
comparatively thick Au catalyst film, both thin and thick InAs
nanowires were induced simultaneously on the substrate due to the
Ostwald ripening effect.’? The thin nanowires have defect-free
wurtzite thick
nanowires tend to contain planar defects along their growth

structure, while those simultaneously grown
directions. In addition, our detailed investigations indicated that Au
thin film thickness and annealing temperature have great effect on
the catalyst size and catalyst density, that is, thin Au film thickness
and low annealing temperature lead to the formation of small
catalyst droplets with relatively high density.> In this regard, it is
necessary to achieve the growth of defect-free and size-uniformed
thin InAs nanowires. This is particularly essential for the lateral
dimension of the thin nanowires is comparable to and/or smaller than
the InAs Bohr radius (~34 nm),* in which the quantum confinement

effects can be expected in these thin nanowires.
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In this study, we demonstrate a simple approach to grow defect-
free and size-uniform thin InAs nanowires by depositing and
annealing a thin Au film into catalysts with small sizes. Based on our
detailed structural characterization, the fundamental reason behind of
our success of securing defect-free thin InAs nanowires on the (100)
substrate is presented.

Experimental

The InAs nanowires were simultaneously grown on the GaAs (111)
and (100) substrates in a Riber 32 MBE system using a thin Au film
as catalysts. Both substrate surfaces were first degassed in the MBE
preparation chamber at 250 °C, then transferred to the growth
chamber to be thermally deoxidized at 580 °C. After that, a thin
GaAs buffer layer was grown on each of GaAs substrates at 560 °C
to achieve atomically flat surface. Both substrates were then
transferred back to the preparation chamber, and a ~ 0.5 nm thick
thin Au layer was deposited on the top of the GaAs buffer layer by
vacuum thermal evaporation. The Au-coated GaAs substrates were
finally transferred to the growth chamber, and annealed at relatively
low temperature of 500 °C for 5 min under As ambient to
agglomerate the Au thin film into nanoparticles. The thin Au film
transforming into nanoparticles is a simple and cost-efficient
approach to prepare Au catalysts.’> *® After the annealing, the
substrate temperature was lowered to 350°C and the indium source
was introduced to initiate the InAs nanowire growth with a V/III
ratio of ~20.

The morphological characteristics of the as-grown InAs
nanowires and substrate surfaces were investigated by scanning
electron microscopy (SEM, JEOL 7800F, operated at 10 kV), and
their detailed structural characteristics were investigated by
transmission electron microscopy (TEM, Philips Tecnai F20,
operated at 200 kV). Individual nanowires for TEM investigation
were prepared by ultrasonicating the as-grown nanowire samples in
ethanol and then dispersing individual nanowires onto the holey
carbon films supported by Cu grids.

Results and discussion

Fig. 1 shows the SEM investigations of InAs nanowires grown on
GaAs substrates with different orientations. Fig. la is a top-view
SEM image of nanowires grown on the (111)g substrate, in which
both white dots and inclined nanowires with irregular morphology
can be observed. To understand the growth status of these
nanostructures, side-view SEM investigation was performed. An
example is shown in the Fig. 1b, in which the length of nanowires
can be estimated as ~4 um and the density of the nanowires can be
established as ~7/pm” As can be seen, apart from some thin free-
standing vertical nanowires, the majority of nanowires (> 90%) tend
to stick to each other, leading to irregular morphology. Both top-
view and side-view SEM analysis indicate that the nanowire density
is very high. Based on our previous investigations,™ a low-
temperature annealing of a thin Au film can lead to the formation of
a high density of catalyst droplets with small diameters, while a
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high-temperature annealing of a thick Au film then result in the
formation of a low density of catalyst droplets with large diameters.
In this regard, the thin nanowires with a high density grown on the
GaAs (111)p substrate can be attributed to the effects of annealing a
thin Au catalyst film.

Similar SEM investigations were performed on the nanowires
grown on the GaAs (100) substrate. Fig. 1c is a top-view SEM
image, in which nearly all the nanowires were inclined with respect
to the substrate surface, and the nanowire morphology is much better
than their counterparts grown on the GaAs (111)g substrate. Fig. 1d
is a cleavage side-view SEM image, in which the majority of
nanowires were inclined with respect to the substrate surface and
vertical nanowires can be occasionally observed as well. Based on
crystallography and the angle between the inclined nanowires and
substrate normal, the growth direction of those inclined nanowires
can be determined as two equivalent <111> directions, while those
vertical nanowires have their growth direction being <100>. The
lengths of these nanowires can be established as ~3.5 pm for <111>
nanowires and ~2 pm for <001> nanowires. It can be noted that the
density of nanowires grown on the GaAs (100) substrate is ~2/pm>,
which is much lower than that on the (111)g substrate. Since thin
nanowires tend to be bent easily, when the nanowire density is high,
those bending nanowires may stick to each other, and leads to the
formation of irregular morphology.’” Therefore, the low nanowire
density is responsible for the better nanowire morphology.

S AR L RIS

Fig. 1 (a, b) Top-view and side-view SEM images of InAs nanowires grown on the
(111)p substrate, respectively. (c, d) Top-view and side-view SEM images of InAs
nanowires grown on the (100) substrate, respectively. All the scale bars
represent 1 pm.

To understand the morphology and structural characteristics of
these thin free-standing nanowires, detailed TEM investigations
were performed. Fig. 2a shows the overview of a typical vertical
nanowire grown on the GaAs (111)g substrate, in which the
nanowire has an uniform and small diameter (~20 nm), and no
tapering caused by the nanowire lateral growth'® was observed. To
understand their crystal structure and structural quality, high-
resolution TEM (HRTEM) investigations were carried out on the
entire nanowire. Fig. 2b shows a typical low-magnified HRTEM
image taken from the middle of the nanowire, from which no lattice
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defects can be observed in a large section of the nanowire. Fig. 2c is
a HRTEM image taken from a section of Fig. 2b, in which the
nanowire shows perfect wurtzite structure. By examining over a
dozen of vertical nanowires, the uniform thin nanowire morphology
and the defect-free wurtzite structure nature can be confirmed in all
cases.

Similar TEM investigations were also performed on the nanowires
grown on the GaAs (100) substrate. Fig. 2d shows the overview of a
typical nanowire with uniform diameter of ~20 nm, which has the
same size as those vertical nanowires grown on the GaAs (111)g
substrate. Detailed HRTEM investigations shown in Fig. 2e and 2f
indicate that such a thin nanowire has defect-free wurtzite structure
as well along the entire nanowire. To confirm the morphology and
structural characteristic, we examined over a dozen of nanowires
grown on the GaAs (100) substrates, and we found that all the
examined nanowires have uniform thin morphology with the defect-
free wurtzite structure.

Based on these experimental results, the InAs nanowires have
small diameter (20 + 2 nm) with uniform morphology, and such thin
nanowires have defect-free wurtzite structure which is well
with prediction®' previous
observations.”* These results indicate that the growth of thin InAs
nanowires with defect-free structure have been successfully achieved
in this study.

consistent theoretical and our

Fig. 2 TEM investigations of InAs nanowires grown on two different substrates.
(a-c) Overview, low-magnified HRTEM image, HRTEM image of vertical nanowire
grown on the (111)s substrate, respectively. (d-f) Overview, low-magnified
HRTEM image, HRTEM image of nanowire grown on the (100) substrate,
respectively.
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Interestingly, the nanowire density is low for InAs nanowires
grown on the GaAs (100) substrate than that on the GaAs (111)
substrate, and in turn the nanowire morphology is much better. To
understand the reason of difference of nanowire densities when they
are grown in different substrates, detailed surface morphology of the
GaAs (100) substrate was investigated by SEM. Fig. 3a shows a
magnified top-view SEM image, from which the low nanowire
density characteristic can be confirmed. In addition to those inclined
nanowires, many white dots (marked) can be observed as well, and
these dots may be related to the projection of vertically grown
nanowires or the catalysts stayed stationarily on the substrate
surface. To distinguish them, the SEM specimen was tilt to 10° and
the corresponding SEM image is shown in Fig. 3b. As can be noted,
few of those dots in the top-view SEM image become elongated,
suggesting that they are the vertically grown nanowires (marked as
yellow square in Fig. 3a and yellow rectangle in Fig. 3b), which is
consistent with our side-view SEM image (refer to Fig. 1d).
However, most of the dots in the top-view SEM image were shown
as dots in the tilted SEM image (referred to red arrows in Fig. 3b),
suggesting that these catalysts indeed stayed stationarily on the
substrate surface and they failed to induce nanowire growth. On this
basis, the formation of lower nanowire density can be understood by
the fact that many catalysts failed to induce nanowire growth.
Consequently, better nanowire morphology can be achieved when
they are grown on the (100) substrate due to the lower nanowire
density.

Fig. 3 SEM investigations on the nanowires grown on the (100) substrate from
the same area. (a) top-view SEM image. (b) 10° tilted SEM image. All the scale
bars represent 1 um.

This journal is © The Royal Society of Chemistry 2012

As mentioned earlier, vertical <100> nanowires grown on the
(100) substrate were occasionally observed, so that their structural
quality should be examined. Fig. 4a is a bright-field TEM image of a
typical <100> nanowire, and shows that vertical <100> nanowire has
similar catalyst size (~20 nm) as those wurtzite structured <0001>
nanowires. To understand their crystal structure and structural
quality, HRTEM investigations were performed along the entire
nanowire. Fig. 4b shows a typical low-magnified HRTEM image
showing no lattice defects in a large section of nanowire, and Fig. 4c
is a HRTEM image taken from a section of Fig. 4b, in which the
nanowire is confirmed to grow along the <100> growth direction
and have defect-free zinc-blende structure. The defect-free structural
quality can be explained by the fact that nanowires grown on non
<111>/<0001> directions with non {111}/{0001} nanowire/catalyst

J. Name., 2012, 00, 1-3 | 3
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interfaces tend to be defect-free due to their required high energy
barriers for the creation of stacking faults in <100> nanowires.*> *

500 nm

Fig. 4 TEM investigation of <100> nanowires grown on the (100) substrate. (a-c)
Overview, low-magnified HRTEM image, HRTEM image, respectively.

Nanoscale

(110) substrate. It can be noted that the nanowire morphology is not
comparable with that on the (100) substrate, which is due to the high
density of thin nanowires grown on the (211), and (110) substrate.
Our extensive SEM (refer to Fig. 5) and TEM investigations
confirmed that all those nanowires with regular morphology are thin
(~20 nm) and adopt defect-free wurtzite structure (results not shown
here). Specifically, when the growth was conducted on the (100)
substrate surface, we can achieve the growth of defect-free wurtzite
structured thin InAs nanowires with well-controlled nanowire
morphology. These results suggest that the substrate orientation
provide a strategy to control the morphology of nanowires.

To understand the formation of such vertical <100> nanowires,
and the failure of some catalysts to induce nanowire growth, when
InAs nanowires are grown on the GaAs (100) substrate, we note the
following two facts. It has been well demonstrated*® *! that, (1) if the
nanowire growth was conducted without the catalyst annealing
process, vertical <100> nanowires can be induced from the intact
Au/(100) interface on the (100) substrate when the critical
supersaturation is reached. (2) If the growth was conducted with
high temperature annealing process, the Au catalyst will etch into the
substrate surface, and develop the low-energy {111} interface
between the Au catalyst and (100) substrate surface, leading to the
formation of <111>/<0001> nanowires on the (100) substrate. Under
our growth condition, compared to the high annealing temperature
(600 °C) on the (100) substrate which leads to the growth of very
high nanowire density,* the annealing temperature (500 °C) in our
this
interface may have not been well

work is relatively low. In the formation of
{111}

developed for all catalysts. In addition, due to the relatively low

regard,
Au/semiconductor

growth temperature, it is expected that the chance of In atoms
diffusing into the Au catalysts is low due to small diffusion length of
group-1II atoms on the (100) surface plane compared to that on the
(111)g surface plane,” and hence it is anticipated that less catalysts
have reached the supersaturation level required for the nanowire
growth.* In this regard, only those catalysts have reached the
supersaturation level and have formed well-developed interface with
semiconductor surface can induce the nanowire growth since the
formation of catalyst/nanowire interface is critical to the nanowire
growth.** * Therefore, as a result of the low nanowire density, the
morphology of thin nanowires grown on the (100) substrate can be
greatly improved compared to that grown on the (111)g substrate.
Based on these experimental results and discussion outlined
above, we anticipate that by depositing a thin layer of Au thin film
on the substrate surface and adopting a relatively low annealing
temperature, the growth of thin defect-free InAs nanowires have
been successfully achieved on both GaAs (111)g substrate and (100)
substrate. To test this growth strategy, we repeated the nanowire
growth on other substrate orientations such as (211), substrate and

4| J. Name., 2012, 00, 1-3

Fig. 5 (a, b) Top-view and side-view SEM images of InAs nanowires grown on the
(211)4 substrate, respectively. (c, d) Top-view and side-view SEM images of InAs
nanowires grown on the (110) substrate, respectively. All the scale bars
represent 1 pm.

Conclusions

In conclusion, we present a simple method to achieve the growth of
defect-free and size-uniformed thin InAs nanowires with their lateral
dimension well below their Bohr radius. By depositing and
annealing a thin layer of Au thin film on the (100) substrate surface,
the synthesized thin InAs nanowires have defect-free nanowire
structure.
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