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Realization of conductive InAs nanotubes based on lattice-mismatched
InP/ InAs core-shell nanowires
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Research Center for Integrated Quantum Electronics (RCIQE), Graduate School of Information Science
and Technology, Hokkaido University, North 13 West 8, Sapporo 060-8628, Japan

�Received 15 September 2005; accepted 6 December 2005; published online 5 January 2006�

We report the realization of ordered arrays of single-crystalline InAs nanotubes by a simple
pure-eptiaxial approach. The process involved the fabrication of lattice-mismatched InP/ InAs
core-shell nanowires using selective area metalorganic vapor phase epitaxy on InP �111�A
substrates. The subsequent removal of the InP core resulted in vertically aligned InAs nanotubes
which were highly uniform with well-defined features and controllable dimensions. Transmission
electron microscopy studies confirmed that the nanotubes were single-crystalline with wurtzite
crystal structure and temperature-dependent transport measurements revealed that they were
conductive without any intentional doping. The realization of such conductive InAs nanotubes
opens up new possibilities for both fundamental studies and future device applications. © 2006

American Institute of Physics. �DOI: 10.1063/1.2161576�
Nanoscale tubular structures have attracted extensive in-
terest because of their exceptional physical properties and
potential applications in nanoelectronics.1 Since the advent
of carbon nanotubes, extensive research efforts have been
carried out to synthesize nanoscale tubular structures based
on materials other than carbon. Substances possessing lay-
ered crystal structure have been shown to form nanotubes
under favorable conditions.2–4 Nanotubes from materials
without layered crystal structure5–9 have also been synthe-
sized using various methods, among which, single-
crystalline nanotubes based on semiconductor materials
could serve as ideal building blocks for future miniaturized
electronics. However, the feasibility of employing nanotubes
as device building blocks in practical technological applica-
tions critically requires them to be electrically conductive.
The major obstacle being posed is that most of the semicon-
ductor materials become insulating at the nanometer scale
due to depletion of carriers and further, doping one-
dimensional nanostructures still remains a concern due to the
existence of random dopant fluctuations.10 A potential solu-
tion to circumvent this obstacle is to employ InAs, which is
an exceptional material with superior electrical properties
owing to its Fermi level pinning in the conduction band,
thereby affording the exciting possibility to realize conduc-
tive semiconductor nanotubes. In addition, InAs has excel-
lent properties such as narrow band gap, low electron effec-
tive mass, high-electron mobility, and high-saturation drift
velocity which makes them extremely promising for nanos-
cale electronic, optoelectronic, and more particularly, low
power and ultra high-speed device applications. In spite of
its immense significance, InAs nanotubes have not been re-
alized so far and the fabrication still remains challenging
because of the lack of suitable lattice-matched substrate or
heterostructure to facilitate the design and fabrication of the
desired InAs nanotube.

In this letter, we report the fabrication of single-
crystalline conductive InAs nanotubes. Our application-
oriented approach was based on a single-step epitaxial
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growth of radial heterostructure core-shell nanowire and the
subsequent removal of the inner core, which is similar to the
recently reported AlGaAs nanotube fabrication.9 However, in
case of AlGaAs nanotubes the core-shell nanowire consisted
of the lattice-matched GaAs–AlGaAs material system,
whereas herein, the core-shell nanowire should comprise of
lattice-mismatched materials as there is essentially no lattice-
matched material that could serve as the core to the InAs
shell. In the present work, we chose the InP/ InAs material
system which has a lattice-mismatch of 3.22%. Due to this
lattice-mismatch, the growth of InAs over InP usually results
in the formation of InAs three-dimensional islands via
Stranski-Krastanow �SK� growth mode. While there are re-
ports on axial heterostructure nanowires comprising of InP
segments embedded in InAs nanowires by the vapor-liquid-
solid �VLS� technique,11 there is virtually no report on
InP/ InAs core-shell nanowires. In the present work, we em-
ployed the catalyst-free selective area metalorganic vapor
phase epitaxy �SA-MOVPE� which is a totally different ap-
proach to the conventional metal-catalyst assisted VLS
growth technique by which most of the nanowires are
grown.12 The advantages of SA-MOVPE are that the nano-
wires can be grown without the use of a seed particle and
their size, shape, and position can be precisely
controlled.13–15 Also, nanotubes realized from core-shell
nanowires grown by SA-MOVPE will be of superior crystal-
FIG. 1. Fabrication sequence of InAs nanotube periodic arrays.
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line quality as both the core and the shell are grown by
pure epitaxial method and the catalyst-free, single-step
growth will reduce defects and other unwanted impurity
incorporation.

The fabrication sequence of InAs nanotube array is
shown in Fig. 1. The mask pattern consisted of hexagonal
openings formed on 30 nm SiO2-coated InP �111�A sub-
strates by electron beam lithography and wet chemical etch-
ing. SA-MOVPE growth of InP/ InAs core-shell nanowires
was carried out as a single-step process using a low-pressure
horizontal MOVPE system and the source materials were
trimethylindium �TMI�, tertiarybutylphosphine �TBP�, and
5% arsine �AsH3� in hydrogen. At first, InP nanowire growth
was initiated and after substantial growth, the source materi-
als and growth conditions were altered accordingly to grow
the InAs layer. For InP growth, the growth temperature was
625 ° C, partial pressures of TMI and TBP were 4.4�10−6

and 1.65�10−4 atm, respectively and growth time was 20
min. The InP nanowires grown under these conditions were
of diameter 70 nm and length 2 �m, and possess hexagonal
cross section with distinct �110� vertical facets, the growth
mechanism of which is discussed in detail elsewhere.15 Sev-
eral experiments were carried out to determine the optimum
conditions that could favor layer-by-layer epitaxial growth of
InAs over InP core despite the lattice mismatch, and that too
preferentially along the lateral �110� direction. Systematic
studies revealed that the growth mode of InAs over InP de-
pends on a delicate balance of various factors governed by
strain related thermodynamics and growth kinetic effects.
Growth temperature was found to have a strong influence on
the growth mode and at 510 °C, InAs layer-by-layer growth
via Frank–van der Merwe growth mode occurred along the
InP nanowire sidewall facets thus resulting in the successful
fabrication of InP/ InAs core-shell nanowires. However, the
resultant nanowires were observed to be bent in a random
manner �Fig. 2�a��. Extensive analysis of the bent nanowires
indicated that the lateral growth of the InAs layer over InP
core was not uniform and that the InP core was partially
exposed along the sidewalls. This non uniform growth of the
outer InAs layer combined with the built-in strain of the
lattice-mismatched InP/ InAs epitaxial layers may be attrib-
uted to the bending of the core-shell nanowires. Further ex-
periments revealed that low InAs growth rate was the essen-
tial factor to realize uniform InAs shell growth over InP core.
Growth temperature of 400 °C and TMI and AsH3 partial
pressures of 4.89�10−7 and 6.25�10−5 atm, respectively,

FIG. 2. SEM images of �a� bent and �b� vertically erect InP/ InAs core-shell
nanowires fabricated by SA-MOVPE �scale bars 100 nm�.
were found to be the optimum conditions that resulted in
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uniform and vertically erect InP/ InAs core-shell nanowires
�Fig. 2�b��. The nanowires were periodically aligned and ex-
hibited hexagonal cross section with sixfold symmetric �110�
vertical sidewall facets. The core-shell nanowires were then
subjected to a two-step etching process to realize the InAs
nanotubes. Since the grown nanowires were capped by a thin
InAs layer, anisotropic dry etching involving pure Ar-ion
sputtering was employed to remove their tip in order to ex-
pose the inner InP core at the top end. Subsequently, selec-
tive wet etching using HCl/H3PO4 solution was carried out
to remove the inner core which resulted in vertical-standing
InAs nanotubes.

Scanning electron microscopy �SEM� studies revealed
that the nanotubes were highly uniform with well-defined
size and shape �Figs. 3�a�–3�e��. The length of the nanotubes
was 2 �m with an inner diameter of 70 nm and wall thick-
ness of 10 nm. The remarkable feature is that these dimen-
sions were precisely controllable and tunable by careful
choice of growth conditions thereby enabling the possibility
to realize nanotubes with tailored properties. While the
length depends on the growth time of the InP core, the inner
diameter can be controlled by the mask opening width and
InP growth parameters. Nanotube thickness was found to di-
rectly depend on the InAs growth time, making use of which
nanotubes with different thickness were fabricated. Both the
inner and outer walls of the nanotubes exhibited perfect hex-
agonal cross section with distinct sixfold symmetric �110�
vertical facets normal to the �111�A plane. The lithography
defined mask patterning and high selectivity provided site
control of individual nanotubes resulting in the formation of
highly uniform, periodic arrays of InAs nanotubes. These
periodically aligned and vertically oriented nanotubes can
eliminate the difficulty of the lithographic steps involved in
pick-and-place approach and thus can facilitate the
bottom-up assembly of three-dimensional complex nano-
structures by utilizing the recently emerged process
technologies to integrate as-grown one-dimensional

16

FIG. 3. SEM images of InAs nanotube periodically aligned arrays. �a� Ver-
tically aligned InAs nanotube ordered array on InP �111�A substrate. �b�
Magnified image of a single vertical standing InAs nanotube showing its
tubular nature. �c� Low-angle view of a typical high-dense nanotube array.
�d� Low-angle inclined, high-resolution image revealing the hexagonal cross
section and sixfold symmetric �110� vertical facets �e� Horizontal lying InAs
nanotube with top end closed in which case the InP core was selectively
etched from the bottom end. The inlet shows the magnified image of the
tube opening.
nanostructures into devices.
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The grown nanotubes were subjected to transmission
electron microscopy �TEM� for further structural analysis.
TEM analysis indicated that the InAs nanotubes were of tu-
bular nature with uniform wall thickness �Fig. 4�a��. The
diameter and wall thickness of the nanotubes observed using
TEM were consistent with the SEM studies. The lattice re-
solved data and electron diffraction measurements confirmed
the single crystallinity of the grown nanotubes and the crys-
tal structure was hexagonal wurtzite rather than the usual
zinc-blende structure �Figs. 4�b� and 4�c��. In order to find
the origin of this wurtzite crystal structure, TEM analysis
was carried out on InP as well as InP/ InAs core-shell nano-
wires and both exhibited wurtzite structure. In general, nano-
wires grown along the �111� direction are either zinc blende
with a high concentration of stacking faults, or polytypes
with intermixed zinc blende and wurtzite structures.17 But in
the present case, the �111� A-grown InP nanowires were
found to be purely wurtzite. This may be due to the perfect
periodic occurrence of a rotational twin or intrinsic stacking
fault on every third �111� layer of the zinc-blende InP. As the
epitaxial growth of InAs proceeds over InP, the crystal struc-
ture continues across the heterointerface thereby resulting in
wurtzite crystal structure for InP/ InAs core-shell nanowire
and the resultant InAs nanotube. The lattice constant c of the
nanotube was found to be 6.9 Å which is in agreement with
the theoretical calculations for bulk InAs.18 To characterize
the electrical properties of the grown nanotubes,
temperature-dependent two-terminal transport measurements
on individual nanotubes were performed. Figure 4�d� shows
the typical temperature-dependent current-voltage �I–V�

FIG. 4. �a� TEM, �b� high-resolution TEM �HRTEM� images, and �c� elec-
tron diffraction pattern of a typical InAs nanotube. �d� Temperature-
dependent I–V curves of an undoped InAs nanotube. SEM image of electri-
cally contacted nanotube is shown in the inset �scale bar 1 �m�.
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curves obtained from individual undoped InAs nanotube.
The nanotubes exhibited good ohmic characteristics from
room temperature down to 20 K. The two-terminal resistance
at room temperature was as low as 25 k� and the resistance
was found to increase with a decrease in temperature. Thus
the results evidently indicate that the nanotubes were electri-
cally conductive without any intentional doping. Such con-
ductivity in InAs nanotubes could be attributed to the effect
of the Fermi level pinning in the conduction band because of
which there is an accumulation of carriers at the surface.
While in other semiconductors, the surface Fermi level is
pinned in the band gap resulting in surface depletion, the
presence of the surface accumulation layer in InAs makes it
electrically conductive even for nanometer scale structures
without any intentional doping.19

In summary, we have fabricated single-crystalline, con-
ductive InAs nanotubes based on lattice-mismatched
InP/ InAs core-shell nanowires grown by selective area
MOVPE. The realized nanotubes were highly uniform, ver-
tically oriented, and reproducibly identical with well-defined
features and controllable dimensions and with perfect posi-
tioning in predetermined configurations. The nanotubes were
single crystalline with wurtzite crystal structure and the un-
doped nanotubes exhibited electrical conductivity. Realiza-
tion of such conductive nanotubes based on a conventional
semiconductor material with controllable and tunable fea-
tures offers significant potential for a wide range of innova-
tive nanodevice applications.
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