NANO
E T T E R S pubs.acs.org/NanolLett

Controlled Synthesis of Phase-Pure InAs Nanowires on Si(111) by
Diminishing the Diameter to 10 nm

Dong Pan,T Menggi Fu,i Xuezhe Yu,T Xiaolei Wang,Jr Lijun Zhu,Jr Shuaihua Nie,Jr Siliang Wang,Jr
Qing Chen,* Peng Xiong,§ Stephan von Molnar,® and Jianhua Zhao*"

"State Key Laboratory of Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences, Beijing
100083, China

*Key Laboratory for the Physics and Chemistry of Nanodevices and Department of Electronics, Peking University, Beijing 100871,
China

§Depalrtment of Physics, Florida State University, Tallahassee, Florida 32306, United States

© Supporting Information

ABSTRACT: Here we report the growth of phase-pure InAs nanowires
on Si (111) substrates by molecular-beam epitaxy using Ag catalysts. A
conventional one-step catalyst annealing process is found to give rise to
InAs nanowires with diameters ranging from 4.5 to 81 nm due to the
varying sizes of the Ag droplets, which reveal strong diameter dependence
of the crystal structure. In contrast, a novel two-step catalyst annealing
procedure yields vertical growth of highly uniform InAs nanowires ~10 nm
in diameter. Significantly, these ultrathin nanowires exhibit a perfect
wurtzite crystal structure, free of stacking faults and twin defects. Using
these high-quality ultrathin InAs nanowires as the channel material of
metal-oxide-semiconductor field-effect transistor, we have obtained a high
Ion/Iorr ratio of ~10° which shows great potential for application in
future nanodevices with low power dissipation.
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S emiconductor nanowires have attracted increasing interest example, 20 nm, is one of the effective methods to obtain
in recent years since they show great potential to be used as excellent crystal phase purity for InAs nanowires.*>** Such thin
building blocks for nanophotonics, nanoelectronics, and nanowires show unique physical properties and potential
biosensing devices.'™® As a technologically important III-V applications in future nanodevices and nanocircuits.>***
semiconductor, nanowires of InAs are promising candidates for Nevertheless, to the best of our knowledge, using approaches
applications in single-electron transistors,” resonant tunneling mentioned above, high-quality InAs nanowires have only been
diodes,® and ballistic transistors’ due to their very high electron realized on substrates of III—V semiconductors rather than Sj;
mobility and narrow band gap. To date, much work has been controlling of the quality of InAs nanowires on Si substrates in
done to grow InAs nanowires on various substrates.'’ '* terms of the crystal structure still remains a challenge.

Among them, InAs nanowires grown on Si substrates are of In this Letter, we present Ag-catalyzed growth of high-quality
particular significance and have been investigated by many InAs nanowires on Si (111) by molecular-beam epitaxy (MBE).
groups'* ™ since it may enable nanowire electronic devices It is found that the crystal structure of InAs nanowires varies
with seamless integration with the Si platform. However, InAs strongly with the diameter. A pure WZ phase InAs nanowire
nanowires usually exhibit random mixtures of wurtzite (WZ) can be achieved for the nanowires with smaller diameters (<48
and zinc-blende (ZB) crystal structures, which deteriorates the nm), but these nanowires densities are very low, and nanowire
electrical properties of the InAs nanowires>’ and may pose diameters are difficult to control since the conventional catalyst
problems in future nanoelectronic devices due to electron annealing process leads to large variations of Ag droplet size.
scattering at stacking faults or twin planes.22'23 Therefore, To solve this problem, we develop a two-step catalyst annealing
achieving phase purity in InAs nanowires is a necessity for process, which produces Ag nanoparticles of uniform size.
many device applications. So far, several approaches have been Consequently, InAs nanowires with an average diameter of 10
proposed to grow high-quality InAs nanowires, such as tailoring nm have been grown normal to the Si substrate surface with a

the basic growth parameters,”* > varying the nanowire growth
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direction,® and changing the nanowire diameter. Received: November 3, 2013
particular, theoretical and experimental studies demonstrated Revised:  January 24, 2014
that controlling the diameter down to a certain value, for Published: February 14, 2014
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perfect WZ crystal structure, free of stacking faults and twin
defects. Such ultrathin InAs nanowires are used as the channel
materials to produce high-performance metal-oxide-semicon-
ductor field-effect transistors (MOSFET) with a high Ion/Iopr
ratio (~ 106).

InAs nanowires were grown by MBE (VG system) based on
a Ag-catalyzed nanowire growth method.** Commercial n-type
Si (111) wafers were used as the substrates. Before loading the
Si substrates into the MBE chamber, they were immersed in a
diluted HF (2%) solution for 1 min to remove the surface
contamination and native oxide. For catalyst deposition, we
used a Ag effusion cell attached to the III—V growth chamber.
This configuration enabled us to deposit the catalyst on a
chemically clean surface and at the same time to control the
substrate temperature and monitor the deposition process with
reflection high-energy electron diffraction. All of the Ag layers
(0.5—2 nm) were deposited at room temperature and then
annealed in situ by using the substrate heater of the MBE
system to generate Ag nanoparticles. In this work, two different
catalyst annealing processes were used, and the resulting InAs
nanowires were compared, which will be discussed in detail
below. A range of growth parameters (growth temperature and
V/II flux ratio) were explored for the Ag-catalyzed InAs
nanowire growth, and optimum growth conditions were
identified. We found that InAs nanowires can be grown over
a temperature range from 380 to 530 °C (see Supporting
Information, Figure S1). The nanowire density and the growth
rate as well as their morphology vary with the changing V/III
flux ratio. The density and the growth rate of the nanowires
increase substantially with decreasing the V/III flux ratio from
80 to 10 (by keeping the As flux constant and increasing the In
flux, see Supporting Information, Figure S2). In addition, a
significant lateral growth of the nanowires can be observed
when a low V/III flux ratio (<20) is used. The optimum
growth temperature and V/III ratio are 505 °C and 30,
respectively. All of the InAs nanowires investigated below were
grown under the optimum growth conditions for 40 min.
Growth was terminated by switching off In supply while
maintaining As supply until the substrate was cooled down
below 300 °C. The morphologies of the InAs nanowires were
investigated by a scanning electron microscope (SEM) (a Nova
NanoSEM 650). The crystal structure of the nanowires was
characterized by FEI Tecnai F20 and F30 transmission electron
microscopes operated at 200 kV and 300 kV, respectively. For
high-resolution transmission electron microscope (HRTEM)
analysis, nanowires were removed from the growth substrate via
sonication in ethanol and then drop-cast onto lacey carbon
grids. The chemical composition of the nanowires and seed
particles was evaluated by scanning TEM (STEM), operating in
both the line scan and point analysis mode.

For the electrical characterization of the ultrathin nanowires,
we fabricated back-gated field-effect transistors. The as-grown
InAs nanowires were transferred onto a p*-doped Si substrate
covered by 300 nm thermally grown SiO,. Nanowires with a
diameter about 10 nm were identified and located using SEM.
Then the samples were spin-coated with PMMA, and patterns
of the contact electrodes were defined by electron beam
lithography. Before depositing metal, the oxide layer covering
the InAs nanowires was removed by etching the sample in a
solution of (NH,),S,:H,0 = 1:39 for 3 min followed by rinsing
in water. A Cr/Au (15 nm/4S nm) film was then evaporated
followed by lift-off in acetone. Finally, the samples were coated
with 10 nm of Al,O; by atomic layer deposition at 250 °C. The
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electrical properties of the FETs were measured on a probe
station using a semiconductor parameter analyzer at room
temperature.

InAs nanowires were first grown using the conventional one-
step catalyst annealing process. As shown in Figure 1a, the Ag
nanoparticles were generated by annealing a thin Ag film at a
high temperature (600—650 °C) directly. From the SEM image
of a pregrowth Si (111) substrate, onto which was deposited a
Ag film of average thickness of 0.5 nm and subjected to the
one-step annealing, the Ag droplets have a size distribution
ranging from a few nanometers to about one hundred
nanometer (Figure 1b) resulting from the Ostwald ripening.>’
The inset in Figure 1b shows the corresponding side-view SEM
image of the Ag-catalyzed InAs nanowires. InAs nanowires with
different diameters can be observed on the same sample due to
the inhomogeneous size of the Ag droplets. Notably, those
ultrathin wires grew perpendicularly to the substrate surface,
that is, along the [111] direction, while the thick nanowires in
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Figure 1. (a) Schematic illustrations of the temperature sequence for a
one-step Ag annealing process and the subsequent InAs nanowire
growth; (b) SEM image of the pregrowth Ag droplets distribution on a
substrate with a starting Ag film of average thickness of 0.5 nm (top
view). Inset shows corresponding SEM image of the InAs nanowires
(side view).

our sample exhibited random growth directions. It is also worth
noting that the density of ultrathin wires was very low, which
was probably caused by the very low density of small Ag
droplets (Figure 1b) owing to the Ostwald ripening, based on
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Figure 2. Evolution of the crystal structure (from WZ to ZB) with diameter of the Ag-catalyzed InAs nanowires grown on a substrate with Ag
catalysts prepared by the one-step annealing process. (a) 4.5 nm; (b) 11 nm; (c) 26 nm; (d) 48 nm; (e) 72 nm; (d) 81 nm.

which the bigger droplets form by consuming smaller ones in
the neighborhood. The length of the ultrathin nanowires in our
sample varies from 1 to 3 ym, while those of the large diameter
wires are shorter (<1 ym). Also, the density of the ultrathin
nanowires decreases as the annealing temperature increases
from 600 to 650 °C (not shown here). The size distribution of
the InAs nanowires has no discernible differences. For the
synthesized nanowires, both EDX line scans and point analysis
indicate that the nanowire contains In and As and the catalyst
particle is composed of Ag and In (see Supporting Information,
Figure S3).

To determine the structural characteristics of the Ag-
catalyzed InAs nanowires grown by means of the one-step
catalyst annealing process, TEM measurements were performed
on the wires grown along the [111] direction. Figure 2 shows
TEM images of several InAs nanowires with diameters ranging
from 4.5 to 81 nm. One can see from Figure 2a that the
nanowire with a diameter of 4.5 nm has a pure WZ crystal
phase with no stacking faults or other defects. To the best of
our knowledge, this is the first report of successful growth of
InAs nanowires with a diameter in the sub-S nm range.
Increasing the diameter slightly up to 11 nm (Figure 2b), 26
nm (Figure 2c), and until to 48 nm (Figure 2d), the structure
remains pure WZ. For larger diameters (72 nm; Figure 2e), the
structure is composed of a mixture of the WZ and ZB phases.
Finally, for even larger diameters (81 nm, Figure 2f), a
transition to ZB is observed. Our results are consistent with the
theoretical work®®* and experimental results’>*® on -V
substrates. That is, for small diameters, the InAs nanowires
exhibit a pure WZ structure, and there is a crossover to the ZB
structure when the diameter increases. In our experiment, we
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found pure WZ structure in the InAs nanowires with diameter
up to 48 nm, and this value is larger than the values reported in
the literature.”>* This may be attributable to the different
growth method and growth parameters used, and the strong
radius dependence of the WZ probability might be related to
the difference of supersaturation during nanowire growth as
reported in GaAs nanowires.** For those InAs nanowires grown
along the non-[111] directions, pure WZ structured nanowires
are observed with growth along [0—110] direction (see
Supporting Information, Figure S4).

Although pure WZ InAs nanowires have been realized in our
sample by the one-step catalyst annealing process, the diameter
of the nanowires vary over a broad range. From previous
studies®>?® and the results mentioned above, it is clear that the
nanowire diameter has a significant effect on its crystal structure
and consequently could impact the electronic properties
greatly.*" Moreover, it is well-known that any well-controlled
method to shrink the dimensions of nanoelectronic compo-
nents could result in significant progress in the semiconductor
microelectronics technology. Therefore, the ability to con-
sistently grow ultrathin nanowires of uniform size, structure,
and electronic properties is of great importance. However, it
has been difficult to realize ultrathin InAs nanowires with a
uniform morphology on a large scale, since the conventional
annealing method is not well suited for preparation of a
homogeneous catalyst film with a thickness less than one
nanometer owing to Ostwald ripening. To address this issue,
we developed a novel two-step catalyst annealing process to
synthesize single-crystal ultrathin InAs nanowires. In the so-
called two-step catalyst annealing process, the Ag film was first
annealed at 200 °C for 10 h in the sample preparation chamber
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Figure 3. (a and b) Schematic illustrations of the temperature
sequence for a two-step Ag annealing process and corresponding SEM
images of the resulting pregrowth Ag droplets from a starting Ag film
of an average thickness of 0.5 nm (top view), respectively.

and then annealed again at a higher temperature in the growth
chamber to dewet the Ag film into nanoparticles (Figure 3a).
Through this procedure, homogeneous Ag nanoparticles with
small and uniform diameters were obtained, as shown in Figure

Figure S. TEM images of a Ag-catalyzed ultrathin InAs nanowire. (a)
A representative ultrathin InAs nanowire with the inset showing a
magnified view of the catalyst region; (b, ¢, and d) HRTEM images
taken from the bottom, center, and top of the nanowire, respectively.
The inset is the fast Fourier transform of (b).

3b. We conjecture that the strain release of the thin Ag film
during the low temperature annealing process is one of the
possible reasons for the formation of small Ag nanoparticles,
while the exact mechanism remains to be determined.

Figure 4 shows SEM images of ultrathin InAs nanowires
grown with Ag-catalyst templates prepared via the two-step
annealing process. The average deposited Ag thicknesses were
0.5—2 nm. Each template was first annealed at 200 °C for 10 h
and then annealed at a different higher temperature for 20 min.
As shown in Figure 4a—d, ultrathin InAs nanowires oriented
perpendicular to the substrate surface were obtained with
substrates of Ag film thicknesses from 0.5 to 2 nm and annealed
at 600—650 °C. The resulting nanowires had an average
diameter and height of ~10 nm (ranging from 7 to 13 nm, see

(a) Ag 0.5nm T, =600°C

(c) Ag0.5nm T,=650°C

(d) Ag2nm T =650°C

Figure 4. SEM images (side view) of Ag-catalyzed ultrathin InAs nanowires grown on substrates with starting Ag film thicknesses of 0.5—2 nm. The
Ag films were first annealed at 200 °C for 10 h in the sample preparation chamber and then annealed at different temperatures for 20 min in the
growth chamber. (2) Ag 0.5 nm, T Annealing (T,) = 600 °C; (b) Ag 1 nm, T, = 600 °C; (c) Ag 0.5 nm, T, = 650 °C; (d) Ag 2 nm, T, = 650 °C.
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Figure 6. Output and transfer characteristics of an FET based an ultrathin InAs nanowire: (a) Current as a function of source-drain voltage for
backgate voltages of 0, 1, 3, and S V. (b) Modulation of the current through the nanowire at a source—drain bias voltage V= 100 mV by the voltage
applied to the backgate. The inset is an SEM image of the ultrathin InAs nanowire with Cr/Au source—drain contacts.

Supporting Information, Figure SS) and 2 ym (ranging from 1
to 3 um), respectively. It is clear that the nanowire density can
be controlled by the Ag film thickness and annealing
temperature. When increasing the Ag film thickness from 0.5
nm (Figure 4a) to 1 nm (Figure 4b) or increasing the annealing
temperature from 600 °C (Figure 4a) to 650 °C (Figure 4c),
the InAs nanowire density increases significantly owing to the
increased Ag nanoparticle density. Obviously, the higher
annealing temperature is favorable to generating higher Ag
nanoparticle density. However, when the annealing temper-
ature exceeded 690 °C an opposite trend was observed: the
density of the ultrathin wire decreased with increasing
annealing temperature (see Supporting Information, Figure
S6). Moreover, some self-assisted InAs nanowires with
diameters over S0 nm appeared among the ultrathin InAs
nanowires. A further increase in the annealing temperature to
750 °C leads to the disappearance of the ultrathin InAs
nanowires, but a very high density of self-assisted InAs
nanowires grew on the substrate. The decrease in the ultrathin
InAs nanowire density at higher annealing temperatures is
attributed to the vaporization of Ag nanoparticles. Although the
melting and evaporation temperatures of bulk Ag are much
higher than the annealing temperatures investigated, the
melting and evaporation temperatures of Ag particles at
nanoscale dimensions dramatically decrease with their
size.*”* This phenomenon is also observed in Au-activated
InAs nanowires.'> From the above results, to obtain ultrathin
InAs nanowires with a high density and over large scale, the
optimum condition for the thickness of Ag film and annealing
temperature are 2 nm and 650 °C, respectively (the SEM image
for the larger scale ultrathin nanowires grown under this
condition is shown in Supporting Information, Figure S7). We
also found that some “bulk” material (i.e, InAs crystallites
forming a discontinuous layer) is present on the substrate
which is often observed in MBE InAs nanowire growth'** and
could be eliminated by further optimizing the growth
parameters.

Self-assisted InAs nanowires show high density of stacking
faults and twin defects as revealed in the TEM images (see
Supporting Information, Figure S8), while for the ultrathin
InAs nanowires, TEM micrographs once again demonstrate the
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high crystalline quality. The HRTEM images taken from the
bottom, middle, and top of a typical ultrathin nanowire are
presented in Figure Sb—d, respectively. Clearly, the nanowire is
completely free of stacking faults and twin planes. The pure
WZ crystal structure is confirmed by fast Fourier transform of
the TEM image taken from the bottom of the nanowire (see
inset of Fi§ure Sb). Unlike the gold-catalyzed GaAs and InAs
nanowires,”*** a change from WZ to ZB stacking was not
observed at the tips of our InAs nanowires near the Ag droplets.
Detailed TEM observation of a dozen such nanowires all
revealed a perfect WZ crystal structure, free of stacking faults.
Furthermore, almost all the ultrathin InAs nanowires showed a
high aspect ratio (over 200) with uniform diameters along the
growth direction.

Finally, we assess the electronic properties of the phase-pure
ultrathin InAs nanowires. The inset in Figure 6b shows a top-
view SEM image of an FET fabricated from a single ultrathin
InAs nanowire. The gate length of this device, L & 400 nm, is
determined by the separation between the source—drain
contacts. Figure 6a and b show the output and transfer
characteristics of the back-gated FET. The transistor functions
as an n-type enhancement-mode MOSFET with a threshold
voltage (Vi) of +1.84 V. A positive V7, is extracted by a linear
extrapolation from the maximum transconductance. In many
applications, enhancement-mode devices are preferable to the
depletion-mode counterparts because the power consumption
is lower. Many previously reported InAs nanowire devices have
negative threshold voltages. The positive threshold voltage in
our devices is probably due to the small diameter of the
nanowires, the lack of n-impurity doping in the nanowires, and
the strong confinement effects of the surrounding dielectric/
oxide layers. The on-state resistance of the device shown in
Figure 6 is 3.9 Q-mm, which is about 7 times larger than the
typical value for modern HEMTs, where Roy = 0.5 Q-mm.*
The low on-state current could be attributed to two factors: (1)
The surface scattering in the ultrathin nanowires is more severe
than that in thicker nanowires;** (2) The present MBE-grown
nanowires have very high purity in which carrier concentration
might be lower than that in InAs nanowires fabricated by other
methods. The Ioy/Iogr ratio, for Vg = 0.1 V, is almost 106,
which is much larger than that of previously reported lateral
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InAs nanowire FETs*” and comparable to the highest value of
InAs nanowire FETs demonstrated in a vertical surrounding-
gate device.*® We have fabricated and measured more than 30
FETs, and 90% of them show an Iny/Iog ratio around 10°.
Figure S9a in the Supporting Information shows a transfer
curve measured from another FET in the same batch of devices
as that shown in Figure 6. Figure S9b shows the statistics for
Ion/Iogs ratio of the 30 back-gated devices based on nanowires
with diameter 9 &+ 2 nm. We believe that this high Ion/Iogr
ratio is likely due to the larger bandgap in thinner nanowires
caused by quantum effects.*****°

In conclusion, we have realized controlled fabrication of
defect-free InAs nanowires on Si (111) substrates by
diminishing the diameter down to 10 nm. Combining a novel
two-step catalyst annealing process with MBE growth, large
scale production of InAs nanowires with an average diameter of
10 nm were realized. These ultrathin InAs nanowires have a
pure WZ crystal structure, free of stacking faults and twin
defects. Using individual ultrathin InAs nanowires as the
channel material, we produced MOSFETs with Ioy/Iogs ratio
as high as ~10°. The ability to prepare pure WZ ultrathin InAs
nanowires on Si substrates may provide new opportunities for
studying their size-dependent physical properties and exploring
potential nanodevice applications.
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Typical growth temperature and V/III flux ratio dependence of
InAs nanowire morphology, Ag deposition thickness depend-
ence of InAs nanowire growth, post-growth EDX measure-
ments of the seed particles and nanowires, TEM images of a
non-[111] growth direction InAs nanowire, representative
HRTEM images of ultrathin nanowires with different
diameters, SEM images of Ag-catalyzed InAs nanowires, TEM
images of self-assisted InAs nanowires, and electrical properties
of ultrathin InAs nanowires. This material is available free of
charge via the Internet at http://pubs.acs.org.
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