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Electronics, Hokkaido University, North 14 West 9, Sapporo 060-0814, Japan
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We fabricated GaAs/AlGaAs core-shell nanowires by using selective-area metalorganic vapor
phase epitaxy. First, GaAs nanowires were selectively grown on partially masked GaAs (111)B
substrates; then AlGaAs was grown to form freestanding heterostructured nanowires. Investigation
of nanowire diameter as a function of AlGaAs growth time suggested that the AlGaAs was grown
on the sidewalls of the GaAs nanowires, forming GaAs/AlGaAs core-shell structures.
Microphotoluminescence measurements of GaAs and GaAs/AlGaAs core-shell nanowires reveal an
enhancement of photoluminescence intensity in GaAs/AlGaAs core-shell structures. Based on these
core-shell nanowires, AlGaAs nanotubes were formed by using anisotropic dry etching and wet
chemical preferential etching to confirm the formation of a core-shell structure and to explore a new
class of materials. © 2005 American Institute of Physics. [DOI: 10.1063/1.2035332]

Recently, semiconductor nanowires are attracting great
attention because of their small diameter that leads to one-
dimensional electron systems and because of being the pos-
sibility to be the building blocks of nanoscale electronics and
photonics. The advantages of elemental (e.g., Si or Ge)' or
compound (e.g., GaAs, InP, or ZnO)z_4 semiconductor nano-
wires compared to carbon nanotubes are in controllability of
conduction types and formation of heterojunctions and su-
perlattices. These lead to a broad range of applications such
as single electron transistors, light emitting or laser diodes,’
and chemical sensors.”

Until now, most semiconductor nanowires are formed
using catalyst-assisted vapor-liquid-solid (VLS) growth.8’9
This method is applicable to a broad range of semiconduc-
tors due to its simplicity, and ultrathin and long nanowires
have been grown. Longitudinal growth to achieve abrupt
doping profiles or heterojunctions has also been demon-
strated by using the VLS method.'*!" However, precise con-
trol of the sites of nanowires is still difficult unless one re-
sorts to conventional lithographic techniques to position the
nanoparticle catalyst. Furthermore, incorporation of catalysts
into grown crystals may deteriorate their crystalline quality.

We recently proposed and demonstrated an alternative
method of fabricating semiconductor nanowires by using
selective-area ~ metalorganic ~ vapor  phase  epitaxy
(SA-MOVPE).'*™™ Since it is a catalyst-free approach and
only relies on the thermal decomposition of source materials,
high crystalline quality, as well as precise controllability of
the epitaxial growth can be expected. Atomic-scale abrupt-
ness in doping profiles and heterojunctions along the growth
direction (vertical heterostructures) can be achieved. Further-
more, lateral growth can be controlled independently with
appropriate growth conditions so that our method is also suit-
able for achieving heterostructured nanowires in the radial
direction.
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In this letter, we describe how we grew GaAs/AlGaAs
core-shell nanowires with SA-MOVPE on (111)B GaAs sub-
strates. The formation of core-shell heterostructures is sup-
ported by observed lateral growth of AlGaAs and enhanced
photoluminescence intensity in nanowires. We also fabri-
cated freestanding AlIGaAs nanotubes, which is another evi-
dence for the formation of core-shell nanowires.

The growth procedure for GaAs nanowires was reported
previously.12 In short, GaAs (111)B substrate partially cov-
ered with SiO, was prepared by electron beam lithography
and wet chemical etching. Then SA-MOVPE growth was
carried out in a horizontal system working at 0.1 atm using
trimethylgallium (TMGa), trimethylalminum (TMAI), and
arsine (AsHj).

The substrate mask pattern with an array of holes is de-
fined in the SiO, mask. The holes are arranged in a triangular
lattice with a pitch a ranging from 0.4 to 2 um. For GaAs
growth, the diameter d of the nanowire is directly related to
the opening diameter d. For this reason, we tried to make
the holes as small as possible to obtain thin nanowires. We
should note that this attempt often resulted in irregular hole
sizes; however, this does not alter the main conclusion dis-
cussed here. We grew GaAs and AlGaAs in succession for
core-shell heterostructures. For GaAs, the partial pressure of
TMGa was 2.7X 1077 atm and that of AsH; was 5.0
X 107* atm. In the growth of AlGaAs shell, the partial pres-
sure of the total group III precursors and AsH; were the
same as for the GaAs growth. The growth temperature was
750 °C for GaAs and 850 °C for AlGaAs. With these con-
ditions, perfect selective epitaxy of both GaAs and AlGaAs
was achieved. The growth time was 20 min for GaAs and
from 10 to 40 min for AlGaAs.

Figure 1(a) is a scanning electron microscope (SEM)
image of GaAs nanowires before the growth of AlGaAs. A
periodic array (pitch 1 um) of freestanding GaAs nanowires
with a height of 3 wm was formed in the mask openings. The
cross section of the nanowires is hexagonal with well-
defined sidewalls, as is shown in the inset. Their diameters d
are from 50 to 100 nm. Nonuniformity in their size origi-
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FIG. 1. (a) SEM image of GaAs nanowires. Inset shows image of nanowires
from the top; (b) SEM image of nanowires after the growth of AlGaAs.

nated mainly from the irregular mask opening sizes.

Figure 1(b) shows a SEM image of AlGaAs growth on
GaAs nanowires. The growth of AlGaAs was 10 min. Al-
though they maintained hexagonal shapes, we found that the
nanowires became taller (5 wm) and thicker (200—300 nm).
This indicates that AlGaAs was grown laterally on the side-
walls of GaAs nanowires as well as on their tops. This lateral
growth is confirmed by the AlGaAs growth time dependence
of nanowire diameter shown in Fig. 2. From these results, we
conclude that freestanding GaAs/AlGaAs core-shell nano-
wires were formed by using SA-MOVPE. In Fig. 1(b) the
thickness of the AlGaAs shells is 75—100 nm, and the top of
the nanowires is capped with 2- um-thick AlGaAs. If we sub-
tract the thickness of capped AlGaAs on the top, the aspect
ratio of the core-shell nanowires is about 10.

As reported previously, the sidewall of GaAs hexagonal
nanowires are {110} facet surfaces, vertical to the (111)
plane. The appearance of these facet sidewalls is because
their growth rate is slower than that of (111)B. In addition,
we find that the diameter d of the nanowires is equal to the
opening diameter d, of the mask."* This means that the
growth on the {110} sidewalls is negligible for GaAs grown
under the present conditions.

On the other hand, the growth takes place on the side-
wall surfaces in the lateral direction as well as on the top
surfaces for AlGaAs. Ando ef al. have reported an enhanced
lateral growth of AlGaAs on the {110} sidewalls of selec-
tively grown GaAs wire structures on (111)B in slightly dif-
ferent conditions."> The enhanced lateral growth on the side-
wall {110} facet in AlGaAs could be explained by a stronger
bonding and a lower migration length of Al atoms on {110}
surfaces.
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FIG. 2. AlGaAs growth time dependence of nanowire thickness. Initial
GaAs nanowire diameter was 270 nm. Nanowire diameter increased with
AlGaAs growth time.
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FIG. 3. PL spectra of core-shell nanowires (NWs), bare GaAs nanowires,
and reference semi-insulating GaAs substrate. Intensity of core-shell nano-
wires is about 20 times larger that of bare GaAs nanowires.

To obtain the results given in Fig. 2, we conducted an
experiment of growing GaAs nanowires with a substrates
mask with larger holes and longer hole pitches to minimize
the effect of irregular hole sizes. In this experiment, the ob-
tained diameter of GaAs nanowires was 270 nm and their
typical size fluctuation was on the order of several percent.12
We find that the amount of AlGaAs lateral growth is nonlin-
ear and depends on the pitch a of holes. Furthermore, as
mentioned earlier, the amount of lateral growth for a 10
-min growing period was estimated to be 75—100 nm for
nanowires when d=50-80 nm, whereas it was negligible in
the results presented in Fig. 2. These findings mean that the
lateral growth rate of AlGaAs is critically dependent on the
size and arrangement of nanowires. Further studies are
needed to clarify the detail of the growth process.

Next, we conducted microphotoluminescence measure-
ment of GaAs and GaAs/AlGaAs nanowire arrays at 290 K.
In this experiment, a He—Ne laser was used for excitation
and the excitation intensity was 60 uW. Figure 3 shows the
photoluminescence (PL) spectra of GaAs and core-shell
nanowires. The average size of nanowires is 80 nm for
GaAs, and 300 nm for the core shell, and the pitch of the
array is 0.4 wm. For reference, the PL spectrum of semi-
insulating (ST) GaAs substrate is also plotted.

We can see some differences between the two types of
nanowires and the reference. First, the PL intensity of core-
shell nanowires was much stronger than that of bare GaAs
nanowires by a factor of about 20, and almost equal to that of
the SI GaAs substrate. Weak emission of GaAs nanowires
can be explained by nonradiative recombination of photoex-
cited carriers at the air-exposed GaAs sidewall surface where
high density of surface states exists. The recovery of PL
intensity in core-shell structures is also explained by the sur-
rounding AlGaAs barrier that prevents the coupliné; of pho-
toexcited carriers in GaAs with the surface states.'®'” These
results are consistent with our previous reports on
GaAs/AlGaAs nanowires,'” and reveal a clue to obtaining
high-quality and optically active nanowires.

Second, in comparing the PL spectra of GaAs nanowires,
GaAs/AlGaAs core-shell nanowires, and SI GaAs substrate,
we attribute emissions at 1.45 eV in both nanowires to
GaAs, show a blueshift of 30 meV from emissions of the
GaAs bulk. In circular nanowires surrounded with infinitely
high potential barriers, the ground-state quantized energy as-

sociated with lateral confinement is given by th)‘%ln/ md?,
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FIG. 4. Fabrication processes for AlGaAs nanotubes. Starting from core-
shell nanowires, top AlGaAs was removed by dry etching, followed by
preferential wet etching to remove GaAs core.

where m is the effective mass and A\, is the first zero of the
zeroth order Bessel function. For a GaAs core of 80 nm, the
expected blueshift is only 2.5 meV, much smaller than the
observed 30 meV. Possible origin of the shift may be strain'®
or other mechanisms. A more careful study is required to
clarify the origin of the blueshift of PL peaks in nanowires.
Third, when we compared the PL spectrum of the two
types of nanowires, a broad feature at the high-energy side of
GaAs is observed in core-shell nanowires. We think this is an
emission from the AlGaAs shell and its broadening indicates
a broad Al composition distribution. Estimating from the
high-energy shoulder of the spectrum shows the aluminum
content is distributed approximately from 4% to 16%, while
PL and x-ray diffraction measurement of AlGaAs grown on
planar (111)B shows the Al content to be 12%. The origin of
the tendency of slightly smaller Al incorporation in nano-
wires is probably due to a difference in the migration length
between Ga and Al during SA-MOVPE. Furthermore, as we
reported previously, since the growth rate of GaAs depends
on the diameter of the nanowires, a probability exists that the
growth rate and Al incorporation rate in AIGaAs changes as
the diameter increases due to lateral growth. This could give
rise to nonuniform aluminum content in nanowires. In addi-
tion, the compositions of aluminum in AlGaAs between the
sidewalls and that on top surfaces are possibly different.
Finally, we fabricated AlGaAs nanotubes out of core-
shell nanowires. For this, we carried out a two-step etching
process: specifically, anisotropic dry etching followed by
preferential wet etching on core-shell nanowires, as de-
scribed in Fig. 4. For the dry etching, we used reactive ion
beam etching (RIBE) with CH,, H,, Ar, and N, for 30 min,
and used a mixture of NH,OH and H,O, for wet etching.
The result of the two-step etching is given in Fig. 5; we
obtained freestanding AlGaAs nanotubes. As is shown in

FIG. 5. (a) SEM images of freestanding AlGaAs nanotubes. Their inner and
outer diameters are 100 and 200 nm, respectively. (b) Top view SEM image
of AlGaAs nanotube.
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Fig. 5(b), the nanotubes remained hexagonal in their outer
and inner part. The length of AlGaAs nanotubes is 3 um,
and their inner and outer diameters are 100 and 200 nm,
respectively. This indicates that the thickness of the AlGaAs
layer is 50 nm. These results are consistent with the results
of SEM measurement shown Fig. 1.

We think the somewhat smaller outer diameter and ta-
pering in the nanotubes originated from side etching of Al-
GaAs during RIBE or from imperfect selectivity in the wet
etching process. The selectivity of GaAs and AlGaAs with
present NH,OH/H,0, mixture is usually several tens to
hundreds,” and could be improved by optimization of the
etching. Note that these nanotubes are another proof of the
formation of core-shell nanowires from SA-MOVPE and
simple etching processes. We should also mention that our
technology for fabricating nanotubes can be applied to other
semiconductors with appropriate choices of dry etching gas
and conditions, and of the solution for wet etchant. Thus, our
approach is a promising one for exploring a new class of
nanoscale materials.
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