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Catalyst-free growth of GaAs nanowires by selective-area metalorganic
vapor-phase epitaxy

Jinichiro Noborisaka,a! Junichi Motohisa, and Takashi Fukui
Graduate School of Information Science and Technology and Research Center for Integrated Quantum
Electronics (RCIQE), Hokkaido University, North 13, West 9, Sapporo 060-8628, Japan

sReceived 7 June 2004; accepted 9 April 2005; published online 16 May 2005d

We report on the fabrication of GaAs hexagonal nanowires surrounded byh110j vertical facets on
a GaAss111d B substrate using selective-areasSAd metalorganic vapor-phase epitaxialsMOVPEd
growth. The substrate for SA growth was partially covered with thin SiO2, and a circular mask
opening with a diameterd0 of 50–200 nm was defined. After SA-MOVPE, GaAs nanowires with a
typical diameterd ranging from 50 to 200 nm and a height from 2 to 9mm were formed vertically
on the substrate without any catalysts. The size of the nanowire depends on the growth conditions
and the opening size of the masked substrate. A possible growth mechanism is also discussed.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1935038g
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Nanostructures, such as nanotubes, nanowires, and
tum dots, offer possibilities for achieving revolutionary
vances toward nanotechnology-based electronics, opto
tronics, and biotechnology. For example, semicondu
nanowires, made from materials such as Si, Ge, GaP, G
and InP, have been studied for their application in lo
circuits,1 ultrasmall light emitters,2–4 and nanosca
photodetectors.5 So far, these semiconductor nanowires h
been fabricated by a vapor-liquid-solidsVLSd growth
method using metal catalysts.6

In our previous study, we proposed an approach
forming semiconductor nanowires by using selective-
metalorganic vapor phase epitaxysSA-MOVPEd.7 This was
inspired by SA-MOVPE growth of GaAssRef. 8d or InGaAs
sRef. 9d pillar arrays on ans111dB-oriented surface for app
cations of photonic crystals. A similar SA-MOVPE meth
for InP nanowire is also reported by Poole et al.10 By using
SA-MOVPE, we can fabricate nanowires at predeterm
positions without the help of catalysts and we can a
atomically precise controllability of epitaxial growth. It
possible, therefore, to achieve heterostructures with a
heterojunctions in the growth directionsvertical heterostruc
turesd. Furthermore, lateral growth, as well as vert
growth, can be controlled independently by appropr
growth conditions to passivate the surfaces of wires. P
ously reported semiconductor nanowires formed by V
growth are mostly insulating with high-density surfa
states. Surface passivation and lateral heterostructure
therefore, extremely important for practical applications
nanowires as well as for optical and transport measurem

In this study, we report on the growth of very thin Ga
nanowires with SA-MOVPE. We grew hexagonal nanow
with a diameterd of 50–200 nm. The growth mechanism
nanowires is discussed, based on the diameterd and the pat
tern dependency of the heighth of the nanowires.

Figure 1sad shows schematic illustrations of the fabri
tion process of nanowires. This fabrication process is es
tially the same as the one for GaAs,8 InGaAs,9 and InPsRef.
11d pillars on masked substrates except for the size o
mask opening. After 20 nm thick SiO2 was deposited b
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plasma sputtering on GaAss111d B substrates, periodic he
agonal opening patterns were formed by electron-beamsEBd
lithography, and by wet-chemical etching techniques. H
agonal openings were arranged in a triangular latticefsee
Fig. 1sbdg, with the pitcha ranging from 0.4 to 3mm. The
actual shape of the opening tended to be circular becau
the resolution limit in EB lithography and wet chemical et
ing. As we later describe, the diameterd of nanowires is
directly related to the opening diameterd0, and a smallerd0
results in a longer nanowire heighth. Therefore, we tried t
obtain the smallestd0 possible by controlling the amount
the EB dose. For this reason, the size of the opening
sometimes became nonuniform in the minimal EB dose
ditions fsee Fig. 1sbdg. The diameterd0 of the opening are
was changed from 50 to 200 nm. This periodic array of
opening pattern was only defined in 1003100 mm square
regions, and outside of the square regions SiO2 was remove
and the GaAs surface was exposed.

GaAs nanowire growth was carried out in a horizo
MOVPE system working at 0.1 atm. Trimethylgalliu
sTMGd and 20% arsinesAsH3d diluted in H2 were used a
source materials. The partial pressure of TMG was
310−7 atm and that of AsH3 was changed from 2.5310−4 to
1.7310−3 atm. The growth temperature was 750 °C. In th
conditions, the growth rate of GaAs on a planars001d sub-
strate is 2.1 Å/s and 0.3 Å/s ons111d B, but the growth rat
of nanowires is much higher, as will be discussed later.
total growth time was 20 min.

l:
FIG. 1. sad Schematic illustration of the fabrication process.sbd SEM image
of the mask pattern on a GaAss111d B substrate. The pitcha of the trian-

gular lattice is 0.5mm for this pattern.
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Figures 2sad and 2sbd show secondary electron micro
copy sSEMd images for two typical samples of GaAs na
wires grown on a GaAss111d B masked substrate at an As3
partial pressure of 5.0310−4 atm. The pattern perioda is
1 mm, and the diameterd0 is 200 nm and 50 nm for sampl
Fig. 2sad and 2sbd, respectively. GaAs nanowires were gro
in a s111d B sverticald direction on the substrate. As shown
the inset in Fig. 2sbd, the nanowires have a hexagonal cr
section. From the symmetry, we conclude that the nanow
have six h110j side facets similar to the larger hexago
structure reported previously.12 The diameterd of the nano
wires becomes smaller as the initial opening diameterd0 is
reduced. For sample Fig. 2sad, the diameterd and the heigh
h of the nanowires are 200 nm and 2.8mm, while for sample
Fig. 2sbd, these are 60 nm and 5mm, respectively. Furthe
more, for the latter, nonuniform growth was observed.
believe that this originated mainly from the nonunifo
mask opening size, as observed in Fig. 1sbd. As far as the
growth mechanism is concerned, this nonuniformity does
alter our main discussions.

Figure 3sad shows the heighth of GaAs nanowires ve
sus nanowire diameterd. The pattern perioda is 0.6mm.
The heighth is much higher than the typical growth thic
ness on a planars111d B GaAs substrates42 nmd, which is
indicated by the horizontal line in the figure. Furthermorh
increases asd decreases. It is also noted thath also increase
as fAsH3g decreases. These results are consistent with
previous results for SA-MOVPE of GaAs hexago
structures.8 h, however, also increases as the pitcha of the
opening decreases, as shown in Fig. 3sbd. We obtained th
narrowest and longest nanowires with 50 nm and 9mm,
achieving an aspect ratio of 180 atfAsH3g=2.5310−4 atm.

Within the growth conditions we used, where the gro
temperature was relatively high andfAsH3g was low, as
compared to the ordinary GaAs growth conditions, we
pected that the growth rate ons111d B would be much highe
than that on as110d surface.12,13This is because adsorbed
atoms do not have strong bonding on as110d surface fo
small As coverages, and they can desorb very easily. In
according to our SEM study, almost no lateral growth o
the SiO2 mask was observed, indicating that there is alm
no growth onh110j vertical surfaces and thusd,d0. Forma-
tion of hexagonal structures, therefore, was explained b
six-fold symmetry of thes111d B-oriented surface and th
fact that h110j vertical facets exhibited the slowest grow
rate. The AsH3 partial pressure dependence on the nano
height h could qualitatively be explained by the surface
construction ofs111d B GaAs surfaces.14 That is, when th
AsH3 partial pressure is high, the growth of thes111d B

FIG. 2. SEM images of GaAs nanowires for pattern openingd0 of sad 200
nm andsbd 50 nm. The inset insbd is an image from the top.
surface is suppressed by the formation of stable As trimers
Downloaded 23 Jan 2006 to 133.87.26.100. Redistribution subject to AIP
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whereas they become less stable at lower partial pres
resulting in an increase in the growth rate. However,
enhancement of the growth rate on patterned substrate
the dependence ofh on the pattern geometrysa andd0d can-
not be explained in the simple model.

To examine the growth rate enhancement in more d
we plot in Fig. 3scd the calculated total volumeV2 of the
nanowires in a unit cell of the triangular lattice on a p
terned substrate normalized by the volumeV1 of a plana
growth in the same area. The area of the unit cell is give
a2 and the cross-sectional area of hexagonal nanowir
given by d2. The ratio V2/V1 is therefore calculated
sd/ad2sh/hpd, wherehp is the growth thickness on a plan
substrate and is 42 nm. We can see a significant increa
V2/V1 as a becomes smaller. Note thatV2/V1 should go to
1.0 in the limit a→0, though it looks unlikely at first sig
within the present experimental results.

In the case of SA-MOVPE on as100d GaAs surface, th
enhancement of the growth rate in the opening region o
mask is generally observed. This is explained by the
phase and/or surface diffusion of the growth species from
masked to opening regions. This enhancement is know
be dependent on the pattern geometry, and in the presen
where the patterned area is limited to 1003100 mm regions
we showed that the enhancement was only about 20 to
of the planar growth rate.15,16 If we take into account th

2

FIG. 3. Heighth of GaAs nanowires versussad nanowire diameterd andsbd
pattern pitcha. scd Volume ratioV2/V1 of GaAs grown on patterned a
planar substrates in a unit cell of the triangular lattice. Growth volumeV1 is
for the planar andV2 is for the nanowires, as shown in the inset.
,fraction f of the mask openingfin the present case,sd0/ad g
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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in the patterned regions, the growth rate increases sligh
f is reduced, as expected from the diffusion of growth
cies. Nevertheless, the ratioV2/V1 of the total growth
amount between the patterned and planar growth doe
exceed unity as reported in Ref. 17. That is, the total am
of growth is always smaller on patterned substrates tha
planar substrates, indicating that the thermal decompos
of the column III precursor is effectively decreased in
patterned area or a considerable amount of the growth
cies diffuse out to the exposed regions surrounding the
terned regions. This simple gas-phase/surface diffu
model can partly explain our present results. As in Fig. 3sad,
h increases asf decreases. This simple model, howe
completely contradicts the results of Figs. 3sbd and 3scd.

To get more insight for the growth process of the na
wires, we considered diffusion processes in and betw
three different regions, namely,s111d B top surface,h110j
sidewall facets, and masked areas. In this model, we as
the following diffusion equation for the concentrationN of
growth species on the surface in each region and tha
growth proceeds by the incorporation of species into
crystal phase:

d

dx
SD

dN

dx
D = J +

N

t
.

Here, D is the surface diffusion constant, 1 /t=1/t8+1/t9,
wheret8 is the incorporation time,t9 is the re-evaporatio
time of species, andJ is the impinging flux of growth specie
from the vapor phase. It is also assumed that a complic
interplay of gas-phase diffusion can be considered w
effective fluxJ. All of these parameters are defined in e
of the three regionsfwe use subscripts111dB, h110j, andm
for their distinctiong, and the continuity of the flux at th
boundary of different regions is used as the boundary co
tion. Then, the growth rate is proportional toN t8. The con-
clusion of our model is that the dominant factor of diffus
between different regions isJ t, which is exactly the surfac
concentration of the growth species and is readily accep
if one thinks of the nature of diffusion. Thus, if three regi
considered here take a differentJ t, there could be diffusio
betweens111dB andh110j surfaces,h110j surfaces or maske
regions, as usually seen in SA-MOVPE.

If we assumed!Ls111dB, whereLs111dB=ÎDs111dBts111dB
is the diffusion length and is thought to be in the order
few microns, and no incorporation into the crystal phas
h110j and masked regionsthat is,t{110}8 andtm8 are infinited,
we find that the most relevant parameters areJh110j t{110}9 ,
Jm tm9 and J{110} t{110}9 ,Jm tm9 . Note here that, if these p
rameters are independent of the perioda of the mask patter
and sized andh of nanowires, we end up with the conve
tional model of SA-MOVPE mentioned earlier, and we c
not explain the anomalous enhancement of the growth
and diffusion.

Thus, to explain the experimental data, we have to t
J{110} t{110}9 to be increased, orJm tm to be decreased asa is
decreased: In fact, there are several possibilities. If the
cies once desorbed from the masked area are readsorb

h110j surfaces, particularly, in dense pillar arrays, this gives
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additional contribution toJ{110}. It is also possible thattm is
effectively shortened whena is reduced, since the spec
diffusing or migrating on the mask can easily find the na
wires to be incorporated. At this moment, we are not ab
convince ourselves what kind of processes is possible
important, and clarification of the anomalous diffusion is
for future study.

Finally, we discuss our various approaches for semi
ductor nanowires. We have already reported on hexag
pillar structures of InGaAs ons111d B InP, InP ons111d A
InP with a relatively large sizeds,100 nmd. Miniaturization
of the nanowire diameter around 50 nm is thought to
possible simply by reducing the size of the mask openin
fact, we have already obtained InGaAs nanowires wid
,60 nm andh,5.6 mm by SA-MOVPE ons111dB InP sub-
strates. We have also demonstrated incorporating Al
GaAs-based nanowires. Furthermore, for SA-MOVPE
s111d B GaAs, the growth onh110j sidewalls is possib
through control of growth conditions.18 These lead us t
achieve nanowires with heterojunctions independentl
both vertical and lateral directions to form core shell or o
complicated structures. We shall describe elsewhere
tailed study on the growth mechanism of these nano
vertical lateral heterostructures.
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