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We report on the fabrication of GaAs hexagonal nanowires surround¢tilfly vertical facets on

a GaAs(111) B substrate using selective-ar€®A) metalorganic vapor-phase epitax(OVPE)

growth. The substrate for SA growth was partially covered with thin,S#nd a circular mask
opening with a diameteatd, of 50—200 nm was defined. After SA-MOVPE, GaAs nanowires with a
typical diameted ranging from 50 to 200 nm and a height from 2 tqun 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 PhysidDOI: 10.1063/1.1935038

Nanostructures, such as nanotubes, nanowires, and qugslasma sputtering on GaA411) B substrates, periodic hex-
tum dots, offer possibilities for achieving revolutionary ad- agonal opening patterns were formed by electron-bezi)
vances toward nanotechnology-based electronics, optoelelithography, and by wet-chemical etching techniques. Hex-
tronics, and biotechnology. For example, semiconductorgonal openings were arranged in a triangular latfsse
nanowires, made from materials such as Si, Ge, GaP, GaAEjg. 1(b)], with the pitcha ranging from 0.4 to 3um. The
and InP, have been studied for their application in logicactual shape of the opening tended to be circular because of
circuits! ultrasmall  light emitteré* and nanoscale the resolution limitin EB lithography and wet chemical etch-
photodetectors So far, these semiconductor nanowires haveng. As we later describe, the diameterof nanowires is
been fabricated by a vapor-liquid-soli@/LS) growth  directly related to the opening diamety; and a smalled,
method using metal catalysﬁts. results in a longer nanowire height Therefore, we tried to

In our previous study, we proposed an approach fobtain the smallestly possible by controlling the amount of
forming semiconductor nanowires by using selective-aredhe EB dose. For this reason, the size of the opening area
metalorganic vapor phase epita@A-MOVPE).7 This was spmetimes be_came nonunif_orm in the minimal EB_: dose con-
inspired by SA-MOVPE growth of GaA&Ref. 8 or InGaAs  ditions[see Fig. 1b)]. The diameted, of the opening area
(Ref. 9 pillar arrays on arf111)B-oriented surface for appli- Was changed from 50 to 200 nm. This periodic array of the
cations of photonic crystals. A similar SA-MOVPE method OP€ning pattern was only defined in 10000 um square
for InP nanowire is also reported by Poole et%By using ~ régions, and outside of the square regions,3i@s removed
SA-MOVPE, we can fabricate nanowires at predetermined@nd the GaAs surface was exposed. _ _
positions without the help of catalysts and we can adopt _G@AS nanowire growth was carried out in a horizontal
atomically precise controllability of epitaxial growth. It is MOVPE system working at 0.1 atm. Trimethylgallium
possible, therefore, to achieve heterostructures with abrupt MG) and 20% arsinéAsHs) diluted in H, were used as
heterojunctions in the growth directidmertical heterostruc- SOUIce materials. The partial pressure of TMG was 2.7
tures. Furthermore, lateral growth, as well as vertical <10 " atm and that of Askiwas changed from 2810 to

3 o
growth, can be controlled independently by appropriateljx.l.cr atm. The growth temperature was 750 °C. In these
.conditions, the growth rate of GaAs on a plari@®1) sub-

growth conditions to passivate the surfaces of wires. Previ= .
ously reported semiconductor nanowires formed by yLsstrate Is 2.1 A/s and 0.3 A/s dai1D) B, but the growth rate

growth are mostly insulating with high-density surface of nanowires is much higher, as will be discussed later. The

states. Surface passivation and lateral heterostructures a}g?al growth time was 20 min.

therefore, extremely important for practical applications of

nanowires as well as for optical and transport measurements :
In this study, we report on the growth of very thin GaAs (a) Deposision of Si0, (tz)

nanowires with SA-MOVPE. We grew hexagonal nanowires Usitp plasima -

with a diameterd of 50-200 nm. The growth mechanism of SRASng

nanowires is discussed, based on the diantkterd the pat- Mask pattern =
tern dependency of the heightof the nanowires. formation using EB
lithography and wet

Figure Xa) shows schematic illustrations of the fabrica- chiemical sichiny

tion process of nanowires. This fabrication process is essen-

. UL

tially the same as the one for GaAmGaAs! and InP(Ref. LY Gahs eoitaxi -
. . aAs epitaxial 5

11) pillars on masked substrates except for the size of the growth on patterned

mask opening. After 20 nm thick SiOwas deposited by substrate

FIG. 1. (a) Schematic illustration of the fabrication procegs. SEM image
dauthor to whom correspondence should be addressed; electronic maibf the mask pattern on a GaA%11) B substrate. The pitch of the trian-
nobori@rcige.hokudai.ac.jp gular lattice is 0.5um for this pattern.
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FIG. 2. SEM images of GaAs nanowires for pattern operinof (a) 200
nm and(b) 50 nm. The inset ifb) is an image from the top.
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Figures Za) and Zb) show secondary electron micros- 6 d=80nm
copy (SEM) images for two typical samples of GaAs nano- £
wires grown on a GaA&l1l) B masked substrate at an AgH o 4

partial pressure of 5010* atm. The pattern period is
1 wm, and the diametad, is 200 nm and 50 nm for samples
Fig. 2(@) and Zb), respectively. GaAs nanowires were grown

N

1GaAs(111)B planar growth thickness x 10
\

05 1.0 15 20 25 30

in a(111) B (vertica) direction on the substrate. As shown in Pitch a (um)

the inset in Fig. th), the nanowires have a hexagonal cross © [AsHz ] =5.0x104 atm

section. From the symmetry, we conclude that the nanowires 61 V: (dV h hp=42nm

have six{110} side facets similar to the larger hexagonal W‘[ZJ h,  d=80nm

structure reported previoust§.The diameted of the nano- Planar hp

wires becomes smaller as the initial opening diamdgeis §4‘ selective V2 L.

reduced. For sample Fig(a&, the diameted and the height g =l |.§ |_

h of the nanowires are 200 nm and 2.8, while for sample 21 g

Fig. 2(b), these are 60 nm and &m, respectively. Further- I a

more, for the latter, nonuniform growth was observed. We

believe that this originated mainly from the nonuniform %0 05 10 15 20 25 30

mask opening size, as observed in Figo)1As far as the Pitch a (um)

growth mechanism is concerned, this nonuniformity does nokiG. 3. Heighth of GaAs nanowires versus) nanowire diameted and(b)
alter our main discussions. pattern pitcha. (c) Volume ratioV,/V,; of GaAs grown on patterned and

Figure 3a) shows the heighln of GaAs nanowires ver- planar substrates in a unit cell of the triangular lattice. Growth vol\inis
sus nhanowire diametat. The pattern perioda is 0 6 um for the planar and/, is for the nanowires, as shown in the inset.
The heighth is much higher than the typical growth thick-

ness on a planafl1l) B GaAs substrat¢42 nm), which is  whereas they become less stable at lower partial pressure,
indicated by the horizontal line in the figure. Furthermdre, resulting in an increase in the growth rate. However, the
increases ad decreases. It is also noted tiealso increases enhancement of the growth rate on patterned substrates and
as [AsH;] decreases. These results are consistent with thge dependence @fon the pattern geometia andd,) can-
previous results for SA-MOVPE of GaAs hexagonal not be explained in the simple model.
structure$ h, however, also increases as the pitclof the To examine the growth rate enhancement in more detail,
opening decreases, as shown in Fi¢h)3We obtained the we plot in Fig. 3c) the calculated total volum¥, of the
narrowest and longest nanowires with 50 nm angm,  nanowires in a unit cell of the triangular lattice on a pat-
achieving an aspect ratio of 180 [#sH;]=2.5x 107* atm. terned substrate normalized by the voluMg of a planar
Within the growth conditions we used, where the growthgrowth in the same area. The area of the unit cell is given by
temperature was relatively high ardsH;] was low, as a? and the cross-sectional area of hexagonal nanowires is
compared to the ordinary GaAs growth conditions, we ex-given by d. The ratio V,/V, is therefore calculated as
pected that the growth rate ¢h11) B would be much higher  (d/a)?(h/hy), whereh, is the growth thickness on a planar
than that on 4110 surface'>*3This is because adsorbed Ga substrate and is 42 nm. We can see a significant increase in
atoms do not have strong bonding on(0) surface for V,/V; asa becomes smaller. Note th&/V; should go to
small As coverages, and they can desorb very easily. In fact,.O in the limita— 0, though it looks unlikely at first sight
according to our SEM study, almost no lateral growth overwithin the present experimental results.
the SiQ mask was observed, indicating that there is almost  In the case of SA-MOVPE on @00 GaAs surface, the
no growth on{11Q vertical surfaces and thuk~d,. Forma- enhancement of the growth rate in the opening region of the
tion of hexagonal structures, therefore, was explained by thenask is generally observed. This is explained by the gas-
six-fold symmetry of the(111) B-oriented surface and the phase and/or surface diffusion of the growth species from the
fact that{11Q vertical facets exhibited the slowest growth masked to opening regions. This enhancement is known to
rate. The AsH partial pressure dependence on the nanowirde dependent on the pattern geometry, and in the present case
heighth could qualitatively be explained by the surface re-where the patterned area is limited to 20000 um regions,
construction of(111) B GaAs surfaced’ That is, when the we showed that the enhancement was only about 20 to 30%
AsH; partial pressure is high, the growth of tiig1l) B of the planar growth rat&® If we take into account the

surface is suppressed by the formation of stable As trimerdraction f of the mask openingin the present caség,/a)?]
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in the patterned regions, the growth rate increases slightly aadditional contribution td 4. It is also possible that,, is
f is reduced, as expected from the diffusion of growth speeffectively shortened whea is reduced, since the species
cies. Nevertheless, the rativ,/V, of the total growth diffusing or migrating on the mask can easily find the nano-
amount between the patterned and planar growth does natires to be incorporated. At this moment, we are not able to
exceed unity as reported in Ref. 17. That is, the total amountonvince ourselves what kind of processes is possible and
of growth is always smaller on patterned substrates than oimportant, and clarification of the anomalous diffusion is left
planar substrates, indicating that the thermal decompositiofor future study.
of the column Il precursor is effectively decreased in the  Finally, we discuss our various approaches for semicon-
patterned area or a considerable amount of the growth speuctor nanowires. We have already reported on hexagonal
cies diffuse out to the exposed regions surrounding the papillar structures of InGaAs oii111) B InP, InP on(111) A
terned regions. This simple gas-phase/surface diffusiomP with a relatively large sizé(~100 nn). Miniaturization
model can partly explain our present results. As in Fi@),3 of the nanowire diameter around 50 nm is thought to be
h increases ad decreases. This simple model, however,possible simply by reducing the size of the mask opening. In
completely contradicts the results of FiggbBand 3c). fact, we have already obtained InGaAs nanowires width
To get more insight for the growth process of the nano-~ 60 nm anch~ 5.6 um by SA-MOVPE on(111)B InP sub-
wires, we considered diffusion processes in and betweestrates. We have also demonstrated incorporating Al into
three different regions, namely]11l B top surface {110t  GaAs-based nanowires. Furthermore, for SA-MOVPE on
sidewall facets, and masked areas. In this model, we assumell) B GaAs, the growth o110 sidewalls is possible
the following diffusion equation for the concentratidhof through control of growth conditior’®. These lead us to
growth species on the surface in each region and that thgchieve nanowires with heterojunctions independently in
growth proceeds by the incorporation of species into theyoth vertical and lateral directions to form core shell or other

crystal phase: complicated structures. We shall describe elsewhere a de-
d/ dN N tailed study on the growth mechanism of these nanowire
dx D& =J+;- vertical lateral heterostructures.

Here, D is the surface diffusion constant, 441/ +1/7", The authors acknowledge Professor H. Hasegawa,. Pro-
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