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Growth of GaAs/AlGaAs Hexagonal Pillars on GaAs
(111)B Surfaces by Selective-Area MOVPE
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Research Center for Integrated Quantum Electronics, Hokkaido University, North 13,
West 8, Sapporo 060-8628, Japan

Abstract

We report on the growth of GaAs and GaAs/AlGaAs heterostructured hexagonal pillar
structures using selective area (SA) metalorganic vapor phase epitaxy (MOVPE). By doing
growth on SiO2 masked (111)B GaAs substrates with circular or hexagonal hole openings,
extremely uniform array of hexagonal GaAs/AlGaAs pillars consisting{110} vertical
facets with their diameter of order of100 nmwere obtained. Unexpectingly strong intense
light emission was observed for the room temperature photoluminescence measurement
of the pillar arrays in triangular lattice, which is promising for the application to the
photonic crystals to enhance the light extraction efficiency from the materials with high
refractive index. Furthermore, it was also found that hexagonal pillars with size60 nm
and large aspect ratio (> 100) by reducing the size of initial hole size of mask, opening a
possibility to grow nanowires using epitaxial growth. (This article is published inPhysica
E, 23, 3–4, pp. 298–304 (2004).)
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1 Introduction

Selective area (SA) growth on masked sub-
strates is one of the most versatile methods
to form semiconductor quantum nanostruc-
tures free from process induced damages
in a self-organized fashion. Formation of
various kind of nanostructures have been
reported on SA growth both on (001) and
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(111)B substrates using metalorganic va-
por phase epitaxy (MOPVE). In the case
of SA-MOVPE growth on (111)B GaAs,
nanostructures surrounded by vertical or in-
clined {110} facets are formed depending
on the growth conditions, which makes this
approach attractive and powerful to form
quantum dots[1], hexagonal structures[2],
and Kagome-lattice structures[3] Recently,
we have reported on the SA-MOVPE growth
on (111)B substrates for the applications
to the photonic crystals (PhCs), which are
the periodic structure of dielectric materi-
als with their period (or lattice constant)
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a close to the light wavelength. Formation
of the air-hole array of GaAs[4,5], and pil-
lar arrays of InGaAs[6] and InP[7] witha
down to 0.4 µm have been reported. This
is motivated by an early study by Hamano
et al.[8], where they grew hexagonal pillar
arrays of GaAs on masked (111)B substrate
with hexagonal opening areas. However,
their results were not very sufficient because
of the large non-uniformity of the size and
shape of the pillars. Furthermore, almost
no optical properties of PhCs fabricated by
SA-MOVPE have been reported to date in
spite of an expectation that no process in-
duced damage could be introduced. This is
partly because the influence of nonradiative
surface recombinations becomes significant
particularly in GaAs-based materials as the
shrinkage of the structural size.

On the other hand, semiconductor nanowires
are attracting interest for building blocks
of the nanoscale electronics[9] and pho-
tonics[10,11] in the bottom-up approach.
Nanowires of various materials have been
reported, and, especially, realization of het-
erostructured nanowires are very attrac-
tive for the application[12–14]. To now,
most of such nanowires are formed by
catalyst-assisted vapor-liquid-phase (VLS)
growth[15]. We come up to an idea that
the growth of hexagonal pillars on (111)B
masked substrates can also be used to re-
alize semiconductor nanowires as well as
PhCs. If the epitaxial growth is adopted for
nanowire fabrication, we can expect much
better controllability for the crystallographic
structures, crystalline quality, doping, and
even heterostructures as well as their precise
positioning.

In this paper, we report the formation of
GaAs/AlGaAs hexagonal pillar structures by
SA-MOVPE on (111)B GaAs substrates for
the application of both PhCs and nanowires.

We will describe the formation of uniform
pillar arrays and their photoluminescence
(PL) characteristics for PhCs which are im-
portant for practical application. Simultane-
ously, growth of pillars with small diameter
and high aspect ratio is attempted for the
nanowire application.

2 Experimental Procedure

SA-MOVPE growth was carried out in
a horizontal, low-pressure system work-
ing at 0.1 atm. Trimethylgallium (TMGa),
trimethylaluminum (TMAl) and arsine
(AsH3) were used as source materials. Typ-
ical partial pressures were2.7× 10−6 atm
for TMGa for GaAs growth, and5.2×10−7

and 5.7×10−8 for TMGa and TMAl, re-
spectively, for Al0.25Ga0.75As growth. Par-
tial pressure of AsH3was changed from
2.5×10−5 atmto 5×10−4 atm. The growth
temperatures were also changed from700◦C
to 850◦C. With these conditions, the growth
rate on planar (001) substrate is0.16 nm/sec
for GaAs and0.04 nm/secfor AlxGa1−xAs,
while the those on both (111)B masked and
reference planar substrates depend strongly
on the growth conditions. The growth rate
for the masked substrates also depends on
the size and pitch of the mask patterns.

Figure 1(a) shows a schematic illustration of
a SiO2 masked substrate. After the sputter-
ing of SiO2 onto (111)B GaAs substrates,
hexagonal holes with sized0 were defined
by electron beam (EB) lithography and wet
chemical etching of SiO2. The holes were ar-
ranged to form triangular lattice with a lat-
tice constant (period)a. The lattice constant
a was varied from0.2 µm to 3 µm. As we
will show below, the size of the initial hole
opening give rise to a large influence on the
growth of hexagonal pillars. We varied the
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sized0 by changing intentionally the EB dose
during the lithography, as well as changing
the designed hole size. We note thatd0 is
not constant and depends ona due to the
proximity effect, even if the EB dose is the
same. At the same time, the shape of the hole
is circular rather than hexagonal. This was
due to the resolution limit in the lithography
and etching process. As a result, the diameter
d0 on the fabricated masked substrates was
ranged from about50 nmto about150 nm.
With all such complication and deterioration
of the shape of the mask pattern, we were
able to obtain six-fold symmetric pillars and
their uniform and high-density arrays owing
to the evolution of sidewall{110} facets dur-
ing the growth[6,8].

d0

a

SiO2

GaAs
(a)

1 µm

d

h

1 µm

(b) (c)

Fig. 1. (a) Schematic illustration of the mask
pattern. Typical SEM images of GaAs hexagonal
pillar arrays witha= 0.4 µm taken from the top
(b) and from the oblique angle (c).

Structural characterization was carried out
using a HITACHI S-4100 secondary electron
microscope (SEM). Photoluminescence was
measured at room temperature using×20mi-
croscope objectives with numerical aperture
of 0.4 both for focusing and collection of the
light normal to the surface. Ar+ laser oper-
ating at514.5 nmand liquid-nitrogen cooled
charge coupled device combined with spec-
trometer were used for excitation and detec-
tion, respectively.

3 Results and Discussions

3.1 Growth of GaAs pillar arrays

Figures 1(b) and (c) respectively shows typ-
ical top view and bird’s eye view SEM im-
ages of the GaAs pillar arrays ofa= 0.4 µm.
The growth temperatureTG was 750◦C
and the AsH3partial pressure[AsH3] is
5×10−4 atm. We can see uniform arrays
of vertical hexagonal pillars consisting of
six {110} sidewall facets. As we have men-
tioned in the previous section, the initial
mask opening is circular and the pillar shape
does not reflect the pattern shape. This is
because slowly growing surfaces appear as
facets in SA-MOVPE, and they are{110}
surfaces in the present growth conditions[2].
Furthremore, due to the symmetry of (111)B,
there are 6 vertical{110} surfaces, which
gives rise to the formation of six-fold sym-
metric pillars. The average lateral sized of
the pillars was0.24 µm, and their heighth
was about1.4 µm for this sample. Similar
pillar arrays are obtained when[AsH3] is
lowered to2.5×10−4 atm. However, further
reduction of [AsH3] seems to result in the
loss of uniformity in the pillar size. When
the growth temperature is raised to850◦C
at [AsH3] = 2.5×10−4 atm, the growth be-
comes inhomogeneous and pillar size, both
diameter and height, becomes random when
the growth temperature is raised to850◦C.
This is consistent with our previous re-
sults[5] and it is considered to be due to re-
evaporation and inhomogeneous nucleation
of GaAs. Therefore, the results indicate that
the re-evaporation is reasonably suppressed
and by lowering the growth temperature.
However, whenTG is further lowered to
700◦C, it was not able to obtain uniform
pillar arrays due to the lateral overgrowth on
{110} surfaces becomes prominent.
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It is noted that the pillar height is much larger
than the growth thickness (0.19 µm) on ref-
erence (001) GaAs substrate grown simulta-
neously in the same run. Around these op-
timum growth conditions (TG = 750◦C and
[AsH3] = 2.5∼ 5×10−4 atm), the enhance-
ment is typically in the order of 10. This value
was found to dependent on the initial sized0

of the mask opening, and it becomes larger if
d0 is smaller. This is consistent with the per-
vious results by Hamanoet al.[8], and is as-
cribed to the diffusion of growth species from
masked areas. The same effect was observed
in InGaAs pillar arrays[6]. Furthermore, we
also have found that the pillar height be-
comes higher if[AsH3] is reduced, which is
explained by[AsH3] dependence of growth
rate of GaAs on (111)B. More quantitative
discussion on the dependence of growth pro-
cess and pillar size on the growth conditions
and mask opening will be described else-
where[16].

In order to show the uniformity of the pil-
lars quantitatively, we measured the distribu-
tion of the pillar size from top view SEM
images. The results are shown in Figs.2(a)
and (b) for a = 0.6 µm and a = 0.4 µm,
respectively. The solid curve in each figure
indicates the fitting with gaussian distribu-
tion of standard deviationσ . From these re-
sults, the size uniformityσ/d of the pillars
is measured to be1.6% for a = 0.6 µm,
and2.9%for a= 0.4 µm, demonstrating ex-
cellent size uniformity of the hexagonal pil-
lars. It seems the tail of the distribution for
a = 0.4 µm is slightly large. We believe that
it is originating from the initial size nonuni-
formity of the mask pattern since proximity
effect is more significant for shoter periods,
and could be improoved by the refinement
of the EB lithography, At the same time, the
uniformity σ/a of the pillars with respect
to the perioda, which is an important fac-
tor for PhCs, is1.6% and1.7% for a = 0.6

and 0.4 µm, respectively. These values are
well below the allowable size fluctuation of
for PhCs (< 5%), thus our pillar arrays sat-
isfy the requirements in the size uniformity
of PhCs.
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Fig. 2. Histogram of the size distribution of the
pillars for a = 0.6 µm (a) anda = 0.4 µm (b)

3.2 Growth of AlGaAs/GaAs Heterostruc-
ture Pillars and their Photolumines-
cence Characterization

We also carried out SA-MOVPE of GaAs/Al0.25Ga0.75As
heterostructured pillar arrays on (111)B
substrates. The layer structure of the het-
erostructure is shown in Fig. 3(a) together
with the designed thickness on (001) sub-
strate. We found that AlGaAs did not grow
selectively at750◦C, but it was successful
at 850◦C. For this reason, the buffer GaAs
layer was grown at 750◦C and the tem-
perature is raised to 850◦C for overlayers.
Furthermore, we reduced the growth rate of
the overlayers to by factor of 4 as compared
to GaAs buffer (0.04nm/secon planar), be-
cause the PL was not strong enough if the
growth rate was unchanged. The reason for
the degradation of PL is not clear at present.
Furthermore, it was confirmed that GaAs
grows uniformly on AlGaAs layers even at
850◦C (not shown here), which is inconsis-
tent with the results for growth on GaAs as
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describe above and reported previously[5].
This is not clear either, but one of the reason
for this discrepancy is thought to be in the
difference of initial nucleation of GaAs on
between GaAs and AlGaAs surfaces. Since
the growth rate is very high, it gives a sig-
nificant difference for the growth. More sys-
tematic study on the heterostructured pillars
are left for future study.

Next, we measured the photoluminescence
(PL) of the pillar arrays of the sample shown
in Fig. 3(a). The room-temperature PL spec-
tra of the pillar arrays with variousa are
summarized in Fig. 3(b). Although the pillar
sized is somewhat dependent ona, it is in
the range of213∼ 223 nm. Strong emission
was observed in each PL spectrum at around
860 nmclose to the band edge of GaAs emis-
sion, which is attributable to the emission
form GaAs quantum well (QW) formed top
on the pillars. The integrated intensity was
about 5 to 10 times stronger than that of a
semi-insulating GaAs substrate. This emis-
sion is surprising considering the small di-
ameter of the pillars, where influence of the
non-radiative recombination at the surface in
GaAs-based materials is thought to be signif-
icant. The PL spectra of reference QW grown
on the planar (001) or (111)B substrate is
thought to be dominated by the deep levels.

To discuss the behavior of PL intensity on
the structural parameters, we discuss about
two factors, namely, surface recombination
and effect originating form PhC, both of
which affects greatly on the emission prop-
erties. First of all, the surface recombination
is known to considerably reduce the inter-
nal emission efficiency. The problem is very
significant in GaAs/AlGaAs because of the
high density surface states. To qualitatively
estimate the effect of surface nonradiative re-
combination of the pillar sidewall, we solve
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Fig. 3. (a) Layer structure of AlGaAs/GaAs het-
erostructured pillars for the sample for PL mea-
surement. The thickness is for the planar sub-
strate and is much thicker for masked substrates.
(b) PL spectra of the hexagonal pillar arrays with
different perioda of the triangular lattice.

the diffusion equation

∂N
∂ t

= ∇(D∇N)− N
τ

+g, (1)

under the boundary condition

D
∂N
∂n

= vsN (2)

whereN is the density of electron-hole pairs,
D the diffusion coefficient,τ the radiative
recombination lifetime, andg the generation
rate of the electron-hole pairs, andvs the
surface recombination velocity. For simplic-
ity, the pillars are approximated by circular
disk (radius R) haveing radial symmetry,
and PL intensity is assumed to be given
by I(R) = 2π

∫ R
0 N(r)rdr, Figure 4 shows

the normalized PL intensityI(R)/I(∞),
plotted as a functionR. Two curves rep-
resent the results using parameter sets (a)
D = 16cm2/sec, LD(=

√
Dτ) = 2 µm,

vs = 7×106cm/sec, and (b)D = 16cm2/sec,
LD = 1.5 µm, vs = 1× 106cm/sec, which
are depicted from the reference [17] and re-
spectively corresponds to the low and strong
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excitation regime. Because the diameter of
our pillars are aboutd = 200nm, the calcu-
lation indicates that the intensity is the order
of 1/500 or 1/1000 as compared to the bulk
structure. In the present experiment, such
significant reduction of photoluminescence
efficiency seems to be absent. We think
this is because AlGaAs layer caps over the
sidewall of pillars during the growth (lat-
eral overgrowth), and bare sidewall surface
of GaAs QW is not directly exposed to air.
Such lateral overgrowth is possible because
the lateral growth of AlGaAs on{110} crit-
ically depends on the growth temperatures
and growth rates[18,19]. In fact, the PL in-
tensity of GaAs pillars (without AlGaAs)
is not so strong as that of heterostructured
pillars. Quantitatively, top barrier thickness
around10 nmis required to supress the re-
duction of PL efficiency in the case of near
surface quantum wells[20,21]. It is still to
be investigated if such thick layer of GaAs
and AlGaAs is actually grown on{110}
sidewalls in the present growth conditions.

Next, we discuss about the effect originat-
ing from PhCs. Fanet al.[22] have shown
that the light extraction efficiency from slab
structures can be enhanced drastically in
PhCs as compared to the slab structures.
This is because the slabs having large re-
fractive index should exhibit strong internal
reflection at the surface, which gives rise to
the propagating mode in the slab, and even-
tually, poor light extraction from the surface.
It can be eliminated, however, by fabricat-
ing periodic structure on the surface as the
coupling to the leaky (radiation) mode is
promoted by diffraction or by the photonic
bandgap which prohibits lateral propagation.
Some experimental demonstrations have al-
ready been reported[23–26]. In the results
shown in Fig.3(b), the PL intensity increases
as a. It cannot be explained by the differ-
ence of surface recombination since we have
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Fig. 4. Effect of surface nonradiative recombi-
nation on the photoluminescence efficiency in
pillar structures. The parameters for the cal-
culation is (a) D = 16cm2/sec, LD = 2 µm,
vs = 7× 106cm/sec, and (b) D = 16cm2/sec,
LD = 1.5 µm, vs = 1×106cm/sec, which roughly
corresponds to the weak and strong excitation
regime.

larger pillars for shortera. On the other
hand, at fixed wavelenthλ , the normalized
frequency,ν/(c/a) = a/λ , whereν and c
represent the frequency and speed of the
light, becomes larger asa. Therefore, more
modes are pushed above the light line of the
air asa, which gives rise to the leakage of
the light from the slab or the enhancement
of the coupling with the radiation mode.
Hence, PL intensity is enhanced asa be-
comes longer. Such effect is experimentally
observed by Ryuet al.[25,26]. We believe
that our results are also explained in the
simillar mechanism. The present discussion
neglects the change of normalized pillar size
d/a, which results in the modifictation of the
photonic bandstructure, and the dependence
of the light extraction efficiency on the pa-
rameters of PhCs is quite complicated[22].
Accurate numerical analysis on the light ex-
traction efficiency is required and is left for
future study.
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3.3 High Aspect Ratio Nanowires

In the sample shown in Figs. 1(b) and (c),
the diameterd and heighth of the pillar was
about0.24 µm and1.4 µm, giving aspect ra-
tio of h/d∼ 5.8. As we described in Sec. 3.1,
the height of the pillars are much larger than
the thickness of the GaAs layer grown on
reference planar (001) and (111)B substrates
(∼ 0.19 µm). Furthermore, the height be-
comes larger for pillars with smallerd [16].

In order to use our pillars to the nanowires,
it is necessary to grow the pillars with much
smaller size and much higher aspect ratio.
For this purpose, we prepare the mask with
smallerd0 by reducing the size of the ini-
tial patterning and dose of the electron beam.
At the same time, we lengthen the growth
time by a factor of 3. The result of SA-
MOVPE is shown in Fig. 5(a). GaAs pillars
exceeding aspect ratio of 100 (d ∼ 60 nm
and h > 6 µm) were grown partly on the
(111)B masked substrates. Similar nanowires
are also grown with AlGaAs as shown in Fig.
5(b). In spite of such small size, it is noted
that the cross section of the pillar remains
hexagonal. From these results, it is concluded
that we can form nanowires with extremely
small diameter and high aspect ratio and their
arrays by SA-MOVPE.

4 Summary

We have demonstrated the formation of
hexagonal GaAs/AlGaAs pillars by selec-
tive area metalorganic vapor phase epitaxial
growth on (111)B GaAs masked substrates.
Extremely uniform arrays of hexagonal pil-
lars in triangular lattice have been obtained
at optimized growth conditions. Photolumi-
nescence study of GaAs/AlGaAs pillar array

5 µm

3 µm 50 nm

(a)

(b)

Fig. 5. SEM image of (a) GaAs and (b) Al-
GaAs/GaAs hexagonal pillars with extremely
high aspect ratio.

strongly suggests the effect of light extrac-
tion efficiency in photonic crystals.

Our formation method of the pillars does
not rely on the vapor-liquid-solid mechanism
where metal (e.g. Au) is used as a catalyst
to form as such GaAs and InAs nanowires
reported so far. Therefore, it is expected to
offer superior crystalline quality as well as
good controllability of the growth to form
heterostructured nanowires.
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