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Abstract
Selective area growth (SAG) and epitaxial lateral overgrowth (ELO) techniques
used in group III nitride epitaxy are reviewed. Structurally controlled GaN in
line patterns and dot patterns was obtained by using the SAG technique. This
structural control technique has been applied to field emitters, waveguides,
facet lasers and low-dimensional quantum structures. The ELO technique was
originally proposed as a way to reduce dislocation density in epitaxial GaN
layers and various ELO techniques have been developed recently. For example,
facet-controlled ELO (FACELO) is one of the attractive techniques available for
reducing dislocation density. The dislocation density is dramatically reduced
to of the order of 105−6 cm−2 with good reproducibility. In this article, SAG
and ELO techniques related to nitride epitaxy and applications to optical and
electronic devices are reviewed. Production of GaN hexagonal pyramids on
dot-patterned GaN/sapphire substrates and the FACELO technique are also
described as examples of the SAG and ELO techniques.

1. Introduction

Selective area growth (SAG) of III–V nitrides is a promising technique whose value has been
demonstrated in the fabrication of cold-cathode emitter tips, low-loss optical waveguides,
microprism laser diodes and semiconductor microstructures such as quantum wires and
dots. Epitaxial lateral overgrowth (ELO), based on SAG, has recently attracted considerable
attention, since ELO is a useful technique for obtaining epitaxial layers with low dislocation
density on heteroepitaxial systems. A remarkable reduction in threading dislocation density
has been realized in GaN heteroepitaxy on sapphire substrates. A laser diode (LD) fabricated
on an epitaxially laterally overgrown GaN (ELOG) substrate has shown a much longer lifetime.
SAG and ELO for GaN on sapphire substrates have been demonstrated both in metallo-organic
vapour-phase epitaxy (MOVPE) and hydride vapour-phase epitaxy (HVPE).
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In this article, the various SAG and ELO techniques related to nitride epitaxy and their
applications are reviewed. Furthermore, the production of GaN hexagonal pyramids on
dot-patterned GaN/sapphire substrates and facet-controlled ELO (FACELO) are described
as examples of the SAG and ELO techniques.

2. Selective area growth

2.1. Growth and characterization

Wurtzite GaN was obtained in line patterns [1] and dot patterns [2] by using the SAG technique.
This structural control technique has been applied to field emitters [3, 4], waveguides [5], facet
lasers [6] and low-dimensional quantum structures [7]. Selective area growth of line-patterned
GaN and AlGaN by MOVPE was carried out at atmospheric pressure for the first time on
MOVPE-grown GaN(0001)/sapphire substrates using SiO2 masks [1]. It was shown that the
selectivity of GaN epitaxy was good; however, that of AlGaN was relatively poor. Ridge
growth occurred in the GaN selective-area growth on a linear window wider than 50 µm, but
did not occur in the AlGaN selective-area growth. A GaN structure with a triangular cross-
sectional shape comprising {11̄01} facets formed on 10 µm wide linear windows in the 〈112̄0〉
direction, as shown in figure 1, which suggests that the {11̄01} facets are the energetically

10 µm

Figure 1. SEM images of GaN grown for 10 min on a 10 mm wide window in the 〈11̄20〉
direction [1].
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stable surfaces rather than the (0001) facet. The selective-area growth of GaN was pursued
by a few groups, on GaN/sapphire at atmospheric pressure [8] and on GaN/6H-SiC at 45 Torr
[3]; no distinct difference was found between the two sets of results. The growth rates (both
vertical and lateral), side walls of stripes and roughnesses of side-wall surfaces were dependent
on the stripe orientation [9].

Kitamura et al [2, 10] fabricated GaN hexagonal pyramids on dot-patterned GaN/sapphire
substrates with a 5 µm diameter and a 10 µm space as shown in figure 2 [2].

Figure 2. SEM images of MOVPE-grown GaN hexagonal pyramids on a SiO2 mask patterned on
GaN/LT AlN buffer/sapphire at the growth temperatures of (a) 1010, (b) 1025 and (c) 1050 ◦C [2].
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Each structure comprises a hexagonal pyramid covered with six {11̄01} facets. A self-
limited (0001) facet sometimes appeared on the top, depending on the growth conditions such
as the deposition temperatures and TMG flow rates. The (0001) facet increased in size with
increasing growth temperature or with decreasing TMG flow rate. The appearance of the
(0001) facet may be determined by the diffusion length of the Ga atom on the (0001) facet. At
high growth temperature or small TMG flow rate the diffusion length becomes long, resulting
in the appearance of self-limited (0001) facets on the pyramid tops. The fabrication of the
hexagonal pyramids was duplicated by a few groups, on dot-patterned GaN/sapphire [11, 12]
and GaN/6H-SiC substrates [3]. The incorporation of impurities into GaN during ELO can
drastically change the expansion of flat-top (0001) facets [13]. For example, doping of Mg
into GaN can greatly increase the vertical-to-lateral growth rate ratio and cause the formation
of a large-area (0001) plane.

In addition to SAG using sapphire and 6H-SiC substrates, that using Si substrates is also
studied. From the applications point of view, use of Si as the substrate is more attractive,
because Si can be a good conductor and is suited to highly sophisticated lithographic tech-
niques. Kawaguchi et al fabricated hexagonal pyramid structures on Si(111) substrates using
an AlGaN intermediate layer [14, 15]. Figure 3 shows SEM images of the SAG of GaN on a
Si substrate with an AlGaN intermediate layer [14]. Uniform pyramid structures are obtained
by optimizing the growth temperature and growth time for the AlGaN intermediate layer.

In addition, sub-micron GaN dot and line structures having smaller sizes were fabricated
on GaN/sapphire substrates with lined or dotted SiO2 masks [16]. The patterning of the

Figure 3. Surface SEM images of the SAG of a GaN patterned micron dot on a Si substrate with
an AlGaN intermediate layer for different times of growth of GaN: (a) 0 min, (b) 2 min, (c) 9 min
and (d) 19 min [14].
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mask was aligned with periods of less than 1.0 µm by using laser holography (He–Cd laser;
422 nm). The relation between the 3D structures of GaN and the growth conditions, such
as the growth temperature and V/III ratio, was investigated and GaN hexagonal microprisms
(HMPs) with smooth vertical {11̄01} facets were fabricated at growth temperatures higher
than 1040 ◦C [6, 17]. GaN/InGaN/GaN hexagonal pyramids were fabricated and PL spectra
of the pyramids were taken [18]. Furthermore, the distributions of defects and strain in the
GaN pyramids produced by selective-area growth were clarified by spatially resolved low-
temperature luminescence and Raman experiments [19]. Furthermore, InGaN/GaN nano-
structures were fabricated by the SAG technique. Arakawa and co-workers fabricated high-
density InGaN on hexagonal pyramids of GaN on a substrate patterned by electron-beam
lithography [20]. The square openings had side lengths as small as 300 nm. Uniform hexagonal
pyramids were realized even when a small pattern was produced. Sakai and co-workers
fabricated InGaN quantum dots using selective-area growth on GaN/sapphire substrates with
patterned Si masks [7].

2.2. Device applications

Because of the negative electron affinity of AlN and AlGaN and the low positive electron affinity
of GaN, these materials are promising for use as cold-cathode emitters. Field emission from
GaN hexagonal pyramids on GaN/sapphire [11] and on GaN/6H-SiC [3] has been reported.

Selective-area growth of GaN layers was investigated for low-loss optical waveguide
structures of active and passive photonic devices. Layers with a rectangular cross-sectional
shape comprising (0001) and {11̄00} facets were fabricated and stimulated emission from the
optical waveguides observed at 77 K by photopumping [5]. In addition, GaN HMPs 50 µm in
diameter were fabricated [6, 17] and stimulated emission was observed at room temperature
using photopumping [17]. The longitudinal modes having a 0.33 nm separation indicate an
inscribed hexagonal optical path in the GaN HMP.

3. Epitaxial lateral overgrowth

3.1. Review of ELO techniques

The basic idea of ELO was proposed by Nishinaga et al for LPE growth of GaAs on GaAs
substrate [21] and GaAs on Si substrate [22]. The lateral epitaxial overgrowth extends over the
SiO2 mask through the opening. Thus dislocations in the substrate under the SiO2 mask cannot
propagate into the lateral epitaxial layer. As regards GaN growth, Usui et al [23] and Nam
et al [24] (see figure 4(a)) applied the ELO technique to GaN and achieved a low dislocation
density of the order of 107 cm−2. Usui et al developed the FIELO (facet-initiated ELO)
technique [23], as shown in figure 4(b), using HVPE. Facet structures were formed during the
initial stage of the growth. Furthermore, the cross-sectional transmission electron microscope
(TEM) image of FIELO GaN [25] shows that facet formation plays a role in changing the
propagation direction of the dislocations. The lateral propagation of the dislocations caused
by the facet contributes to the reduction of the dislocation density.

In addition to the FIELO technique, several other ELO techniques, such as PENDEO
epitaxy [26] (see figure 4(c)), utilization of other masks such as tungsten ones [27, 28] (see
figure 4(d)), air-bridged ELO [29, 30] (see figure 4(e)), production of grooved stripe structure
[31] (see figure 4(f )) and direct lateral epitaxy [32] (see figure 4(g)), have been proposed.
Recently, it was found that two-step ELO growth of GaN is a useful technique for improving
the crystalline quality of the ELO GaN through facet control [33, 34]. Hereafter, we call



6966 K Hiramatsu

air-gap

(e)

(f)

(g)

(a)

Void

(d) (h)

Void

(b)

(c)

dislocation

GaN Mask

Substrate

Figure 4. Schematic diagrams of various ELO techniques: (a) the basic ELO idea, (b) FIELO,
(c) PENDEO epitaxy, (d) utilization of other masks such as tungsten, (e) air-bridged ELO,
(f ) production of grooved stripe structure and (g) direct lateral epitaxy.

this technique FACELO (facet-controlled ELO) (see figure 4(h)). It is based on the control
of GaN structures by changing the growth conditions during the ELO process. The GaN
structures produced using SAG and/or ELO have been controlled by mask size [1], mask
direction [1, 9, 24, 35, 36], mask material [27, 28], mask fill factor [37], growth temperature
[2, 38–40], reactor pressure [40], flow rate of source [2, 6, 35, 38, 39], ambient gas [41, 42],
impurity [43] and substrate [35, 44, 45].

3.2. Experimental production of ELO GaN via a low-pressure MOVPE system and
characterization of the dislocation density

The ELO of GaN was achieved via a LP-MOVPE system using a horizontal reactor, on a
4.0 µm thick (0001) GaN layer, which had been prepared on a (0001) sapphire substrate with
a low-temperature GaN buffer layer. After the deposition of a SiO2 film (80 nm thick) by
RF sputtering on the underlying GaN, dot patterns or stripe patterns were fabricated by a
conventional photolithographic method. TMG (trimethylgallium) and NH3 were used as the
source gases, and H2 was used as the carrier gas. The growth temperature and the reactor
pressure were varied from 925 to 1050 ◦C and from 40 to 500 Torr, respectively.
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The distribution and density of the threading dislocations are characterized by the growth
pit density (GPD) method [46, 47], which is performed by growing an InGaN thin layer about
100 nm thick on the GaN epilayer. This is a very convenient technique for characterizing
the threading dislocations, because the appearance of the growth pits corresponds to both the
mixed and pure edge dislocations with Burgers vectors of a+c and a, respectively [48]. Since
only a few pure screw dislocations with a Burgers vector of c exist in the layer [25], we neglect
the effect of the pure screw dislocations.

3.3. Structures of GaN facet

Figure 5 shows SEM images of cross-sectional shapes of ELO GaN, for different values of P

and T , on the SiO2 stripe along the 〈11̄00〉 directions [32, 40]. The shapes of the ELO GaN
are divided into four regions. In region I (T < 925 ◦C), the morphologies are poor; there are
large pits on the top and inclined {11̄01} surfaces. In region II, the side walls are composed of
the {112̄2} surfaces like in region I, while the (0001) surface becomes smooth. In region III,
by decreasing P or by increasing T from region II, the side walls are varied from the inclined
{112̄2} surfaces to the vertical {112̄0} surfaces. In region IV, at lower P or higher T , the (0001)
surface becomes rough. Consequently, it is found that the effects of decreasing P are similar
to those of increasing T in the regions II–IV.

Figure 5. Morphological changes in ELO GaN on the 〈11̄00〉 stripe for different reactor pressures
and growth temperatures. The growth time was 30 min [32, 40].

The morphological changes from regions I to IV in ELO are explained as follows. In
region I, the (0001) surface degrades because it is not easy for layer-by-layer growth to occur
at low T owing to poor surface migration of Ga atoms on the (0001) surface. With increasing
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T , however, the surface migration is enhanced and hence the (0001) surface becomes smooth,
resulting in region II. In contrast, in region IV, with even lower P or higher T , the surface
becomes rough because of the increasing rate of evaporation of absorbed source molecules on
the (0001) surface.

This explanation is related to the stability of each surface, which depends mainly on
the ‘surface energy’ and ‘stability of surface atoms’. In order to consider these factors,
we evaluate just the density of dangling bonds per unit area (DB) and the surface polarity,
for simplicity. Figure 6 shows the morphological change from regions II to IV and the
corresponding atomic configuration with DB and the surface polarity for each facet [32]. The
change of the morphology with decreasing P is similar to that with increasing T in the regions
II–IV. In region II, at high P or low T , the (0001) surface becomes narrow and the {112̄2}
surfaces of the sides become broad. In region III at lower P or higher T , {112̄0} surfaces appear
instead of {112̄2} ones in the side walls. The morphological change from {112̄2} to {112̄0}
should be considered in terms of the stability of each surface which depends mainly on the
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Figure 6. A model of the morphological change in ELO GaN on the 〈11̄00〉 stripe for different
reactor pressures and growth temperatures, and the corresponding atomic configuration. Here,
‘DB’ stands for the density of dangling bonds [32].
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‘surface energy’ and ‘stability of surface atoms’. The {112̄2} facet has two possible polarities:
N polarity or Ga polarity, on the surface. The surface with N polarity tends to appear because
surface nitrogen atoms are stabilized under growth conditions with high V/III source gas ratios
like in MOVPE, especially at high P or low T . Therefore, the atomic configuration of the
{112̄2} surface with N polarity is dominant, as shown in figure 6. Thus, it is suggested that
with increasing T or decreasing P in region II, the growth rate of the {112̄2} surface becomes
slow, resulting in narrowing of the {112̄2} surface and broadening of the (0001) surface.

In contrast, in region III, {112̄2} becomes unstable at low P or high T because the surface
nitrogen atoms are not stabilized, so the surface becomes narrow. Then the surfaces are {112̄0}
and (0001), which are energetically very favourable because the values of DB for (0001) and
{112̄0} (11.4 and 14.0 nm−2) are smaller than that for {112̄2} (17.8 nm−2).

3.4. Facet-controlled epitaxial lateral overgrowth (FACELO)

It is possible to control the propagation of threading dislocations on the basis of the change
in the facet structure of GaN with the growth conditions. The inclined facet structure and/or
the stress due to facet formation cause bending of the mixed and pure edge dislocations with
Burgers vectors of a + c and a, respectively, and hence the facet has the effect of bending the
direction of the threading dislocation and reducing the density [25]. Usui et al successfully
reduced the dislocation density of the HVPE-grown, thick GaN layer by using inclined facets
formed spontaneously during an ELO process [23]. They called this technique FIELO (facet-
initiated ELO). The proposed technique employs a facet generated artificially by controlling the
growth conditions of ELO, and thus we call this technique FACELO (facet-controlled ELO).

The typical growth process in FACELO is as follows. The first-step ELO has inclined
facets of {112̄2}, and then in the second-step ELO the lateral growth rate is also increased
by changing the growth conditions, and consequently the SiO2 mask is buried easily. In this
case, since the fronts of the dislocations terminate on the inclined {112̄2} facet, the threading
dislocations bend towards the mask area during the ELO process. Therefore, some dislocations
may disappear in the coalescence region because of the interaction between the dislocations
and others coming up to the surface. In this way, the dislocation density on the window area is
reduced. This technique is similar to FIELO. However, thickness less than several tenths of a
micrometre is needed for the FIELO GaN layer to undergo a reduction of dislocation density,
but several micrometres is low enough for the FACELO GaN layer.

Figure 7 shows SEM images of the GaN layer grown by FACELO [49]. In order to
observe the threading dislocations, a thin InGaN layer was also grown on the FACELO GaN.
The dislocations are observed only in a straight line in the centre of the mask area, which is
attributed to the coalescence of ELO. The dislocation density is dramatically reduced over wide
areas on both the mask and window areas. The mechanism of the reduction in the dislocation
density is discussed in the next section.

3.5. Characterization of FACELO GaN

The fine surface structure of the FACELO GaN layer is observed by means of AFM (atomic
force microscopy) [49] and TEM [50]. Figure 8(a) shows an AFM surface image of the InGaN
epilayer grown on the FACELO GaN layer; this is the same sample as for figure 7 [49]. For
comparison, an AFM surface image for an ordinary GaN layer grown on a sapphire substrate
using a GaN low-temperature buffer layer is shown in figure 8(b). Pits are clearly observed,
corresponding to threading dislocations. From figure 8(b), the estimated dislocation density
for the ordinary GaN layer is 5.8 × 108 cm−2. On the other hand, the dislocations exist only
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Figure 7. SEM images of FACELO. The dotted line shows the facet structure just after the first-step
ELO. The bar indicates 2 µm [49].

in a straight line in the centre of the mask area and there are almost no dislocations over the
wide area. The estimated density is of the order of 106 cm−2, depending on the position
of the surface. To clarify the relationship between bending directions and the character of
dislocations, the Burgers vectors of the dislocations are investigated [50]. Figure 9(a) is a
bright-field image of FACELO GaN near the mask edge. Figures 9(b) and 9(c) are dark-field
images taken at the same position as the bright-field image, with different spots of (112̄0)

and (0002), respectively. The dislocations bent toward the mask areas are visible in both
figures 9(b) and 9(c). On the other hand, the dislocations bent parallel to the direction of the
mask stripe are invisible in figure 9(c) but they are clearly visible in figure 9(b). From this
invisibility, it was found that there are two types of dislocations. Mixed-type dislocations with
a Burgers vector of a + c were bent toward the mask areas and terminated by voids. The other
type was pure edge dislocations with a Burgers vector a, which were bent parallel to the mask
stripe. Similar results were observed for HVPE-grown GaN by Sakai et al [25].

Figure 10 shows AFM surface images of the as-grown FACELO GaN layer without InGaN
together with the as-grown ordinal GaN layer [49]. Monomolecular steps of height 0.25 nm
are seen in both AFM images. The steps of the ordinal GaN surface are irregular owing to
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maskwindow dislocation

a b

Figure 8. AFM images of (a) InGaN/FACELO GaN and (b) InGaN/ordinary GaN. The bar indicates
2 µm [49].

1 µm(a) (b) (c)

Figure 9. A bright-field image (a) and dark-field images with g = 112̄0 (b) and g = 0002 (c) near
the mask edge [50].

the mixed dislocations including the component c of the Burgers vector; however, the steps
of the FACELO GaN surface form at regular intervals, indicating the excellent surface quality
on the atomic scale. Slight irregularities of the steps are seen in the centre of the mask area as
indicated by arrows; these come from the line of the dislocations, as seen in figure 8(a).

The optical properties were investigated by means of photoluminescence (PL). Figure 11
shows the PL spectra that were measured using a He–Cd laser (325 nm) from 6.5 K to RT [49].
The luminescence corresponding to free excitons, ExA and ExB, and a bound exciton (D0, X)
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a b

Figure 10. AFM images of (a) as-grown FACELO GaN and (b) as-grown ordinary GaN. The bar
indicates 2 µm [49].

Figure 11. The dependence of PL spectra on temperature [49].

were observed. At 6.5 K, the photon energies of (D0, X), ExA and ExB are 3.485, 3.492 and
3.500 eV, respectively. The intensities of ExA and ExB are strong at the low temperature of
6.5 K, indicating that the crystal quality of FACELO GaN is fairly good.

3.6. Applications of ELO GaN in optical or electronic devices

Using ELO GaN realizing low dislocation density, the performances of optical or electronic
devices, such as light-emitting diodes (LEDs) [51], laser diodes (LDs) [52], field-effect
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transistors (FETs) [53] and photodiodes [54, 55], are improved. Nagahama et al fabricated an
InGaN multi-quantum-well laser diode on low-dislocation-density GaN substrates that were
grown on free-standing GaN substrates by ELO [52]. A schematic diagram of the laser structure
is shown in figure 12. The threading dislocation density of the GaN layer above the window
area surrounding the SiO2 mask was reduced to 5 × 107 cm−2, and that of the GaN layer
above the SiO2 mask area was reduced to 5 × 107 cm−2. LDs with an output of 30 mW
exhibited estimated lifetimes of about 15 000 h under 30 mW operation and 60 ◦C. Vetury et al
fabricated an AlGaN/GaN heterostructure field-effect transistor (HFET) on GaN grown by
ELO [53]. HFETs on ELO GaN showed substantially lower gate leakage (by up to two orders
of magnitude) than HFETs on standard GaN. Parish et al and Monroy et al fabricated pin
and Schottky UV photodetectors, respectively, on ELO GaN [54, 55]. The improved quality
of the semiconductor material results in a lower leakage current density, a higher UV/visible
contrast, a larger bandwidth and a higher sensitivity in comparison with similar devices on
standard GaN on sapphire.

GaN substrate

SiO2 maskELO GaN

n-AlGaN

p-electrode

n-InGaN
AlGaN/GaN MD-SLS

undoped-GaN
InGaN MQW

p-AlGaN
undoped-GaN

AlGaN/GaN MD-SLS

p-GaN

n-electrode

Figure 12. A schematic drawing of InGaN multi-quantum-well laser diodes grown on low-
dislocation-density GaN substrates.

4. Summary

The selective area growth and epitaxial lateral overgrowth techniques used in group III nitride
epitaxy were reviewed.

Selective-area growth of line-patterned or dot-patterned GaN and AlGaN by MOVPE
was carried out on MOVPE-grown GaN(0001)/sapphire substrates using SiO2 masks. The
selectivity was good. Morphological changes occurred on varying the growth conditions.
Furthermore, the SAG technique has been developed to apply to cold-cathode emitter tips,
low-loss optical waveguides, microprism laser diodes and semiconductor microstructures such
as quantum ones.

In order to reduce the dislocation density, various ELO techniques, such as FIELO and
PENDEO epitaxy, were developed. FACELO is one of the most effective techniques. The
estimated density is of the order of 105−6 cm−2 depending on the position of the surface. It
was less than that of GaN films on sapphire substrates with low-temperature buffer layers.
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Consequently, we can state that the performances of optical or electronic devices, such as
light-emitting diodes, laser diodes, field-effect transistors and photodiodes, were improved on
using ELO GaN to realize low dislocation density.
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