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Lateral epitaxial overgrowth (LEO) on Si(111) substrates using an AlN buffer layer is demonstrated 
and characterized using scanning electron microscopy, atomic force microscopy, transmission 
electron microscopy, x-ray diffraction, photoluminescence spectroscopy, and cathodoluminescence 
imaging. The <1100>-oriented LEO GaN stripes grown on silicon substrates are shown to have 
similar structural properties as LEO GaN grown on GaN/Al

 

2

 

O

 

3

 

 substrates: the surface topography 
is characterized by continuous crystallographic steps rather than by steps terminated by screw-

component threading dislocations; the density of threading dislocations is <10

 

6

 

 cm

 

-2

 

; the LEO 
regions exhibit crystallographic tilt (0.7-4.7

 

°

 

) relative to the seed region. The AlN buffer thickness 
affects the stripe morphology and, in turn, the microstructure of the LEO GaN. The issues of 
chemical compability and thermal expansion mismatch are discussed.

 

 

1 Introduction

 

Lateral epitaxial overgrowth (LEO) is an attractive
method to produce GaN films with a low density of
extended defects, which is beneficial both to studies of
the fundamental properties of the GaInAlN materials
system and to GaN-based device technology. Recent
studies have confirmed that the density of threading dis-
locations (TDs) is reduced by 3-4 orders of magnitude
in the LEO material grown on 6H-SiC  [1] and Al

 

2

 

O

 

3

 

[2] [3] [4] substrates, and the mechanisms of threading
dislocations evolution during LEO have been investi-
gated. [1] [2] [4] [5] [6] Studies of the optical properties
of LEO GaN  [7] [8] [9] and InGaN quantum wells  [7]
[10] have revealed that TDs act as non-radiative recom-
bination centers. However, the minority carrier diffusion
length (<200 nm) is smaller than the average distance
between TDs, [10] such that the emission mechanisms
of the carriers that do recombine radiatively appear to be

unaffected by moderate TD densities (~10

 

6

 

-10

 

9

 

 cm

 

-2

 

).
On the other hand, reducing the TD density has been
shown to reduce the reverse leakage current by ~3
orders of magnitude in GaN p-n junctions , [11] InGaN
single [12] and multiple [13] quantum well light emit-

ting diodes, and GaN/AlGaN heterojunction field-effect
transistors [14] fabricated on LEO GaN. More recently,
ultraviolet p-i-n photodetectors fabricated on LEO
AlGaN have exhibited a similar reduction of the reverse
leakage current by up to 6 orders of magnitude. [15] The
use of LEO GaN has also resulted in marked improve-
ments in the lifetime of InGaN/GaN laser diodes. [16]

Such improvements in structural properties and
device performance have revived interest in alternative
substrates such as Si(111), which has potential advan-
tages for device integration, thermal management, and
cost.  [17] [18] [19] For GaN on Si(111) in general, the
difference in lattice parameters and the strength of the
Si-N bond prevent the formation of smooth, single-crys-
tal GaN. [20] [21] [22] This has been alleviated by using
a two-step method involving various buffer layers such
as SiC,  [23] [24] GaN, [22] AlN, [17] [25] [26] [27]
[28] [29] GaAs, [30] AlAs, [31] and SiN

 

x,

 

 [32] which
typically yields a smooth morphology and a columnar

microstructure with a TD density of 10

 

10

 

-10

 

11

 

 cm

 

-2

 

.
We have recently demonstrated a 3-4 orders of mag-

nitude reduction of the TD density in LEO GaN grown
on Si(111) using an intermediate AlN buffer layer par-
tially covered by a SiO

 

2

 

 mask. [33] GaN pyramids have
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also been fabricated on Si(111) by selective-area growth
and LEO using an AlGaN buffer layer. [34] More
recently GaN stripes were grown on etched GaN/AlN/
SiC/Si(111) substrates  [35] ('pendeo-epitaxy') and on
SiO

 

2

 

-patterned GaN/Si(111) layers; [36] however as of
yet no analysis of the microstructural properties has
been published.

In this paper we report on the structural and optical
properties of GaN stripes grown on SiO

 

2

 

-patterned AlN/
Si(111) substrates using LEO. The extended defect
reduction is characterized by transmission electron
microscopy (TEM), x-ray diffraction (XRD), atomic
force microscopy (AFM), and cathodoluminescence
(CL) imaging. The optical properties are examined
using CL and photoluminescence (PL) spectroscopy. It
is shown that there is a relationship between the AlN
buffer thickness and the stripe morphology which, in
turn, affects the microstructure of the LEO GaN.
Finally, the issues of chemical compability and thermal
expansion mismatch are discussed.

 

2 Experimental

 

Two inch-diameter Si(111) wafers were etched in buff-
ered HF for one minute before growth. After heating to
the growth temperature of 900

 

°

 

C under hydrogen, the
TMAl and NH

 

3

 

 precursors were introduced in the meta-
lorganic chemical vapor deposition (MOCVD) growth
chamber and the AlN buffer layer was deposited at a
total pressure of 76 Torr. The thickness of the AlN layer
was ~60 nm ('sample A') or ~180 nm ('sample B'). In
both cases the AlN layer was crack-free over the entire
wafer, and the RMS roughness measured by AFM was
on the order of 15 nm.  [a]  The wafers were then coated
with 200 nm-thick SiO

 

2

 

 using plasma-enhanced chemi-
cal vapor deposition, and 5 

 

µ

 

m-wide stripes oriented in
the <1100> direction were patterned using standard UV
photolithography and wet chemical etching. The width
of the SiO

 

2

 

 mask regions was 35 

 

µ

 

m. The LEO regrowth
was performed under the same conditions as in Ref.  [3].

Samples were characterized by scanning electron
microscopy (SEM) using a JEOL 6300F field emission
microscope operating at 15 kV. Specimens for TEM
were prepared by wedge polishing followed by standard
Ar+ ion milling. Images were recorded on a JEOL
2000FX microscope operated at 200 kV. X-ray rocking
curves were measured using Cu K

 

α

 

 radiation from a
Bede double-crystal diffractometer. The surface topog-
raphy was imaged using a Digital Instruments Dimen-
sion 3000 AFM operating in tapping mode. The room-
temperature PL was excited using a HeCd laser

(325 nm, ~20 mW/cm

 

2

 

) and detected using a 1/8 m grat-
ing monochromator and a photomultiplier tube. The CL
measurements were performed in a scanning electron

microscope (SEM) at 10 kV (penetration depth of ~0.3-
0.4 

 

µ

 

m determined by Monte Carlo modeling) using an
Oxford MonoCL mirror and grating spectrometer sys-
tem for collecting the generated light and dispersing it to
provide wavelength resolution.  [38]

 

3 Results

 

Figure 1 shows cross-section SEM micrographs of typi-
cal LEO GaN stripes overgrown for 60 minutes from the
SiO

 

2

 

-masked AlN buffer layers. The 'seed' region corre-
sponds to GaN grown vertically from the AlN buffer
layer, whereas the 'LEO' regions correspond to GaN
overgrown laterally over the SiO

 

2

 

 mask, as indicated in
Figure 1. The AlN buffer layer cannot be readily distin-
guished in Figure 1. For sample A (60 nm-thick AlN,
Figure 1a) the stripe was bound on top by the (0001)
facet and on the edges by vertical {1120} facets and
inclined sidewalls. The inclined sidewalls consist pre-
dominantly of the {1122} facets but tend to break up
into small facets which are most likely {1101} 'pyrami-
dal' facets.  [39] [40] The stripes in sample B (180 nm-
thick AlN, Figure 1b) are bound only by the (0001) facet
and the inclined sidewalls.

Figure 2 shows the surface topography of samples A
and B measured by AFM. Figure 2a is a wide-area

image (144 

 

µ

 

m

 

2

 

) covering the seed and LEO regions of
sample A. The topography of the seed region is domi-
nated by c/2-height steps which tend to form partial spi-

rals due to the high density (~2

 

×

 

10

 

9

 

 cm

 

-2

 

) of pure screw
(Burgers vector 

 

b

 

 = <0001>) and mixed character (

 

b

 

 =
1/3 <1123>) TDs and the high surface mobility of
adsorbed species during growth. These TDs can be
unambiguously located at the termination of c/2-height
steps, [41] and are also usually associated with a small
surface depression ~20 nm in diameter (see arrow "S" in
Figure 2b). The LEO regions in Figure 2a are free of
step terminations, which unambiguously shows that the
density of screw-component TDs at the surface of the
LEO GaN is markedly reduced compared to the seed
region. For the 3 

 

µ

 

m-wide LEO region in Figure 2a, one

obtains ~3

 

×

 

10

 

6

 

 cm

 

-2

 

 as the upper bound for the screw-
component TD density at the surface of the LEO GaN.
By combining several such images, the dislocation den-

sity can in principle be as low as ~10

 

5

 

 cm

 

-2

 

, similar to
the case of LEO on GaN/Al

 

2

 

O

 

3

 

 substrates. [4] 

Figure 2a shows that the atomic steps in the LEO
region tend to form a paired structure along the <1100>
directions, which has been attributed to the geometry of
the nitrogen dangling bonds at the step edges of nearly-
dislocation-free GaN surfaces. [3] [42] Figure 2b shows

a small-area image of sample A in which a ~2 

 

µ

 

m

 

2

 

region consisting of such perfectly straight, paired steps
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aligned along one particular <1100> direction can be
observed in the LEO region. Figure 2c shows that the
steps in sample B do not have the same degree of order.
In particular, step-bunching can be seen in the transition
between the seed and the LEO region, whereas the same
transition is essentially smooth in sample A. TEM
observations (see below) and complementary AFM
studies (not shown)  [43] suggest that the step-bunched
regions are related to dislocations with line direction
parallel to the (0001) basal plane located close to the
surface of the stripe.

Pure edge TDs (

 

b

 

 = 1/3 <1120>) are also typically
present in GaN films grown on lattice mismatched sub-
strates, and are usually (but not systematically) revealed
by small surface depressions unrelated to step termina-
tions. Such surface depressions can be observed in Fig-
ure 2b (see arrow "E") and, to a lesser extent, in Figure
2a. The arrangement of the depressions suggests that the
GaN in the seed region has a columnar structure with a
grain size on the order of ~0.2 

 

µ

 

m, which is typical for
our GaN films grown on unpatterned AlN/Si(111) sub-
strates.  [43]

Cross-section TEM micrographs of samples A and B
are shown in Figure 3a and 3b, respectively. In both
cases the seed region has a TD density on the order of

~10

 

11

 

 cm

 

-2

 

, consisting predominantly of pure edge dis-
locations. In contrast, the LEO regions have a very low
density of TDs and an essentially single-crystalline
microstructure. Mixed-character dislocations parallel to
the basal plane with <1120> line direction are observed
in both samples. In sample A these dislocations are
found only in a ~1 

 

µ

 

m-thick region above the SiO

 

2

 

mask (see white arrow in Figure 3a), whereas in sample
B (Figure 3b) they are observed throughout the thick-
ness of the LEO film. Although the physical origin of
these dislocations is not fully understood, it is most
likely related to the stripe morphology, that is, TDs with
line direction close to the [ 0 0 0 1 ] axis can change line
direction to <1120> when located in close proximity of
an inclined sidewall (see e.g. Ref.  [6]). Since sample A
exhibits both inclined and vertical facets, a significant
fraction of the TDs in the seed region remains unaf-
fected by the sidewalls; on the contrary, the sidewalls in
sample B consist of the inclined facet only and can
therefore affect the TDs throughout the growth.

As reported earlier in the case of LEO of GaN on
GaN/Al

 

2

 

O

 

3

 

 substrates, [4] [2] the 

 

c

 

-planes of the LEO
regions grown on Si(111) are tilted relative to that of the
seed region towards the <1120> direction perpendicular
to the stripe orientation. Figure 4a shows x-ray rocking
curves for sample A measured along the stripe axis
(<110l>, dotted line) and perpendicular to the stripe axis
(<112l>, solid line). The peak at 

 

ω

 

-

 

ω

 

(0002)

 

=0 for the two

curves corresponds to the 0002 reflection of GaN from
the seed region. The full width at half maximum for the
dotted line is ~1000 arcsec as is typically observed for
bulk GaN/Si(111). The two side lobes of the solid curve
correspond to 0002 diffraction from the LEO regions,
which have an average tilt of ~0.7

 

°

 

. Figure 4b shows
similar curves for sample B, for which the average tilt is
~4.7

 

°

 

. Tilt angles of ~0.2

 

°

 

 (Ref.  [4]) and ~1

 

°

 

 (Ref.  [2])
have been recently reported for LEO GaN grown on
sapphire by MOCVD and hydride vapor-phase epitaxy
(HVPE), respectively. In both cases, a low-angle tilt
boundary consisting of dislocations with line direction
parallel to the stripe could be clearly identified between
the seed and the LEO regions. On the other hand, tilt
angles as large as 40

 

°

 

 have also been reported in LEO
GaN grown on sapphire by HVPE; [44] in this case the
tilt angle increased continuously across the stripe and
was tentatively related to dislocation loops in the LEO
region. Figure 3 suggests that the tilt also increases pro-
gressively across the LEO regions is samples A and B
and is accommodated by the edge dislocations with line
direction parallel to the stripe direction that are distrib-
uted in the LEO region.

Figure 5 shows room-temperature PL spectra of
samples A and B. For both samples the GaN band-edge
emission at ~365.8 nm and an intense deep level-related
band centered at 570 nm are observed. It is typical for
uncoalesced LEO GaN stripes to exhibit yellow lumi-
nescence, which gradually decreases as the growth pro-
ceeds towards complete coalescence.  [45] This is most
likely related to the large initial growth rate resulting
from the enhancement of the Ga precursor supply from
the mask regions. [45] The band-edge emission is asso-
ciated with free excitons  [46] and suggests that the GaN
is under tensile stress, as is commonly observed for
growth on silicon substrates. [25] [46] In this experi-
ment the emission from both the seed and the LEO
regions was measured, therefore the contributions from
the different regions could be not separated (see e.g.
Ref.  [7]).

Figure 6a shows a plan-view SEM micrograph of
sample A; Figure 6b and 6c show monochromatic CL
images of the same region with the monochromator set
at the band edge emission of GaN. The dark areas in the
seed region are associated with threading dislocations,
which have been postulated to act as non-radiative
recombination centers. [38] The LEO regions show spa-
tially uniform luminescence, which is consistent with a
low density of electrically active defects and corrobo-
rates previous indications that the threading dislocations
have a deleterious effect on the photoluminescence
intensity in GaN. [7] [8] [10] Dark straight lines parallel
to the <1120> directions are observed both in the seed
region and the LEO regions. As indicated by Figure 6a,
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these electrically active features do not seem to corre-
spond to any morphological defects at the surface of the
LEO stripes. However, their orientation corresponds to
the slip planes in GaN ({1100}) and it therefore seems
plausible that they correspond to slip bands resulting
from partial plastic relaxation of the GaN stripes. Since
the LEO GaN stripe is grown from a thin AlN buffer
layer (as opposed to a fully-coalesced, planar GaN film),
it is also possible that these features correspond to stack-
ing faults. Sample B also exhibits luminescence in the
CL experiment (not shown) but the interpretation of the
contrast is complicated by light extraction issues related
to the rough morphology of the inclined sidewalls.

 

4 Discussion

 

Although the LEO of GaN on AlN/Si(111) substrates
occurs in a very similar way as on GaN/Al

 

2

 

O

 

3

 

 sub-
strates, significant structural differences can be noted, as
discussed below.

 

4.1 Stripe morphology and microstructure

 

Figure 1 indicates that the LEO stripes grown on AlN/
Si(111) are bound at least in part by inclined sidewalls.
For identical pattern and growth conditions, the LEO
growth on GaN/Al

 

2

 

O

 

3

 

 substrates would result in vertical
sidewalls only (see e.g. Refs  [3],  [4]). In addition, the
sidewall morphology appears to depend on the thickness
of the AlN buffer layer (compare Figure 1a and 1b). The
two effects are reproducible and are not associated with
any change in the controllable growth parameters, such
as susceptor temperature, input flow rates, and history of
the growth chamber.

Another particularity of the growth on Si(111) is
that, unlike the equivalent process on GaN/Al

 

2

 

O

 

3

 

 sub-
strates, which appears to be extremely robust, the LEO
stripes grown on AlN/Si(111) undergo a gradual degra-
dation as the growth duration is increased. The affected
stripes exhibit regions of rough morphology associated
with an erosion of the SiO

 

2

 

 mask and the underlying sil-
icon substrate near the edge of the stripes, as well as a
significant loss of growth selectivity. The rough regions
are sometimes bounded by cracks in the LEO stripe
(cracking is discussed below). The degradation appears
to be essentially independent of the thickness of the
SiO

 

2

 

 mask, but is strongly dependent on the thickness of
the AlN layer. For example, approximately 50% of the
surface of the wafer is degraded in structures such as
sample A (60 nm-thick AlN buffer) after two hours of
growth, whereas wafers with 180 nm-thick buffers can
be grown to full coalescence without any signs of degra-
dation.

Although the exact cause of this degradation phe-
nomenon is unknown, its relationship with the AlN
buffer thickness suggests that it involves chemical reac-

tions between the precursors and silicon out-diffusing
from the Si(111) wafer through the buffer layer. Recent
results have shown that silicon doping affects the config-
uration of surface steps [47] [48] during growth of pla-
nar GaN films, as well as the morphology of GaN
pyramids during selective-area growth and LEO. [49]
Based on these results, it is reasonable to assume  that
the differences in facet morphology between samples
overgrown using different substrates (GaN/Al

 

2

 

O

 

3

 

 and
AlN/Si(111)) and different buffer thicknesses can be
explained at least in part by the presence of silicon out-
diffusing from the substrate at a rate that decreases as
the AlN buffer thickness is increased. The exact mecha-
nisms of this process, for example, whether the silicon
actually diffuses through the GaN stripe, the SiO

 

2

 

 mask,
or both, are not known at this time but do not affect the
conclusion in a fundamental way. Further studies on the
effect of intentional Si-doping during LEO will be pub-
lished elsewhere. We note that Linthicum et al. have
recently used a SiC diffusion barrier [35] to prevent deg-
radation of the GaN stripes during growth on silicon.
However our results indicate that an AlN layer alone is
sufficient to prevent this degradation provided that it is
sufficiently thick.

We note that the polarity of GaN on AlN/Si(111)
grown by MOCVD has not been determined. Based on
the considerable body of literature on the relation
between polarity and morphology in GaN, [50] signifi-
cant morphological differences should be expected
between Ga-face LEO GaN and N-face LEO GaN. Our
preliminary experiments with the LEO of GaN by
MOCVD on thick N-face GaN grown on sapphire by
molecular beam epitaxy have shown that the stripe mor-
phology is considerably rougher than for Ga-face LEO
GaN, which suggests that LEO GaN on AlN/Si(111) is
of Ga-face polarity. Work towards the explicit determi-
nation of the polarity is underway.

Finally, other process parameters could be affected
by the choice of substrate. For example, the better ther-
mal conductivity of silicon compared to sapphire (124
vs 25 W/mK at 298K) could result in a difference in
substrate temperature, which in turn would affect the
stripe morphology. [39] Such effects could conceivably
explain the difference in facet morphology between
GaN/Al

 

2

 

O

 

3

 

 and AlN/Si(111) substrates; however they
do not explain the effect of the AlN buffer thickness.

 

4.2 Thermal mismatch

 

Although the cracking issue is not well documented in
other studies, it is common to observe cracking for bulk
GaN on Si grown by MOCVD. [23] [43] [51] This is to
be expected since the thermal expansion mismatch

between GaN (

 

α

 

 = 5.6

 

×

 

10

 

-6

 

 K

 

-1

 

 (a axis)) and Si (

 

α

 

 =
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3.6

 

×

 

10

 

-6

 

 K

 

-1

 

) causes GaN to be under tensile stress after
cooldown. Our PL and CL data (Figs. 5 and 6) indeed
show that samples A and B are under tensile stress, and
similar PL peak energies were also observed for planar
GaN grown on Si(111). [25] [43] [46] 

Cracking occurs along the three equivalent {1100}
planes in planar films. However, for uncoalesced GaN
stripes the normal stresses on the three {1100} planes
are not equivalent because of the finite lateral extent of
the stripes.  [b]   Sample B exhibited cracks on the
{1100} planes perpendicular to the stripe direction. The
spacing between the cracks was ~50 

 

µ

 

m. Sample A
exhibited a much lower crack density, with the distance
between cracks on a given stripe being in excess of
~300 

 

µ

 

m. Thus the average crack-free area for sample A

was on the order of 3000 

 

µ

 

m

 

2

 

, similar to that observed
for planar GaN/AlN/Si(111). [43] Although these results
suggest that the stress was lower in sample A than in
sample B, it is likely that the cracking was enhanced in
sample B due to stress concentration associated with the
facetted, inclined sidewalls (as opposed to the smooth
{1120} facet at the base of sample A). Additionally,
cracking might have been enhanced due to hardening
effects related to the pinning of slip mechanisms by the
larger density of extended defects in the LEO region in
sample B. Although the origin of the dark lines in sam-
ple A (Figure 6) is unknown, they could indicate the
onset of plastic relaxation.

Although no modeling of the thermal stress in LEO
GaN was performed in our studies, our experimental
results indicate that cracking depends on most growth
and processing parameters, such as the thickness of AlN
buffer layer (as discussed above) and of the SiO

 

2

 

 mask,
pattern geometry, V/III ratio, and growth temperature. A
more systematic study of the effect of processing param-
eters on the thermal strain in GaN/AlN/Si(111) is under-
way.

 

5 Conclusions

 

We have obtained LEO GaN stripes on Si(111) sub-
strates using a thin AlN buffer layer and characterized
their structural and optical properties. A reduction in
threading dislocation density of 3-4 orders of magnitude
was corroborated by AFM, TEM, and CL measure-
ments.  The AlN buffer thickness was shown to affect
the stripe morphology and, in turn, the microstructure
and the extent of cracking in the LEO stripes.  The stripe
morphology and growth selectivity gradually degrade as
the growth duration is increased; a 180 nm-thick AlN
buffer was shown to prevent degradation, such that full
coalescence can be achieved on a 40 

 

µ

 

m-period pattern.
Further studies on the electrical properties of the LEO
GaN on Si(111) are underway.
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FIGURES

Figure 1a. Cross section SEM micrograph of a typical GaN
LEO stripe on Si(111) after 60 minutes of growth: sample A, 60
nm-thick AlN. 

Figure 1b. Cross section SEM micrograph of a typical GaN
LEO stripe on Si(111) after 60 minutes of growth: sample B,
180 nm-thick AlN. 
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Figure 2a. Surface topography measured by tapping mode AFM: sample A, large-area scan. 
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Figure 2b. Surface topography measured by tapping mode AFM: sample A, height mode. The "S" arrow indicates an instance of
step termination associated with a screw-character threading dislocation intersection the surface of the film. The "E" arrow indicates
an instance of a smaller surface depression typically associated with pure edge threading dislocation. 
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Figure 2c. Surface topography measured by tapping mode
AFM: sample B, height mode. "S" and "E" arrows as in Figure
2b. 

Figure 3a. Cross section bright-field TEM micrographs of
sample A. The left and right panels correspond to g = 1120 and
g = 0002, respectively. The irregular top and side surfaces are
due to the ion milling process. 

Figure 3b. Cross section bright-field TEM micrographs of
sample B. The left and right panels correspond to g = 1120 and
g = 0002, respectively. The irregular top and side surfaces are
due to the ion milling process. 

Figure 4a. X-ray rocking curves of sample A. The dotted (solid)
line corresponds to an ω-scan with the stripe direction parallel
(perpendicular) to the diffraction plane. 

Figure 4b. X-ray rocking curves of sample B. The dotted (solid)
line corresponds to an ω-scan with the stripe direction parallel
(perpendicular) to the diffraction plane. 
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Figure 5. Room temperature PL spectra of samples A and B.  In
this experiment the emission from both the LEO and the seed
region was collected. 

Figure 6. (a) Plan-view SEM micrograph of sample A; (b)
monochromatic (λ=367 nm) CL images of the same region; (c)
high magnification image of (b). 
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