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High-quality GaN/AIN layers grown on (111) Si substrates have been used as the seeding layer
for lateral epitactic overgrowth of GaN. The selective overgrowth was controlled by depositing
a SizN4 mask on the GaN seed layer. Growth of additional GaN resulted in the formation of GaN
pyramids above the apertures in the patterned SizN4 mask. Transmission electron microscopy

showed that the GaN pyramids, the GaN seed layer, and the AIN buffer layer in the samples
have the following epitactic relationship with respect to the silicon substrate:

[1120]GaN||[1 120]A|N||[110]Si and (0001 )GaN||(0001 )AIN||(1 11 )Si- The pyramids were found to
consist of a defective core region and a nearly defect-free outer region. In the core of the
pyramid (at, or above, the aperture in the mask), numerous dislocations thread through the
pyramid perpendicular to the interface plane. Some of these threading dislocations, which
originated from the GaN/AIN seed layer, bend abruptly through 90° at the edge of this core
region. In the outer part of the GaN pyramid, the density of vertically propagating dislocations
was much lower. Most of the dislocations in this region are closely parallel to the original (0001)
substrate plane. The top few microns of material are found to be essentially defect-free. The
growth mechanism of the GaN pyramids is discussed in light of this defect structure.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Due to their wide direct bandgap and good thermal, chem-
ical, and mechanical stability III-V nitrides have been
extensively investigated for use in microelectronic and
optoelectronic devices [1-5]. The performance of these
devices is often directly related to the type (i.e. Burgers
vector) and density of dislocations present in the materi-
als used in the device. Lateral epitactic overgrowth (LEO)
is a technique for producing heteroepitactic GaN films
which have a low defect density [6-14]. In LEO, epi-
tactic growth is initiated at seeds (apertures) in partially
masked substrates. The substrates are usually lithograph-
ically patterned with an amorphous layer such as Si,O
or SizNy. The lateral overgrowth occurs without compet-
ing nucleation on the masked areas, thus propagation of
dislocations from the seeding layer is partially blocked
by the mask [15]. LEO has been used for many years
on a variety of different materials [16]; examples of its
use include the reduction of dislocation densities in het-
eroepitactic semiconductor films of GaAs [17, 18] and the
formation of grain boundaries in GaAs [19]. Subsequent
work on laterally overgrown InP on InP-coated Si sub-
strates indicated that LEO could be used to relieve stress
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caused by both the lattice mismatch and the difference in
thermal expansion coefficient [20]. LEO is already used
in the fabrication of field-effect transistors (FETs) [21,
22] and such semiconductor microstructures as quantum
wires and quantum dots [23-26].

LEO of GaN on sapphire and SiC substrates has been
reported [2, 6, 8, 9, 27-36], and reports of the growth
of GaN on (111) Si have also been given [7, 37-46].
Studies indicate that the LEO of GaN on pattern-masked
substrates can reduce the dislocation density by four to
six orders of magnitude [47]. Most of these studies have
included the use of a low-temperature AIN or GaN buffer
layer to act as a seeding layer in the mask aperture [34, 48].
It has been shown that using a buffer layer considerably
improves the crystal quality of the GaN epilayers [39,
49-53]. The selectively grown GaN structures presumably
involve lateral epitaxy, i.e., epitactic growth parallel to, but
not in contact with, the 0001 substrate surface. However,
the relationship between the defect distribution and the
growth mechanism is not fully understood.

Single-crystal Si wafers are particularly attractive as
substrates for LEO due to their low cost, large size, and
the potential for the integration of GaN-based optoelec-
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tronic devices with Si-based electronics. GaN heteroepi-
tactic films grown on a Si substrate are expected to have
higher dislocation densities than those grown on sapphire
and SiC substrates. This difference is attributed to the
larger lattice mismatch between Si and GaN. Using LEO,
the high density of dislocations in the GaN seeding layer
is not so important because only a small fraction of the
defects propagate into the lateral-overgrowth material. It
is possible to produce high-quality GaN material for de-
vices using LEO on a Si substrate [7] (laser action in this
material has been observed at room temperature [43, 54]).

At present, the understanding of the nature and distri-
bution of defects in GaN heteroepitactic films produced
by LEO is limited, especially for those films grown on
a Si substrate. In the present paper, the defect struc-
ture in GaN pyramids grown above apertures in a pat-
terned SizNy4 mask on a (111) Si substrate by LEO is
discussed. Microstructural characterization has been car-
ried out by transmission electron microscopy (TEM) and
electron backscatter diffraction (EBSD). In the TEM the
thickness-fringe contrast technique and the weak-beam
dark-field (WBDF) technique has been used [55, 56]. The
lateral-growth mechanism is then discussed in terms of
the observed defect structure.

2. Experimental details
The GaN growth was carried out in a low-pressure
metal-organic chemical-vapor deposition (MOCVD)
system. A (111) Si wafer was etched in HF:H,O,
rinsed and dried immediately before loading into the
system. The system was evacuated before the pressure
was regulated at 10 Torr with a constant H, flow. The
susceptor was inductively heated to 1150°C and the
Si wafer was baked at this temperature for 10 min in
flowing H,. The deposition for the AIN buffer layer
was initiated by flowing triethylaluminum (TEA) and
ammonia (NH3) into the reactor. The AIN buffer layer
was grown for 20 min, resulting in a buffer-layer
thickness of 100 nm. The subsequent GaN layer was
grown with triethylgallium (TEG) for 30 min, resulting
in a thickness of about 200 nm. A 100-nm-thick masking
layer of Si3N4 was then deposited using plasma-enhanced
chemical-vapor deposition (PECVD). By combining
photolithography and reactive-ion etching (RIE), arrays
of nearly circular apertures, 5 m in diameter and 20 um
apart (center-to-center), were formed. The wafer was
then reloaded into the MOCVD system for the lateral
overgrowth. The system pressure was set at 76 Torr. As
soon as the susceptor temperature reached 1050°C, the
growth was started by flowing ammonia and TEG into the
reactor. The total time for the lateral overgrowth was 3 h.
The cross-sectional specimens were prepared using the
usual ‘sandwich’ techniques: two pieces of the sample
with similar orientation were glued face-to-face with
epoxy (see e.g., [56]). The sample was then sliced normal
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to the interface plane. This cut was, in some cases, from
the apex of the pyramid down through the center of the
SizNy4 mask. In other regions, the cut was outside the
aperture in the Si3N4 mask. After mechanically grinding
and dimpling the sandwich to a thickness of ~10 pum, the
specimen was further thinned to electron transparency by
ion-beam milling. The specimens were then studied in
a Philips CM30 TEM operating at 200 or 300 kV. The
composition was analyzed using an Edax PV9900 XEDS
(X-ray energy-dispersive spectrum) system attached to
the TEM. The morphology of the as-grown structures was
also studied by secondary electron imaging in a SEM.

Another growth sample was allowed to continue
until the substrate was completely covered with GaN
approximately 15 pum in thickness. In the case of this
second sample the apertures were 2.5 um in diameter
and 5 um apart (center-to-center). This particular sample
was characterized at the surface using SEM imaging and
electron backscatter diffraction (EBSD).

3. Results and observations

3.1. GaN pyramids

A secondary-electron image of the as-grown structures,
shown in Fig. la, indicates that each pyramid has
predominantly six facets. These facets are similar to
those reported for pyramids grown on sapphire and
SiC substrates [57, 58]. The width of the base and the
height of the pyramids are both approximately 15 pum.
Schematics of the pyramid structure are shown in Fig. 1b
and c. Fig. 1b represents a top view of the pyramid,
which shows the location of the aperture in the SizNy
mask, above which the core region of the pyramid is
grown. It also shows the lateral growth portion of the
pyramid surrounding the core. The vertical bar indicates
from approximately where in the pyramid the TEM
cross-section sample (shown in Fig. 5) was taken. Fig. 1c
is a schematic representing a cross-section view of the
pyramid which shows the GaN/AIN seeding layer and the
(111)Si substrate. The core region is shown containing
vertical lines which represent the threading dislocations
that start at the seed layer. The lateral growth region, out-
side the core, contains horizontal lines, which represent
dislocations that run parallel to the growth interface.

Fig. 2 is a visible-light-microscope (VLM) image of
the cross-sectional specimen. The pyramids can clearly
be seen on either side of the glue line. The facet angles
seen in the image vary because the sample has not been
cut across one row of pyramids: it is at an angle to a
particular row and cuts the pyramids at different heights
and angles. Using a suitable polarizer VLM can reveal
the interface between the pyramids and the substrate, and
show some fine structure in the center of the pyramids.
The height and width of the pyramids are determined to
be ~15 pum from these images.
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Figure I A secondary-electron SEM image of the as-grown GaN pyramids (a). Schematics representing a top view (b) and a cross section (c¢) of the pyramid

structure.

20 pm

Figure 2 Visible-light-microscope (VLM) image of the cross-sectional
specimen showing two arrays of pyramids being prepared for TEM. Appar-
ent size depends on how the sample was sectioned.

Fig. 3 is a low-magnification mass-thickness-contrast
TEM image of the cross-sectional specimen. The mask
(with a low average Z) is seen as a bright line between
the pyramid and substrate. The thickness of the mask is
~80 nm. The size of the aperture in the mask is ~5 um
and the base size of the pyramid is 15 pum, consistent
with the VLM observations. The GaN pyramids clearly
extend laterally well beyond the aperture. The contrast in
the image also suggests that there is a layer between the
SizN4 mask and the substrate. This region consists of two
separate layers with thickness of 150 nm and 125 nm, re-
spectively. From dark-field STEM images of the interface
region and the corresponding X-ray composition maps for
the elements Ga, Al, Si, and O, evidence was found for Al
in the Si substrate which could be the result of Al diffu-
sion into the Si substrate from the gas-phase Al precursor
during the initial growth of the AIN buffer layer.

Pyramid(GaN)

Figure 3 Mass contrast TEM image showing the window in the mask (light
horizontal lines).

The crystallographic orientation of the different
regions was obtained from selected-area diffraction
(SAD) patterns. Fig. 4a is the SAD pattern from the entire
interfacial region between the pyramid and substrate, (b)
is the SAD pattern from the interface between the GaN
plus AIN buffer layer and substrate, (c) is the SAD pattern
from the GaN layer and AIN buffer layer, (d) is the SAD
pattern from the substrate; and (e) is the SAD pattern
from the GaN pyramid. The SAD patterns confirmed
that the GaN pyramids, the GaN seed layer, and the AIN
buffer layer are all monocrystalline with the following
epitactic relationship with respect to the Si substrate:

[1120)Gan|1[1120] A [[110]s;
(000D)Gan|1(000D) AN [(1 1 Ds;.
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Figure 4 (a) SAD pattern from the whole interfacial region between the pyramid and the substrate, (b) SAD pattern from the interface between the GaN
plus AIN buffer layer and substrate, (c) SAD pattern from the GaN layer and AIN buffer layer, (d) SAD pattern from the substrate whose zone axis is [110],

and (e) SAD pattern from the GaN pyramid, the zone axis is [1120].

3.2. Dislocation geometry

Fig. 5 is a low-magnification weak-beam dark-field
(WBDF) image of one of the GaN pyramids in cross
section. The image was obtained with the electron beam
nearly parallel to the [1120] GaN zone axis using a
g(3g) weak-beam condition, g = [1100]. The ratio of the
height to the half width of the base of the pyramid was
~1.7, which is close to the c/a ratio for the wurtzite GaN.
This aspect ratio is consistent with the six major inclined
facets of each pyramid being parallel to {1011} planes. In
the center of the GaN pyramid, at and above the aperture,
dislocations propagate nearly perpendicular to the initial
substrate plane and the dislocation density is quite high. In
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the outer part of the pyramid, the dislocations lie parallel
to the interface plane. It is also apparent that the density of
the defects in the outer part is lower than that in the core
part of the pyramid. Since the width of the core region
decreases with increasing distance from the interface
plane, the overall defect density also decreases. Fig. 6 is
a pair of DF images acquired under different diffraction
conditions, which show that the top several microns of
pyramid are essentially free of extended defects.

Fig. 7 is a WBDF image at a higher magnification than
that of Fig. 5. The image was obtained with the elec-
tron beam nearly parallel to the [1120] GaN zone axis,
and using a g(5g) condition, g = [0002]. This image re-



Figure 5 A low magnification TEM image of the cross-section specimen
acquired under weak-beam, dark-field (WBDF) conditions.

Figure 6 WBDF images of the top of a GaN pyramid. Images acquired
near the [1120] zone axis with g = 1100 (a) and g = 0002 (b). These images
show that the top portion of the pyramid is essentially defect free.

veals the microstructure near the boundary of the core
region of the pyramid. “M” refers to the SizN4 mask, and
“GA” refers to the GaN-seed layer with the AIN buffer
layer. The dislocations can clearly be seen threading up
through the core region and then turning abruptly, at the
inclined boundary of the core, to lie parallel to the sub-
strate. The location of the “bending” of the dislocations
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Figure7 A WBDF image of the boundary of the core region of the pyramid.
M refers to the Si3sN4 mask, and “GA” refers to the GaN-seed layer with
the AIN buffer layer.

indicates approximately where the lateral growth of the
pyramid begins.

In the core region of the pyramid, the density of dis-
locations appears to be higher than any other region of
the pyramid, and similar to that of an epitactically grown
film of GaN not using the LEO technique [59]. It has
been reported that the predominant defects in the core
region are threading dislocations resulting from the mis-
fit strain introduced by the lattice mismatch between
the epilayer and substrate. The nature of these disloca-
tions is reported to be mostly edge with b = 1/3(1120)
[60-62].

3.3. Dislocation characterization

TEM studies have revealed that within a wurtzite GaN
epilayer grown on a sapphire substrate, the dislocations
are found mainly to have Burgers vectors 1/3(1120),
1/3(1123), and [0001] [59, 62]. This is in agreement with
the fact that the wurzite structure is known to have the
same possible perfect dislocations and slip systems as
the hcp structure. Therefore, the dislocations with Burg-
ers vectors of type 1/3(1120) lie on either the (0001)
basal plane or the {1100} prismatic planes. Dislocations
of Burgers vector 1/3(1123) lie on the {1011} pyramidal
planes, and those with Burgers vector of [0001] lie on the
{1100} prismatic planes [63].

Fig. 8 is WBDF image acquired from the same area of
the GaN pyramid as that shown in Fig. 7. The image in
Fig. 8, however, was acquired with the electron beam near
the [1010] GaN zone axis, and using a g(3g) WB condi-
tion where g = [1120]. The WBDF image in Fig. 7 was
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Figure 8 WBDF image of the same area as that found in Fig. 7. The image
was acquired with the electron beam near the [1100] GaN zone axis, and
using a g(3g) WB condition where g = [1120].

acquired with the electron beam near the [1120] GaN zone
axis, and using a g(5g) condition where g = [0002]. By us-
ing different diffraction conditions to image the same area
of one of the GaN pyramids, some general observations
of the dislocations in the core region were made. First, it
was apparent that there are more dislocations visible when
g = [1120] than when g = [0002], which demonstrates
that the density of the dislocations without a c-component
to their Burgers vector is much higher than that of dislo-
cations with a c-component. Furthermore, most of the
dislocations observed under the diffraction conditions of
Fig. 7, where the majority of dislocations are out of con-
trast, are actually dislocation half-loops which originate
at the GaN/AIN seed layer. These observations are consis-
tent with the expectations that the threading dislocations
in the core region of Fig. § are mainly edge in nature
and have either 1/3[1120]-type or 1/3[1123]-type Burg-
ers vectors; and the half loops within the core region of
Fig. 7 are either screw or mixed in nature and have Burgers
vectors of type [0001].

Fig. 9 is another pair of DF images from the GaN pyra-
mid. Fig. 9a, which was recorded with the electron beam
tilted off the [1120] GaN zone axis with g = 0002, reveals
some of the characteristics of the dislocations in the outer
part of the pyramid. Specifically, the dislocations shown
to be parallel to the original (0001) interface plane demon-
strate an oscillatory intensity. This observation indicates
that although the dislocations lie on the basal plane, they
are also inclined to the foil surface. Using trace analy-
sis [56], it can be confirmed that the line direction of
most of the lateral dislocation shown in Fig. 9a, is close
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Figure 9 (a) DF image acquired near the [1120] zone axis with g = 0002
revealing the dislocation distribution in the core region (at the window) of
a GaN pyramid. In the Figure, “M” indicates location of SizN4 mask, “AG”
indicates location of GaN seed layer and AIN buffer layer. (b) WBDF image
of dislocation A with weak-beam condition g(6g), g = 1100 (the electron
beam is close to the [1121] zone axis).

to the [1100] direction, but it was found that several of
these dislocation curve off of the [1100] direction. Fig. 9b,
which is a WBDF image recorded with the electron beam
close to the [1121] zone axis using a g(6g) condition
where g = [1100], gives clear evidence that the disloca-
tion labeled “A” curves from the core to the outer part of
the pyramid, but remains parallel to the (0001) interface
plane. The dislocations labeled “B” and “C” run through
the thickness of the TEM foil, and again using trace analy-
sis, the line direction of these dislocations was determined
to be close to [2110]. The two ends of these dislocations
have been removed when thinning the TEM specimen.
The contrast from these dislocations in Fig. 9a also sug-
gests that the dislocations are either edge or mixed since
a pure screw dislocation with its Burgers vector in the
basal plane should be out of contrast since g - b = 0 and
g-bxu=0.

Evidence for dislocation climb during the growth is
given in Fig. 10, which is a pair of WBDF images and
corresponding schematics of a dislocation half-loop orig-
inating from the seeding layer. The images in Fig. 10a and
¢ were acquired using g = 0002 with a WBDF condition,
the electron beam nearly parallel to [1120] and [0110], re-



Figure 10  WBDF images of a dislocation half-loop originated from the
seeding layer (a) g = 0002 with g(9g) ([110] zone axis); (b) g = 0002 with
g(6g) ([010] zone axis). (¢) and (d) are the schematics of the dislocation half-
loop corresponding to (a) and (b), respectively. Point “C” in (b) represents
the crossing point of the two ends of the half-loop.

spectively. Because the ends of this dislocation half-loop
cross one another, as can be seen in the WBDF image of
the tilted specimen in Fig. 10 (the crossing point is indi-
cated by “C” in Fig. 10c), the two ends of this half-loop
cannot lie in the same plane. These samples were not an-
nealed after growth, so point defects must be incorporated
during the growth process or while cooling. Thus, the half-
loop propagates in the c-direction while absorbing point
defects during growth or during subsequent cooling from
the growth temperature.
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TABLE I. A summary of the analysis from thickness fringes terminating
at dislocations in Fig. 11

G zone axis A B C D
g=0113 [1121] 0 0 -1 0
g=0002 [0110] 0 0 0 0
g=1101 [1120] -1 —1 0 —1
g=1101 [1120] —1 -1 0 -1
Burgers vector 1/3[2110] 1/3[1210] 1/3[1120] 1/3[1210]
Line direction [2110] Loop [1010] [2110]

3.4. Lateral dislocations
For further study of the dislocations that lie in the lat-
eral growth regions, observations were made from cross-
section TEM specimens that intersect the pyramid outside
of the core region. The images shown in Fig. 11 are WBDF
images of four defects (dislocations or dislocation loops)
indicated as A, B, C, and D. The thickness fringes ter-
minating at the ends of the dislocations can be used to
determine the Burgers vectors of the dislocations using a
thickness-fringe contrast analysis method [37, 55]. Both
ends of all the dislocations can be seen clearly, however
the thickness fringes which terminate on the left are used
in the analysis. If the terminating fringe runs toward the
top of the image, the number of fringes, n, is positive,
otherwise n is negative. The number of fringes is then
applied to the relation
n=g-b

where g represents the diffracting vector. By selecting
three diffracting vectors, g, and determining n for each
different condition, b can be unambiguously determined.

The results of the thickness-fringe analysis are summa-
rized in Table I. A total of four different diffraction con-
ditions are presented here although only three are needed
for the Burgers vector analysis. The line directions of the
dislocations, which are also reported in Table I, were ob-
tained by trace analysis. From these results it has been
determined that defect A is a screw dislocation, while
defect B appears to be a dislocation half loop lying on
the basal plane. Defects C and D are mixed dislocations;
the character of these defects being that of 30° and 60°
dislocations, respectively.

3.5. Electron Backscattered Diffraction (EBSD)
of overgrown GaN pyramids
If the lateral growth is allowed to continue, the pyramids
coalesce to become a continuous film covering the sur-
face. Fig. 12 is a series of secondary electron images of
the surface after the pyramids have grown together. The
images were acquired at various sample tilts. The image
in Fig. 12a was acquired at 0° sample tilt, so it is being
viewed “flat.” The images in Fig. 12b and c are tilted in
opposite directions to show that the structures are actually
pits. By viewing the film with transmitted light in a vis-
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Figure 11 'WBDF images of four different dislocations or dislocation loops labeled A, B, C and D in each image. The diffraction conditions are g(5g), with

g equal to (a) 0113, (b) 0002, (c) [0101], and (d) 1101.

ible light microscope it was determined that the growth
aperture is located directly below the flat, plateau like
structure. This structure is seen in Fig. 12a as having very
dark contrast. Therefore, the pits are located at the triple
junctions of three coalescing pyramids. From the images
in Fig. 12 it can be seen that the pits have twelve facets
whereas the pyramids, shown in Fig. 1, have only six.
EBSD was used to determine and map the orientations
of the surface in order to detect the presence of any mis-
orientations that may have resulted from the coalescence
of the pyramids. Fig. 13a shows an EBSD pattern ac-
quired from the surface of the overgrown GaN layer. By
indexing this pattern the surface orientation was verified
as the (0001) surface of GaN. Fig. 14a is an image quality
(IQ) map, which is constructed using the quality (i.e. the
brightness and contrast) of the EBSD patterns collected
in 1 um steps on the surface. In this case, the image
quality (IQ) map gives an indication of the surface mor-
phology due to variations at the surface. The 1Q map also
indicates the absence of grain boundaries at the surface.
Grain boundaries normally appear as dark lines in an 1Q
map due to the poor quality of EBSD patterns that are
acquired at the grain boundaries. The pits appear black
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in the IQ map due to the fact that no EBSD patterns are
acquired from them.

It can be seen from Fig. 14a that the pits are arranged
similarly to the arrangement seen in Fig. 12. The location
of the original pyramid is roughly at the center of six pits,
which form a hexagon around the location of the aperture
in the Si3N4 mask. Therefore the pits form an observable
border separating material from different overgrown pyra-
mids. Fig. 14b is a misorientation map that is created by
indexing all of the patterns acquired at the surface, then
applying a gradient scale to indicate the degree of misori-
entation from a reference point in the data (in this case, the
reference point is the pixel located at the image center. By
displaying the misorientation in this way, it is easy to see
average variations in the misorientations between the ma-
terial from different overgrown pyramids. Variations in-
dicate the presence of small-angle grain boundaries. Tests
of the angular resolution of the EBSD technique show that
misorientations as low as 0.25° can be detected [64]. Pre-
liminary analysis of the data used to create Fig. 14b shows
that there are a few regions (with slightly darker contrast)
that have an average misorientation of approximately 0.5°
with respect to the reference orientation.
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Figure 12 A series of secondary electron images of the surface of GaN after the pyramids have grown together. The images were acquired at various sample
tilts. The image in (a) was acquired at 0° tilt. The images in (b) and (c) were tilted with a negative and a positive tilt respectively, to show that the structures

are pits and not pyramids.

4. Discussion

The dislocation geometry of the GaN pyramids, as shown
in Fig. 1b and c, reveals some important characteristics of
the growth process. For example, in the core region a high
density of dislocations propagate through the core closely
perpendicular to the interface plane. These dislocations
then abruptly bend through 90° at or near to the inclined
faces at the edge of the pyramid core. This observation
suggests that the initial GaN growth (above the mask aper-
ture) and the defect propagation (threading dislocations)
took place in the [0001] direction. The subsequent lateral
growth of the GaN on the facets results in the horizontal

propagation of the dislocations in the outer part of the
pyramid, which leads to the elimination of the disloca-
tions in the top part of the pyramid. Thus, the dislocations
do not bend by moving, rather they bend by propagating
in a different direction [7, 35, 59].

The density of the dislocations in the lateral growth
region appears to be reduced from that of bulk GaN
(~10'" cm™2) [65, 66]. The study of dislocations in this
region reveals that many have a Burgers vector of type
b = 1/3(1120) and a line direction of (1120) or (0110).
Many of these dislocations are the threading dislocations
from the core region that have bent over upon entering
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Gallium Nitride GaN

Figure 13 (a) An EBSD pattern from the as-grown surface of GaN. (b) The same pattern after indexing using the structural information for GaN. An

indexing overlay is shown on the pattern to illustrate the indexing fit.

B | 0°-5°misorientation

Figure 14 An IQ map (a) and a misorientation map (b) of the surface of
the over grown GaN.

the lateral-growth region. This effect was proposed for
continuous films grown by LEO [61] and demonstrated
for individual pyramids [7, 59]. Therefore the dislocation
half loops, which are located in the core region and have
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a Burgers vector of b = [0001], are either pure screw or
mixed in character as long as they remain in the core re-
gion. The threading dislocations, which are found in the
core and have a Burgers vector of b = 1/3(1120), are
mostly edge in nature as long as they remain in the core.
However as soon as they reach the edge of the core they
could potentially become pure edge, pure screw, or mixed
in character.

The dislocations found in the GaN pyramids are merely
extensions of the dislocations originating in the GaN/AIN
buffer layer. Therefore, in order to understand the source
of the dislocations in the GaN pyramid, the source of the
dislocations must be studied. An analysis similar to that
performed by Ning et al. [67], for GaN on basal sapphire,
was applied to GaN on (111) Si. In studying heteroepi-
tactic films, the lattice mismatch of greatest significance
is that of the planes in the epilayer and substrate that are
perpendicular to the interface and parallel to each other.
Therefore, for GaN grown on (0001) sapphire, the planes
that are of main significance for mismatch are the {1100}
planes of GaN and the {1120} planes of sapphire; for
GaN grown on (111) Si, the significant planes are the
{1120} planes of GaN and the {220} planes of Si. The epi-
layer/substrate mismatch parameter, f{(T), at temperature
T, can be defined as:

de — dg

f(I) =

s

Here a, and a; represent the interplanar spacings of the
corresponding planes in the epilayer and substrate. At
room temperature, these spacings are [1]

GaN __ Sapphire
agyoo = 0.276 nm, a5y = 0.238 nm

a8 = 0.159nm, a5y, = 0.192nm



Therefore, the misfit parameter for GaN grown on (0001)
sapphire is f = 0.160 > 0, and for GaN grown on (111) Si
f= —0.172 < 0. These values will change slightly with
the temperature considering the coefficients of thermal
expansion of GaN and sapphire in the basal planes, and
the Si in the (111) plane. The corresponding coefficients
of thermal expansion are [1]

aGaN = 5.59 x 107/K
sapphire = 7.5 x 1076/K
asi = 3.59 x 107%/K

Although the lattice mismatch for GaN on (111) Si is
larger than for GaN on (0001) sapphire, the misfit param-
eter for GaN on (0001) sapphire is more strongly affected
by temperature than that of GaN on (111) Si. Another
consideration however, is that the strain introduced by the
misfit is different for the different substrates. If the lattice
misfit at the growth temperature is fully accommodated,
the thermal mismatch dictates that, after cooling to room
temperature, the GaN on sapphire will be in compression
while GaN on Si will be in tension. The importance of
this difference has been described previously for GaAs-
based materials [68]. Variations in the dislocation forma-
tion during the growth process may be introduced by these
differences.

5. Conclusions

GaN pyramids were grown using the LEO technique on
GaN/AIN seeding layers through patterned apertures in
a SizNy mask. The seeding layers were grown on (111)
Si substrates and based on the selected area diffraction
analysis, the following epitactic relationship was found
between the GaN pyramid, GaN seed layer, AIN buffer
layer, and the Si substrate: [1120]gan||[1120]am]|[110]s;
and (0001)Gan[[(000D) AN || (11 D)s;.

The GaN pyramids can be described as a core region
above the initial aperture in the mask, a lateral growth
or outer region with a film thickness the same as the
core, and a top region above the core and lateral growth
region. The core appears to have the same shape as the
pyramid itself. In the core of the pyramids, there is a high
density of dislocations propagating through the pyramid
perpendicular to the original interface plane. Some of
these threading dislocations, which originated from the
GaN/AIN seed layer, bend through 90° and emerge on
the inclined faces at the edge of the pyramid core. In the
lateral growth region of the GaN pyramid, the dislocation
density is low relative to that of the core. The majority
of dislocations in this region thread through the pyramid
parallel to the interface plane. The Burgers vectors of the
majority the dislocations in the pyramid were found to
be b = 1/3(1120) and b = [0001]. The defect density
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decreases with the distance away from the interface, the
top several microns of material being essentially defect-
free.

Appendix

A.1 Thickness-fringe contrast analysis of
defects in GaN

The analysis of thickness-fringe contrast in weak-beam
transmission electron microscope (TEM) images has been
shown to be a reliable method for the complete determi-
nation of the character, as well as the magnitude, of a
dislocation Burgers vector. By selecting multiple diffrac-
tion conditions and, for each condition, determining the
number of terminating thickness fringes at the exit of
a dislocation from a wedge-shaped sample, the Burgers
vector can be unambiguously determined.

The useful properties of a material are often directly
related to the type (i.e. Burgers vector) and density of
dislocations present in the material. There are several
methods of analyzing dislocation Burgers vectors [1].
One of the most popular of these techniques is based on
the “invisibility criterion” (g - b = 0), which under strong
two-beam conditions can determine the direction of the
Burgers vector. However, if the dislocation contains a
large edge component, the g - b = 0 condition does not
accurately describe the dislocation contrast since there
may be a displacement of the lattice that is perpendicular
to the Burgers vector (i.e. glide-plane buckling). There are
also complications when using a high-order diffracting
vector and when the structure of the material is complex.

The thickness-fringe contrast technique overcomes
these disadvantages by using the interaction between
weak-beam, extinction contours (thickness fringes) and
the strain field of a dislocation to analyze the Burgers
vector, b [2]. The behavior of weak-beam extinction
contours is sensitive, not only to thickness, but also
variations in crystal orientation. It has been shown that
the local variations in crystal orientation surrounding a
dislocation are manifest by local bending of the extinction
contours, and the nature and magnitude of the bending
depends on the orientation of the Burgers vector with
respect to the diffracting vector of the operating reflector
[3]. Therefore, in weak-beam imaging the nature and
magnitude of the interaction can be used to determine the
sign and magnitude of the Burgers vector of a dislocation.

This technique is based on a two-beam diffraction con-
dition in the TEM. Under these conditions, the Howie—
Whelan equations may be used to describe the amplitudes
of the transmitted and diffracted beams [4]. Using the
“modified” Howie—Whelan equations (modified to ac-
count for the presence of a strain field), the following
equation can be derived:

dR
Seff =S + 8- ——

dz Aab
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where s is the deviation from the exact Bragg condition or
excitation error, sefr 1S the effective excitation error in the
presence of a strain field, and R is the displacement field
near a dislocation. The equation describing the behavior
of thickness contours, ts = C, where ¢ is the local thickness
of the sample and C is a constant, can then be modified
to

dR
lSeff=l|:S+g'Ei|=C (A2)

to account for the presence of a dislocation strain field.
Assuming the column approximation is valid [5], consider
a column of material near a dislocation. The strain field
of the dislocation, R, in the direction, z, of the electron
beam creates a gradual change in orientation down the
column. Replacing the gradual change in orientation with
an average misorientation within the column validates the
approximation

dR "dR
g. 2 =§/ - = BAR
dz t Jo dz t

where AR = [R(#)—R(0)]. Then substituting equation (3)
into (2) yields

(A3)

tSer =ts+g- AR=C (A4)
Now if a closed loop L is taken within the material
and around the dislocation line, the displacement vec-
tor AR, taken along the circuit L in a right-hand sense,
is AR|; = b. The first term on the right-hand side of
the above equation, s, is zero after integration about the
closed circuit. However, the secondterm g - AR|, =g b
is only zero if g and b are perpendicular. The left-hand side
of Equation (4) taken around the circuit L is fse|, = 7,
which is the difference in the number of fringes that exit
and the number that enter the closed circuit [6]. Therefore,
under weak-beam conditions, the number of terminating
fringes n at the dislocation is equal to g - b.

In the above argument, the location of the closed circuit
L is not specified except that it is within the material.
Therefore the terminating fringes must also be within the
material. However, if the location of L is now specified
at the bottom surface of the foil as shown in Fig. A.1,
the same argument applies, but the fringes are seen in
the micrograph where the dislocation intersects the free
surface. If the sign of the dislocation in Fig. A.1 is assumed
to be positive in the direction toward the specimen edge
and the closed loop L is again taken in a right-hand sense
around the dislocation, the number of terminating fringes
is n. The sign of the Burgers vector can then be determined
according to the following: first, assume the end of the
specimen foil is toward the bottom of the image (as in
Fig. A.1); then, n is positive when n terminating fringes
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Figure A.I. A low magnification WBDF TEM image of a dislocation. A
closed loop L is taken around the dislocation closest to the edge of the
specimen foil (toward the bottom of the image).

appear in the image on the left-hand side of the dislocation
outcrop; and n is negative when n terminating fringes
appear on the right-hand side of the dislocation [2].
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