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Abstract
This study reports on the reduction of dislocations in the GaN grown on the stripe-patterned r-plane sapphire substrates via metalorganic chemical vapor deposition (MOCVD). The stripes oriented along the sapphire [1 1 2̄ 0] direction with asymmetrical side faces
were fabricated by lithographic and wet-etching processes. The two etching sides of sapphire-striped mesa are {0 0 0 1} and {1 1̄ 0 1} faces.
GaN grown on both etching facets exhibits different epitaxial relationships with the sapphire substrate. The GaN grown from the
{0 0 0 1} side face of the sapphire mesa contains a low-dislocation density in the order of 107 cm2. The interfacial regions between the
GaN and patterned sapphire substrate are also studied to clarify the behavior of GaN epitaxial growth on the inclined sapphire faces and
defect-reduction mechanism.
r 2007 Elsevier B.V. All rights reserved.
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1. Introduction
GaN-based heterostructures have been shown to have
promising properties for advanced opto-electronic devices,
such as light-emitting diodes (LEDs) and laser diodes
(LDs). In general, these opto-electronic devices typically
consist of an epitaxial multilayer thin-ﬁlm grown along the
[0 0 0 1] direction of the wurtzite crystal structure and
encounter the huge built-in electrostatic ﬁeld that resulted
from an intrinsic spontaneous and extrinsic piezoelectric
polarization. Hence, the performance of these devices
suffers from a strong polarization-induced electric ﬁeld,
which results in reduced overlap between the electron
and the hole wave functions in the quantum well [1].
Thus, there has been a considerable interest in the
growth of nonpolar or semipolar GaN-based epitaxial ﬁlm
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and heterostructures on the r-plane sapphire [2], (1 0 0)
g-LiAlO2 [3] and (1 0 0) MgAlO2 [4] substrates to reduce
the impact of polarization effect.
Unlike the conventional epitaxial growth of c-plane
GaN, a nonpolar epilayer grown on the r-plane sapphire
contains high densities of dislocation and stacking faults
due to the large lattice mismatch between GaN and
sapphire substrates [2,5]. These extended defects should
be eliminated to achieve a high performance of nonpolar
GaN devices. Epitaxial lateral overgrown (ELOG) and
Pendeo epitaxy (PE) approaches have been demonstrated
to be an effective approach for reduction of extended defect
density [6,7]. The ELOG and PE process a can dramatically
eliminate most of the defects. However, the multiple-step
regrowth process is too complicated and time consuming.
In addition to ELOG and PE, several groups have
proposed that direct lateral epitaxial growth on patterned
sapphire substrates (PSSs) can simplify the growth process
and enhance device performance and efﬁciency [8–11].
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In our previous work [11], we have demonstrated that GaN
grown on patterned r-plane sapphire substrates with
asymmetrically inclined facets can have a very low-defect
density (107 cm2) in GaN epilayers without regrowth
process. The present work reports on characterization
results of an interfacial microstructure between GaN and
PSSs, and presents the possible growth mechanism of GaN
on the stripe-patterned r-plane sapphire substrates.
2. Experimental procedure
In our study, fabrication of stripe PSSs was illustrated
as follows: Plasma-enhanced chemical vapor deposition
was used to deposit SiO2 on r-plane sapphire, which was
utilized as masks for PSS fabrication. The mask pattern
consisted of 1-mm-wide stripes oriented along the [1 1 2̄ 0]
direction and 6-mm-wide opening as deﬁned by a standard
photolithography process. The sapphire substrates were
then wet etched using H3PO4-based solution at 300 1C for
5 min. Later on, the sample was dipped into a buffered
oxide etch (NH4F:HF ¼ 6:1) solution to remove the SiO2
mask for the following epitaxial growth. The patterned
substrate was loaded into a low-pressure metal-organic
chemical vapor deposition (MOCVD) system. An AlN
buffer layer was grown at 600 1C, followed by bulk GaN
growth at 1120 1C with low V/III ratio of 900–1200 and a
pressure of 100 Torr. The microstructure of the GaN on
PSS was studied using transmission electron microscopy
(TEM). Cross-sectional TEM thin samples were prepared
using conventional mechanical polishing and Ar+ ion
milling at 3.5–4 kV. TEM was performed on a Philips
Tecnai 20 microscope. Crystallographic analysis and defect
characterization for GaN and patterned sapphire were
carried out by electron diffraction and bright-ﬁeld/dark
ﬁeld imaging techniques, respectively.
3. Results and discussion
A low-magniﬁcation cross-sectional TEM image of
GaN grown on stripe PSS is shown in Fig. 1(a). The
GaN is seen to be periodically grown on the stripe PSS.
Fig. 1(b) shows the enlarged image of striped mesa,
illustrating that the inclined angles of two side faces of
sapphire mesa are different. Hence, it suggests that the two
side etching facets are terminated by different crystallographic faces. According to diffraction patterns, both
side faces of sapphire-striped mesa are near {0 0 0 1} and
{1 1̄ 0 1}, respectively, deviated from nominal faces by
several degrees. The low symmetry of the r-face sapphire
along [1 1 2̄ 0] causes the emergence of asymmetrically
etched faces between both sides of the mesa. Each GaN
grown on the striped mesa can be considered as consisting
of two crystallites (designated as GaN I and GaN II)
terminated with various facets, as shown in Fig. 1(c).
It is remarkable to see GaN I grown on the top face
and right-side face of the sapphire-striped mesa, and the
GaN II grown on the left-side face region. To realize the

Fig. 1. (a) Bright-ﬁeld TEM image of GaN grown on stripe-patterned
sapphire substrate. (b) Enlarged image of side etching faces of sapphire
striped mesa. (c) Bright-ﬁeld image of one complete GaN stripe and
schematic representation of orientation relationship among GaN I,
GaN II, and sapphire substrate. (d) and (e) SAD patterns taken from
the interface region between sapphire and GaN I and between sapphire
GaN II.

crystallographic relationships among GaN I, GaN II, and
sapphire substrate, selected area diffraction (SAD) patterns
were taken from interfacial regions between GaN I and
sapphire substrate, and GaN II and sapphire substrate,
respectively (Fig. 1(d) and (e)). Based on the diffraction
patterns, the crystallographic relationship between GaN I
and sapphire is established as (1 1 2̄ 0)GaNJ(1 1̄ 0 2)sapphire
and [1 1̄ 0 0]GaNJ[1 1 2̄ 0]sapphire. However, the crystallographic relationship between GaN II and sapphire
substrate is shown to be (0 0 0 1)GaNJ(0 0 0 1)sapphire and
[1 1̄ 0 0]GaNJ[1 1 2̄ 0]sapphire. The schematic representation of
orientation relationships among GaN I, GaN II, and
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sapphire substrate is drawn in Fig. 1(c). The top and lateral
faces of GaN I are (1 1 2̄ 0) and (0 0 0 1) faces, respectively.
The orientation relationship between GaN I and sapphire
substrate is usually seen in the case of a GaN epitaxially
grown on an r-plane sapphire. In the GaN II, however, the
top face GaN II parallel to the r-plane sapphire is
semipolar face (1 1 2̄ 2), while inclined faces of GaN II on
the right and left sides are (1 1 2̄ 0) and (0 0 0 1) faces,
respectively. The growth of GaN II originating from the
(0 0 0 1) side face of sapphire-striped mesa results in
another epitaxial relationship of GaN on a sapphire
substrate.
The distributions of defect density in GaN vary in
different regions (Fig. 1(c)). Detailed analysis of the defect
densities from the top-view SEM and two-beam dark-ﬁeld
TEM images has been shown elsewhere [11]. In the GaN I,
a high-defect density (41010 cm2) exists in the region
above the top face and right-side faces of the mesa. These
defects include threading dislocations (TDs) and stacking
faults (SFs) that are often found in a-plane GaN epitaxially
grown on the r-plane sapphire substrate. However, the
dislocation density reduces to 4  108 cm2 in the lateral
region. In contrast, the defect density is dramatically
eliminated (107 cm-2) in GaN II. It is possible that lateral
epitaxial growth of GaN leads to the reduction of defect
density. In particular, the low-defect density regions of
GaN grow on both lateral regions of the mesa. The
development of the lateral growth of GaN will be discussed
in the following:
As mentioned above, the GaN II might grow directly
from the {0 0 0 1} side face of sapphire mesa. To investigate
the lateral growth of GaN II from the {0 0 0 1} sapphire
side face, the interface between GaN II and the {0 0 0 1}
side face and neighbored r-plane sapphire face were
examined in TEM. According to the growth procedure,
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prior to GaN growth, a low-temperature AlN nucleation
layer was deposited on PSS. From the high-magniﬁcation
TEM image in Fig. 2(a), the AlN nucleation layer with
uniform thickness (5 nm) is covered on the {0 0 0 1} side
face and neighbor r-plane surface. The insets show two
SAD patterns in the sapphire [1 1 2̄ 0] zone axis taken from
the interface regions on the {0001} side face and on the
sapphire r-plane region, respectively. Notably, the crystallographic orientation of AlN grown on the {0 0 0 1} side
face (designated as c-AlN) differs from the AlN grown on
neighbor r-plane faces (designated as a-AlN). The epitaxial
orientation relationship of AlN layer grown on the {0 0 0 1}
side face of mesa is (0 0 0 1)AlNJ(0 0 0 1)sapphire and
[1 1̄ 0 0]AlNJ[1 1 2̄ 0]sapphire, which is the same as in the case
of GaN II, as shown in the bottom-right inset, while the
up-left inset shows that the orientation relationship of AlN
grown on the neighbor r-plane sapphire region is
(1 1 2̄ 0)AlNJ(1 1̄ 0 2)sapphire and [1 1̄ 0 0]AlNJ[1 1 2̄ 0]sapphire.
Figs. 2(b) and (c) show the dark-ﬁeld images of AlN
grown on {0 0 0 1}side face and neighbor r-plane sapphire
faces, respectively, which give direct evidence for the
variation of crystallographic orientation of the AlN layer
grown on different sapphire faces. According to the SAD
results and dark-ﬁeld images of the AlN nucleation layer,
the growth of GaN II should originate from the {0 0 0 1}
side face of mesa, because the crystallographic orientation
of GaN II is consistent with that of c-AlN. In addition, we
have also found several island-shaped crystallites with dark
contrast at the interface between GaN II and a-AlN, as
shown in Fig. 3(a). Based on the sapphire [1 1 2̄ 0] zone axis
SAD analysis (Fig. 3(b)), the dark islands are indeed GaN
(designated as GaN III) with the same crystallographic
orientation as the underlying a-AlN instead of GaN II. It is
evident that GaN can also directly grow on the a-AlN in
the initial growth stage. Fig. 3(c) is a dark-ﬁeld image of

Fig. 2. (a) TEM image of interface between GaN II and the {0 0 0 1} side face of sapphire mesa and neighbor r-plane sapphire face. Insets showing the
SAD patterns in sapphire [1 1 2̄ 0] zone axis corresponding to the two regions, as indicated by white arrows. (b) and (c) Dark-ﬁeld images of AlN grown on
{0 0 0 1} side face of sapphire mesa (c-AlN) and AlN grown on neighbor r-plane sapphire face (a-AlN).
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Fig. 3. (a) Island-shaped crystallites grown at the interface between GaN
II and a-AlN. (b) SAD pattern of the island-shaped crystallites in sapphire
[1 1 2̄ 0] zone axis. (c) Dark-ﬁeld image showing the distribution of islandshaped crystallites (GaN III) grown on a-AlN.

surface [12]. In addition, recently, Ni et al. [13] have
reported epitaxial lateral overgrowth of (1 1 2̄ 2) semipolar
GaN grown on m-plane sapphire substrates. According to
their results, GaN with a low-defect density (107 cm-2) also
can be obtained from the inclined wing grown along the
[0 0 0 1] direction. The growth along the [0 0 0 1] axis
advances faster than those in other directions. Their results
are very similar to our case.
In summary, the evolution of GaN growth on the
pattern sapphire can be schematically illustrated in Fig. 4.
In the ﬁrst stage, the AlN nucleation layer can cover all
over the surface of the PSS. The crystallographic orientations of the AlN layer grown on the {0 0 0 1} side face of
mesa is in c-plane different from a-AlN grown on other
regions. Then, GaN nucleates on the AlN layer, but the
GaN nuclei on the {0 0 0 1} side faces and the top face of
mesa may have higher growth rate along the c-axis
direction than those on other regions. In the following
growth stage, the GaN lateral overgrowth from the top and
the {0 0 0 1} side faces of the mesa will occur. Later on, the
overgrowth of GaN I results in coalescence with the GaN
islands that originally nucleate on the a-AlN layer due to
the consistent crystallographic orientations between them,
and at the same time the GaN II grown from the {0 0 0 1}
side faces of the mesa will overgrow the GaN islands and
prevent these GaN islands from further growth. Finally,
the growth fronts of GaN I and GaN II will meet.
4. Conclusion

Fig. 4. Schematic representation of the evolution of GaN growth on the
patterned sapphire.

GaN III directly grown on a-AlN. It is observed that the
height of the GaN III increases with the distance away
from the mesa. According to TEM, we can deduce that the
overgrown GaN II prevents GaN III on a-AlN from
further growth in the following growth stage. Therefore,
the overall growth rate of GaN grown from the {0 0 0 1}
side face of sapphire mesa must be higher than that of GaN
directly grown on AlN deposited on the r-plane sapphire
face. In general condition for the growth of nonpolar
a-plane GaN, the growth rate along {0 0 0 1} growth fronts
is higher than that on {1 1 2̄ 0} face and other faces,
resulting in a stripe feature on the (1 1 2̄ 0) GaN epilayer

In this study, we show that GaN grown on an
r-plane stripe PSSs has a low-defect density. On both
side-etched facets of the striped mesa sapphire substrates,
two GaN crystallites are epitaxially grown in different
orientations, which are (1 1 2̄ 0)GaNJ(1 1̄ 0 2)sapphire and
[1 1̄ 0 0]GaNJ[1 1 2̄ 0]sapphire, and (0 0 0 1)GaNJ(0 0 0 1)sapphire
and [1 1̄ 0 0]GaNJ[1 1 2̄ 0]sapphire, respectively. The GaN
grown on the (0 0 0 1) side face of the sapphire mesa
contains a low-dislocation density in the order of 107 cm2.
Characterization of interfacial microstructures on various
regions shows that the AlN nucleation layer has the same
characteristics as GaN, and the development of GaN
through the lateral epitaxial growth mechanism along the
c-axis is established.
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