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Atomic force microscopy observation of threading 
dislocation density reduction in lateral epitaxial 
overgrowth of gallium nitride by MOCVD
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Extended defect reduction at the surface of GaN grown by lateral epitaxial overgrowth (LEO) on 
large-area GaN/Al2O3 wafers by low pressure MOCVD is demonstrated by atomic force 
microscopy.  The overgrown GaN has a rectangular cross section with smooth (0001) and {1120} 
facets.  The density of mixed character threading dislocations at the surface of the LEO GaN is 
reduced by at least 3-4 orders of magnitude from that of bulk GaN. Dislocation-free GaN surfaces 
exhibit an anisotropic step structure that is attributed to the orientation dependence of the dangling 
bond density at the step edges.

 

1 Introduction

The lateral epitaxial overgrowth (LEO) technique con-
sists of partially masking a substrate or "seed" layer and
subsequently regrowing over the masked substrate. The
potential of LEO for extended defect reduction in the
heteroepitaxial growth of III-V semiconductors has been
demonstrated in materials systems such as GaAs on Si
[1], [2], InGaAs on GaAs  [3], and InP on Si  [4].
Recently, LEO has been utilized in the deposition of
GaN, both by MOCVD  [5], [6], [7] and HVPE  [8], [9].
Transmission electron microscopy (TEM) studies have
shown that threading dislocation (TD) reduction may
occur not only by mask blocking of vertically-propagat-
ing dislocations, but also by a change in propagation
direction of some dislocations at the LEO growth front
[6], [9].  Such dislocations continue to propagate later-
ally, and so do not contribute to the TD density in the
material when further growth is carried out.  In one case,
the resulting material (grown by HVPE) had a TD den-

sity of ~6 x 107 cm-2, as compared to ~ 1 x 1010 cm-2 for
the underlying GaN  [8].  Reducing the TD density is
expected to have a positive impact on the performance
of GaN-based electronic and optoelectronic devices, and
extended lifetime has recently been demonstrated for
laser diodes grown on LEO substrates by MOVPE  [10].

Atomic force microscopy (AFM) has been used in
previous studies to correlate the surface morphology
with the TD density of bulk GaN films grown on sap-

phire by MOCVD  [11],  [12].  In typical high-quality
GaN grown by MOCVD at UCSB the microstructur
consists of isolated TD's of either pure edge (Burge
vector b = 1/3 〈1120〉), mixed (b = 1/3 〈1123〉) or pure
screw ( b = [0 0 0 1]) character  with a total density o

~7×108 cm-2, the percentage of pure edge TD's bein
approximately 50% for a 2 µm thick film  [13].  Mixed
character TD's may be distinguished by the nature
their termination.  Due to their screw content with a fu
c-component translation, the mixed TD's terminate tw
c/2 height steps or one full c height step.  We have pre
ously shown that there is an excellent correlatio
between the mixed character TD density measured
AFM and that measured by plan view or cross-secti
TEM  [11].  Pure edge TD's cannot terminate a step, 
they occasionally give rise to small surface depressio
associated with capillary phenomena.  However the
surface pits are not consistently observed in our mate
and thus the density of pure edge TD's cannot 
inferred by AFM.

In this paper we use AFM to characterize the mix
character TD density reduction and the surface struct
of laterally overgrown GaN grown by MOCVD. We find
that the step structure of dislocation-free surface 
markedly different than that of bulk GaN and thus pr
vides useful insight into the mechanisms responsible 
selective-area epitaxy and lateral epitaxial overgrowth
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2 Experimental

The starting material consisted of 2 µm thick GaN
grown by MOCVD on 2-inch diameter sapphire wafers
using a standard two-step process  [14].  Samples were
coated with 200 nm thick SiO2 using PECVD and 5-10
µm wide stripes were patterned using standard UV pho-
tolithography and wet chemical etching.  Following the
results of Kapolnek et al.  [5], the stripes were oriented
in the 〈1100〉 direction in order to yield a large lateral
growth rate.  The stripe spacing was varied to give ‘fill
factors’ (ratio of open width to pattern period) of 0.1 to
0.5. The LEO GaN was grown at 1080°C using hydro-
gen as the carrier gas.  The sample was heated to the
growth temperature  under NH3.  The total pressure was
set to 76 Torr and the TMGa flow was 105 µmoles/min.
Samples were characterized by scanning electron
microscopy (SEM) using a JEOL 6300F field emission
microscope operating at 5 KeV without any conductive
coating applied to the sample surface.  Surface topogra-
phy was measured in tapping mode using a Digital
Instruments Nanoscope III atomic force microscope
(AFM).

3 Results and Discussion

Figure 1 shows a cross-section SEM micrograph of GaN
overgrown from 5 µm stripes with a fill factor of 0.33
after 30 minutes of growth. The sapphire substrate, the
bulk GaN layer, and the overgrown GaN can be readily
distinguished. The overgrown GaN is bound on top by
the (0001) facet and on the edges by vertical {1120}
sidewalls.  The width of the lateral overgrowth in Figure
1 is 3 µm on each side, resulting in a lateral growth rate
of 6 µm/hr.  We find that the morphology of the over-
grown GaN is similar for all patterns with fill factor
between 0.1 and 0.5, but the lateral growth rate
decreases with increasing fill factor.  Patterns with 10
µm stripes and 0.5 fill factor are fully coalesced after 90
minutes of growth.  A detailed discussion of the lateral
overgrowth mechanisms will be reported elsewhere.

Figure 2 shows the surface structure of the sample
shown in Figure 1b as measured by AFM.  The left part
of the image corresponds to GaN grown in the mask
opening, whereas the 3 µm wide region at the center is
GaN overgrown over the mask. The dark stripe on the
right corresponds to the 5 µm deep trench at the end of
the overgrown stripe and the intensity was set to black in
this part of the image.  Several step terminations can be
seen in the GaN grown in the opening.  In contrast, the
laterally overgrown GaN is essentially free of step ter-
minations, which indicates that the density of pure
screw or mixed character dislocations reaching the sur-
face is much lower in the overgrown GaN than in bulk
GaN  [11].  Transmission electron microscopy investiga-

tions are under way to further assess the dislocation c
tents of the overgrown film and investigate th
mechanisms of dislocation reduction.

Figure 2 reveals that the step structure of the ov
grown GaN is markedly different than of the bulk GaN
In bulk GaN the steps are closely related to the surfa
distribution of TD's, as seen in the left part of Figure 
In comparison the surface of the laterally overgrow
GaN is essentially free of TD's and thus the steps tend
form well-defined patterns along crystallographic dire
tions.  The steps that are aligned with the 〈1100〉 direc-
tions exhibit a pairing effect where the width of th
terraces alternates between adjacent steps in a g
direction, and between adjacent 〈1100〉 directions for a
given step (see lines A and B in Figure 2).  In som
cases the narrow steps seem to disappear completely
given direction but reappear when the step orientat
rotates by 60°, indicating that the observed pairing is no
a simple step-bunching mechanism. Terraces align
with the 〈2110〉 directions have approximately equa
widths in all directions and for adjacent steps in a giv
direction. They are usually seen only as a short tran
tion between the prevalent 〈1100〉-aligned terraces.
Similar anisotropy of the step structure was observed
all samples analysed so far and is believed to be a g
eral property of the laterally overgrown GaN under o
current growth conditions.  Since we are growing und
conditions of high surface mobility, it is likely that the
step morphology represents a local equilibrium stru
ture.

Figure 3 shows the crystal structure of ideal Ga-te
minated, un-reconstructed GaN.  In this simple pictu
the (0001) surface of the terraces consists of galliu
atoms with one dangling bond per atom.  Note that t
GaN bilayers (c/2 height) are rotated by 60° for adjacent
terraces, as is expected from the symmetry of the wu
ite GaN (63 screw axis parallel to the c axis).  By mini
mizing the dangling bond density it can be seen that 
number of dangling bonds per nitrogen atom on succ
sive step edges in the 〈1100〉 directions alternates
between one and two.  The termination type alterna
between adjacent steps in a given direction, and betw
adjacent 〈1100〉 directions for a given step.  It is more
difficult to speculate on the step edge termination in t
〈2110〉 direction but the termination appears to be equ
alent for adjacent steps in a given directions and for 
〈2110〉 directions.  Thus the anisotropy of the postulat
step edge structure is consistent with our experimen
observations.

Figure 4a shows a typical large-area AFM image o
8 µm wide laterally overgrown region from a 0.2 fill fac
tor area after 90 minutes of growth. Similar surfaces fr
of step terminations are obtained by scanning any ot
area of the overgrown film over several millimeter
2  MRS Internet J. Nitride Semicond. Res. 3, 3 (1998).
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which indicates that the density of mixed character dis-
locations reaching the surface of the LEO GaN is in the

104-105 cm-2 range.  For comparison Figure 4b shows
the topography of a typical bulk GaN film grown at
UCSB. The density of pure screw and mixed character

TD's is 3.5×108 cm-2 as is commonly observed for bulk
GaN.  Thus the dislocation density at the surface of the
overgrown film is reduced by at least 3-4 orders of mag-
nitude relative to that of the bulk films.

4 Conclusion

Reproducible lateral overgrowth of gallium nitride on
large area samples by MOCVD was achieved. Atomic
force microscopy indicates a substantial reduction of the
mixed character threading dislocation density by at least
3-4 orders of magnitude from typical bulk gallium
nitride.  It is anticipated that a similar density reduction
is achieved for the pure edge dislocations.  The step
structure of overgrown GaN is markedly different than
that of bulk GaN and appears to be controlled by the
anisotropy of the step edge terminations rather than by
the surface distribution of threading dislocations.
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FIGURES

Figure 1. Cross-section SEM micrograph of laterally overgrown GaN on a 5 µm stripe pattern with 0.33 fill factor after 30 minute
of growth. The stripes are aligned along 〈1100〉. 
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Figure 2. AFM image of the sample shown in Figure 1.  The vertical range is 5 nm. 

Figure 3. Schematic GaN crystal showing differences between
alternating step edges  in the 〈1100〉 directions.  The postulated
structure of the step terminations is based on a simple model
that ignores reconstruction and minimizes dangling bond
densities. 
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Figure 4a. AFM image of laterally overgrown GaN on a 5 µm stripe pattern with 0.2 fill factor after 90 minutes of growth.  Th
vertical range is 5 nm. 
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Figure 4b. AFM image of typical bulk GaN grown by MOVPE.  The vertical range is 10 nm.  
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