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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/AD5 wafers by low pressure MOCVD is demonstrated by atomic force

microscopy. The overgrown GaN has a rectangular cross section with smooth (0001) &hd {112
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 phire by MOCVD [11], [12]. In typical high-quality
The lateral epitaxial overgrowth (LEO) technique con-GaN grown by MOCVD at UCSB the microstructure
sists of partially masking a substrate or "seed" layer angonsists of isolated TD's of either pure edge (Burgers
subsequently regrowing over the masked substrate. Thgctorb = 1/3[11200), mixed o = 1/3[1123[) or pure

potential of LEO for extended defect reduction in thescrew (b = [0 0 0 1]) character with a total density of
heteroepitaxial growth of 111-V semiconductors has been-7x108 cm?, the percentage of pure edge TD's being
demonstrated in materials systems such as GaAs on &bproximately 50% for a @m thick film [13]. Mixed

[1], [2], InGaAs on GaAs [3], and InP on Si [4]. character TD's may be distinguished by the nature of
Recently, LEO has been utilized in the deposition ofheijr termination. Due to their screw content with a full
GaN, both by MOCVD [5], [6], [7] and HVPE [8], [9]. c-component translation, the mixed TD's terminate two
Transmission electron microscopy (TEM) studies have,o height steps or one full ¢ height step. We have previ-
shown that threading dislocation (TD) reduction maygysly shown that there is an excellent correlation
occur not only by mask blocking of vertically-propagat-yenyeen the mixed character TD density measured by
ing dislocations, but also by a change in propagationg\; ang that measured by plan view or cross-section
direction of some dislqcations a_tt the LEO growth frontTEM [11]. Pure edge TD's cannot terminate a step, but
[6], [9]. Such dlslocanon_s continue to propag_ate_ Iater’they occasionally give rise to small surface depressions
ally, a_nd S0 do not contnbutg to th_e TD density in theassociated with capillary phenomena. However these
material when further growth is carried out. In one case

the resulting material (grown by HVPE) had a TD den_Surface pits are not gon5|stently observed |'n our material
_ > - and thus the density of pure edge TD's cannot be
sity of ~6 x 1 cmi?, as compared to ~ 1 x em?for i arred by AFM.

the underlying GaN [8]. Reducing the TD density is
expected to have a positive impact on the performance In this paper we use AFM to characterize the mixed
of GaN-based electronic and optoelectronic devices, angharacter TD density reduction and the surface structure
extended lifetime has recently been demonstrated fof laterally overgrown GaN grown by MOCVD. We find
laser diodes grown on LEO substrates by MOVPE [10]that the step structure of dislocation-free surface is
Atomic force microscopy (AFM) has been used inmarkedly different than that of bulk GaN and thus pro-
previous studies to correlate the surface morphologyides useful insight into the mechanisms responsible for
with the TD density of bulk GaN films grown on sap- selective-area epitaxy and lateral epitaxial overgrowth.
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2 Experimental tions are under way to further assess the dislocation con-

The starting material consisted of |[Zn thick GaN tents of the overgrown film and investigate the

grown by MOCVD on 2-inch diameter sapphire Wafersmechanlsms of dislocation reduction.
. Figure 2 reveals that the step structure of the over-
using a standard two-step process [14]. Samples were

: . L _ grown GaN is markedly different than of the bulk GaN.
coated with 200 nm thick Siuising PECVD and 5-10 In bulk GaN the steps are closely related to the surface

Hm wide stripes were patterned using standard l_JV phodistribution of TD's, as seen in the left part of Figure 2.
tolithography and wet chemical etching. Following the%

Its of Inek | h . : n comparison the surface of the laterally overgrown
resu ts of Kapq nex et al [5], the s}npes were orientes 5 jg essentially free of TD's and thus the steps tend to
in the [11000direction in order to yield a large lateral fo

rm well-defined patterns along crystallographic direc-
growth rate. The stripe spacing was varied to give ill P g =1y grap

: ) i of idth iod) of tions. The steps that are aligned with Th#00Cdirec-
actori (ratio of open width to patter perto )ho d0.1 ©ions exhibit a pairing effect where the width of the
0.5. The LEO G_aN was grown at 1080using hydro- o aceq alternates between adjacent steps in a given
gen as the carrier gas. The sample was heated to t

h q h | ffection, and between adjacentl0O00directions for a
growth temperature under MHThe total pressure was given step (see lines A and B in Figure 2). In some

set to 76 Torr and the TMGa flow was J@8oles/min.  cases the narrow steps seem to disappear completely in a
Samples were characterized by scanning electrogiven direction but reappear when the step orientation
microscopy (SEM) using a JEOL 6300F field emissionyotates by 68 indicating that the observed pairing is not
microscope operating at 5 KeV without any conductivey simple step-bunching mechanism. Terraces aligned
coating applied to the sample surfacgurface topogra- wjth the @TI00directions have approximately equal
phy was measured in tapping mode using a Digitalyigths in all directions and for adjacent steps in a given
Instruments Nanoscope Il atomic force microscopegirection. They are usually seen only as a short transi-
(AFM). tion between the prevalenfl100Galigned terraces.
Similar anisotropy of the step structure was observed on
all samples analysed so far and is believed to be a gen
Figure 1 shows a cross-section SEM micrograph of GaMral property of the laterally overgrown GaN under our
overgrown from Jum stripes with a fill factor of 0.33 current growth conditions. Since we are growing under
after 30 minutes of growth. The sapphire substrate, theonditions of high surface mobility, it is likely that the
bulk GaN layer, and the overgrown GaN can be readilstep morphology represents a local equilibrium struc-
distinguished. The overgrown GaN is bound on top byture.
the (0001) facet and on the edges by vertical {312 Figure 3 shows the crystal structure of ideal Ga-ter-
sidewalls. The width of the lateral overgrowth in Figureminated, un-reconstructed GaN. In this simple picture
1 is 3um on each side, resulting in a lateral growth ratehe (0001) surface of the terraces consists of gallium
of 6 um/hr. We find that the morphology of the over- atoms with one dangling bond per atom. Note that the
grown GaN is similar for all patterns with fill factor GaN bilayers (c/2 height) are rotated by 66r adjacent
between 0.1 and 0.5, but the lateral growth rateerraces, as is expected from the symmetry of the wurtz-
decreases with increasing fill factor. Patterns with 1Gte GaN (& screw axis parallel to the ¢ axis). By mini-
Hum stripes and 0.5 fill factor are fully coalesced after 9Qnizing the dangling bond density it can be seen that the
minutes of growth. A detailed discussion of the lateral nymber of dangling bonds per nitrogen atom on succes-
overgrowth mechanisms will be reported elsewhere.  sjve step edges in th&1000 directions alternates
Figure 2 shows the surface structure of the samplbetween one and two. The termination type alternates
shown in Figure 1b as measured by AFM. The left parbetween adjacent steps in a given direction, and between
of the image corresponds to GaN grown in the maskdjacent’110000directions for a given step. It is more
opening, whereas the8n wide region at the center is difficult to speculate on the step edge termination in the
GaN overgrown over the mask. The dark stripe on thé2110(direction but the termination appears to be equiv-
right corresponds to theim deep trench at the end of alent for adjacent steps in a given directions and for all
the overgrown stripe and the intensity was set to black il21100directions. Thus the anisotropy of the postulated
this part of the image. Several step terminations can b&tep edge structure is consistent with our experimental
seen in the GaN grown in the opening. In contrast, thebservations.
laterally overgrown GaN is essentially free of step ter- Figure 4a shows a typical large-area AFM image of a
minations, which indicates that the density of pure8 um wide laterally overgrown region from a 0.2 fill fac-
screw or mixed character dislocations reaching the suter area after 90 minutes of growth. Similar surfaces free
face is much lower in the overgrown GaN than in bulkof step terminations are obtained by scanning any other
GaN [11]. Transmission electron microscopy investigaarea of the overgrown film over several millimeters,

3 Results and Discussion

2 MRS Internet J. Nitride Semicond. Res. 3, 3 (1998).
© 1998-1999 The Materials Research Society

https://doi.org/10.1557/51092578300000752 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000752

which indicates that the density of mixed character disEngineering Graduate Fellowship provided
locations reaching the surface of the LEO GaN is in thédy ONR.
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FIGURES

Figure 1. Cross-section SEM micrograph of laterally overgrown GaN qmadiripe pattern with 0.33 fill factor after 30 minutes
of growth. The stripes are aligned aldig00L]
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Figure 2. AFM image of the sample shown in Figure 1. The vertical range is 5 nm.
% Step edges

| P

2 38,374 2
)

o0 (a)[0001] projection

PG
ﬁ.
g.
&.
g.
.t
Lo
P

L4
bd
bd
bd
L
L4
b
L4
o
L4
4 d

@ Ga
o M

gr& )
o
b0
e
o<
2
o8
o
o4
2
#‘.

o
od
o
L4
b4
L
b
L
Lo
< d

<
.
-
L
g
“
“
L
L
o
%

<1700=

T—> =2T70>

2 dangling (b)) -3 projection
bonds perMN 1 dangling

/ bond per N

»
»
»
b
9
4
%
q
< g
< g

¢4
¢ &
d
d

&

37
9
]
g
o
]
¢

(0001

T—) <1700=

Figure 3. Schematic GaN crystal showing differences between
alternating step edges in tAg00directions. 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 jan% stripe pattern with 0.2 fill factor after 90 minutes of growth. The
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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