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APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 8 25 AUGUST 2003
Structural and morphological characteristics of planar „112̄0… a-plane
gallium nitride grown by hydride vapor phase epitaxy
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NICP/ERATO JST, UCSB Group, University of California, Santa Barbara, California 93106-5050
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M. D. Craven, P. T. Fini, S. P. DenBaars, J. S. Speck,a) and Shuji Nakamura
Materials Department, University of California, Santa Barbara, California 93106-5050 and
NICP/ERATO JST, UCSB Group, University of California, Santa Barbara, California 93106-5050

~Received 26 February 2003; accepted 24 June 2003!

This letter discusses the structural and morphological characteristics of planar, nonpolar (1120̄)
a-plane GaN films grown on (110̄2) r-plane sapphire by hydride vapor phase epitaxy. Specular
films with thicknesses over 50mm were grown, eliminating the severely faceted surfaces that have
previously been observed for hydride vapor phase epitaxy-growna-plane films. Internal cracks and
crack healing, similar to that inc-plane GaN films, were observed. Atomic force microscopy
revealed nanometer-scale pitting and steps on the film surfaces, with rms roughness of;2 nm.
X-ray diffraction confirmed the films are solelya-plane oriented with on-axis (1120̄) and 30°
off-axis (101̄0) rocking curve peak widths of 1040 and 3000 arcsec, respectively. Transmission
electron microscopy revealed a typical basal plane stacking fault density of 43105 cm21. The
dislocation content of the films consisted of predominately edge component (bedge56@0001#)
threading dislocations with a density of 231010 cm22, and mixed-character Shockley partial
dislocations (b5 1

3^11̄00&) with a density of 73109 cm22. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1604174#
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Gallium nitride and its alloys with indium and aluminum
nitride have attracted significant attention in recent years
to the successful development of visible and ultraviolet lig
emitting diodes,1 blue/violet laser diodes,2 and high-power
electronic devices3 based on this materials system. Wh
c-plane-oriented~Al, In, Ga!N films are the most commonly
grown nitrides for device applications,c-axis-oriented opto-
electronic devices in particular suffer from undesirable sp
taneous and piezoelectric polarization effects. Charge s
ration within quantum wells decreases the electron-h
recombination efficiency and redshifts the emiss
wavelengths,4–8 both of which are undesirable in the oper
tion of short-wavelength visible and ultraviolet emitter
These polarization effects can be eliminated by growing
vices on alternative orientations of GaN crystals, such
$101̄0% m-plane or$112̄0% a-plane films, in which the GaN
polar axis exists within the planes of the device layers rat
than out of them. Plasma-assisted molecular beam epi
~MBE!-grown m plane9 and metalorganic chemical vapo
deposition~MOCVD!10 and MBE-grown11 a-plane AlGaN/
GaN heterostructures have demonstrated an eliminatio
polarization fields along their respective growth direction

As bulk GaN crystals of appreciable size are not av
able, hydride vapor phase epitaxy~HVPE! has been used to
heteroepitaxially grow thick~10–300mm! c-plane GaN films
to serve as homoepitaxial substrates for MBE or MOCV

a!Author to whom correspondence should be addressed; electronic
speck@mrl.ucsb.edu
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device growth.12,13 Previous attempts to growa-plane GaN
by HVPE, however, have yielded rough and faceted surfa
that are inferior toc-plane GaN films for substrate use.13–15

We report here on the structural and morphological char
teristics of planar (112̄0) GaN films recently grown on
r-plane sapphire substrates by HVPE.

The a-plane GaN films discussed in this letter we
grown in a three-zone horizontal directed-flow HVPE sy
tem. Commercially availabler-plane sapphire substrate
were loaded directly into the reactor without anyex situ
cleaning. Thea-plane GaN films were grown directly on th
sapphire substrates without the use of any low-tempera
buffer or nucleation layers. GaCl, formed byin situ reaction
of HCl with 99.99999% Ga, was combined with NH3 8 mm
from the sapphire substrate, with V/III ratios between 9 a
40. Typical growth rates ranged from 15 to 60mm/h, and
films up to 53mm in thickness were grown at substrate te
peratures between 1040 and 1070 °C.

Figure 1~a! shows a Nomarski optical contrast micro
graph of a representativea-plane GaN film grown by HVPE.
This film’s surface was characterized by long-range ‘‘flow
patterns that had peak-to-valley heights of 100–500 nm o
75–500 mm lateral extents, as measured by profilomet
These low-angle surface features scattered light minima
and the films were specular and optically transparent. O
observed long-range surface features included faint ridge
scales of similar heights but with varying directions over t
wafers’ surfaces. No correlation was found between th
features and the structural properties of the films. In cont
to previously reporteda-plane GaN surfaces having face
il:
4 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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inclined 30°–50° from the surface normal,13–16 the angular
variation of these surface features was 0.2°–0.8° and ca
be attributed to faceting. Subsurface cracks oriented ne
perpendicular to the GaNc axis were observed in thi
sample, two of which are detailed in the cross-sectional sc
ning electron micrograph~SEM! in Fig. 1~b!. With few
exceptions,16 these internal cracks, which are similar to tho
observed inc-plane GaN films,17 did not reach the free sur
face during growth. These cracks result from plastic relief
tensile strain that may be a consequence of gr
coalescence.18 The cracks subsequently heal via lateral ov
growth to reduce surface energy. Detailed discussion of
nature and origin of these cracks will be provided elsewhe

Figure 2 shows a representative atomic force microgr
~AFM! from ana-plane GaN film. Local rms roughness ov
232 mm sampling areas was typically 0.5–0.8 nm. The r
roughness over 100–400mm2 areas remained below 2 nm
The surface was dominated by a high density of 3–7-n
deep pits with densities ranging from 23109 to 9
3109 cm22. These pits likely decorated threading disloc
tion terminations at the free surface. Additionally,;1-nm-
high steps with a density of;73104 cm21 were apparent in
the image. In contrast to the long-range surface featu
these steps were oriented roughly perpendicular to the Gac
axis regardless of flow conditions, and may be related to
presence of basal plane stacking faults in the films.

Structural characteristics of the planara-plane GaN films

FIG. 1. ~a! Nomarski optical contrast micrograph of ana-GaN film. ~b!
Cross-sectional SEM image revealing two internal cracks in ana-GaN film.
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were evaluated by x-ray diffraction~XRD! and plan-view
transmission electron microscopy~TEM!. XRD was per-
formed using CuKa radiation in a Philips MRD Pro four-
circle x-ray diffractometer operating in receiving slit mod
Thev-2u scans of thea-GaN films exhibited peaks that wer
indexed to ther-plane sapphire (110̄2), (22̄04), and (33̄06)
reflections, and the (1120̄) GaN reflection. No GaN~0002!
reflection was observed, demonstrating that within the de
tion limits of this technique the films were uniformlya-plane
oriented. Thev rocking curves were measured on the on-a
(112̄0) reflection for geometries in which the GaN@ 1̄100#
and @0001# directions were in a coplanar geometry. Typic
full widths at half maximum~FWHM! for the (112̄0) reflec-
tion in these geometries were generally comparable at 10
1045 arcsec. The 30° off-axis (1010̄) reflection was mea-
sured by tilting the samples relative to the scattering pla
~skew geometry!, yielding a FWHM on the order of 3000
arcsec. The on-axis peak width was comparable to that
served for planar MOCVD-growna-plane GaN films,19

while the off-axis peak width was roughly twice as larg
indicating a more defined cell structure and higher mos
content in the HVPE-grown film.20

Figure 3 shows plan-view transmission electron mic
graphs of ana-plane GaN film. Figure 3~a! was imaged un-
der the g50002 diffraction condition, revealing threadin
dislocations having a Burgers vector component paralle
the GaN@0001# direction. Thus, these are edge compon
dislocations. Thec-component dislocation density range
from 93109 to 231010 cm22 in these samples, comparab
to AFM pit density measurements and TEM of MOCVD
grown a-plane GaN films.19 The TEM image in Fig. 3~b!,
taken under theg511̄00 diffraction condition, shows a
stacking fault density of;43105 cm21, again comparable
with the 3.83105 cm21 observed for planar MOCVD-grown
a-plane GaN films.19 These basal-plane stacking faults a
likely related to the presence of exposed nitrogen-fa
(0001̄) surfaces during the early stages of growth. Addition

FIG. 2. 535 mm AFM image of ana-GaN surface.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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FIG. 3. Plan-view TEM images as observed with~a! g50002 to observe dislocations having a nonzero@0001# component, and~b! g511̄00 to observe
stacking faults parallel to the~0001! plane.
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imaging with varying sample tilt in theg511̄00 diffraction
condition revealed;73109 cm22 Shockley partial disloca-
tions having Burgers vectorsb5 1

3^11̄00&.
In conclusion, highly planar nonpolara-plane GaN has

been grown by HVPE. The resulting films are specular w
limited internal cracking being apparent by Nomarski opti
microscopy and SEM. The surfaces are virtually free of m
roscopic defects while possessing nanometer-scale step
pits decorating threading dislocation terminations. Th
films are structurally and morphologically comparable
MOCVD-grown a-plane GaN films and are suitable for u
as template layers for polarization-free device fabricati
With incremental improvement in structural and morpholo
cal characteristics, the development of nonpolar GaN s
strates can now be realized, potentially yielding hig
efficiency visible and ultraviolet optoelectronic devices.

This work made use of the MRL Central Facilities su
ported by the National Science Foundation under Award
DMR00-80034.
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