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Epitaxy of nonpolar AIN on 4H-SiC (1-100) substrates
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AIN has been grown on 4H-SiC (1-100) substrates by rf-plasma molecular beam epitaxy. The
epilayers assume a metastable 4H structure to match the in-plane stacking arrangement of the
substrate. Initial two-dimensional nucleation of 4H-AIN is revealed by reflection high-energy
electron diffraction. The epitaxial quality is evidenced by narrow x-ray diffraction w-scan linewidths
less than 70 arcsec for both symmetric and asymmetric reflections. The AIN growth surface exhibits
a smooth and anisotropic morphology similar to that of GaN (1-100). Large residual stress is present
in the epilayers, consistent with incomplete relaxation of misfit strain during growth. © 2006
American Institute of Physics. [DOI: 10.1063/1.2161809]

GaN epilayers with (1-100) and (11-20) orientations' ™
are of interest because these orientations avoid the undesir-
able effects of built-in electric fields® prevalent in light-
emitting devices fabricated on the typically used polar
(0001) orientation. However, the quality of nonpolar GaN
epilayers is still inferior to that of state-of-the-art GaN
(0001) epilayers, and basic questions remain unanswered,
such as which nonpolar orientation, (1-100) or (11-20),
should offer better growth characteristics. Prior work on non-
polar nitride growth has focused mainly on GaN, but suffi-
cient attention should also be given to nonpolar AIN since
deep-ultraviolet devices requiring active layers of high Al
content are most effectively fabricated on AIN templates.7
Hardly any data have been published for AIN (1-100); one
study” mentioned that this orientation could be grown on
6H-SiC (1-100) substrates, but did not describe the epilayer
material properties. In this letter we focus on the growth of
AIN (1-100).

Growth experiments were performed in an EV-1000S
molecular-beam epitaxy chamber (Eiko Engineering Ltd. Ja-
pan) equipped with Al and Ga effusion cells and an Applied
Epi rf nitrogen source. The 4H-SiC (1-100) substrates were
supplied by SiXON Ltd. (Japan) and were subjected to high-
temperature gas etching” to remove polishing damage. The
substrates were cleaned in 3:1 H,SO,/H,0, and 0.5% HF
solutions prior to loading into the vacuum chamber. Three
cycles of Ga deposition and desorption10 were applied as a
further in situ cleaning process. Subsequently, the substrate
was exposed to the nitrogen plasma beam for 5 min at
950 °C. AIN growth was then initiated by opening the Al
shutter. The rf source was operated at 400 W and 1 sccm
which gave a N-limited growth rate of 8 nm/min based on
postgrowth thickness measurements. The Al beam-equivalent
pressure was optimized at 8 X 10~7 Torr corresponding to the
transition between Al-droplet and droplet-free growth re-
gimes. The AIN thickness studied ranged from 40 to 720 nm.

Since the atomic stacking sequence lies inside the
growth plane for nonpolar orientations of the wurtzite struc-
ture, the generation of stacking faults at the interface may be
a serious problem in epitaxy of nonpolar nitride layers on
nonisomorphic substrates. However, for AIN on 4H-SiC (11-
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20) a metastable 4H phase of AIN could be obtained,” result-
ing in isomorphic growth and significantly reduced epilayer
defect densities. In the present work it is demonstrated that
metastable 4H-AIN layers can similarly be grown on 4H-SiC
(1-100) substrates. The 4H-AIN (1-100) layers exhibit im-
proved growth characteristics compared to previously re-
ported 4H-AIN (11-20) layers.’

During the initial stages of AIN growth on 4H-SiC (1-
100), reflection high-energy electron diffraction (RHEED)
intensity oscillations are clearly observed as shown in Fig. 1.
The oscillation period of 2.1 s is in good agreement with the
time (2.0 s) required for deposition of 1 ML of (1-100) AIN
at the growth rate of 8 nm/min. Since intensity oscillations
would not occur for a defective 2H/4H interface, this result
implies successful 4H polytype replication. The 4H structure
of the AIN layer is confirmed by the geometries of the
RHEED patterns. Figure 2 shows RHEED patterns along the
(11-20) azimuth before and after growth of a 250 nm AIN
layer. The atomic periodicity in this direction differs by a
factor of 2 for 4H-SiC and 2H-AIN. However, the streak
spacing of the AIN layer is almost identical to that of 4H-
SiC, thus AIN grew in the 4H structure. RHEED patterns
showing 4H symmetry are observed for AIN growth thick-
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FIG. 1. Intensity of specular RHEED diffraction streak as a function of AIN

growth time ([0001] azimuth). Oscillations were also observed for [11-20]
and [11-23] azimuths.

© 2006 American Institute of Physics

Downloaded 22 Dec 2006 to 130.54.130.68. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2161809
http://dx.doi.org/10.1063/1.2161809

011908-2

Armitage, Suda, and Kimoto

FIG. 2. (Color online) RHEED patterns ([11-20] azimuth) from 4H-SiC
substrate (top) and after growth of 250 nm AIN (bottom).

ness up to at least 250 nm, although there is evidence for
mixing of 2H and 4H phases in thicker layers. The band gap
of the AIN layers determined by reflectivity at 300 K is
~5.9 eV. This value might be expected for the 4H polytype
if the relationship E, 3C(5.7 eV) <E, 4H<E, 2H(6.2 eV) is
assumed to hold for AIN."

The RHEED patterns of AIN layers grown under optimal
conditions exhibit weak half-order reconstruction streaks
along all azimuths except (11-20) after cooling to
~800 °C. This corresponds to the AI/N flux ratio near
the transition point above which Al droplets are formed. The
1 X 2 reconstruction vanishes upon exposure to the nitrogen
plasma beam, implying that it is related to Al adatoms. For
higher values of the Al flux the reconstruction streaks are
more intense and can even be observed during growth at
950 °C, however for such high Al/N flux ratios droplets are
formed on the layer surfaces. If it is assumed that the ob-
served AIN 1X?2 reconstruction is analogous to that of
the GaN (1-100) surface,’ then the optimal AIN growth
conditions can be associated with an Al surface coverage of
1-2 ML.

The AIN lattice relaxation process for optimized condi-
tions was evaluated from the time dependence of the
RHEED streak spacings along the (0001) and (11-20) azi-
muths (Fig. 3). The in-plane a-lattice constant begins to relax
at a thickness <1 ML and reaches a constant value after
~7 ML. However, the constant value reached (~0.311 nm)
is smaller than the a-lattice parameter expected for bulk AIN
at 950 °C (~0.312 nm), suggesting incomplete misfit relax-
ation. The c-lattice relaxation data suffer from a poor signal-
to-noise ratio because the (11-20) streak spacing is not very
much larger than the streak width. The AIN c-axis data scat-
ter around the c-lattice parameter of the SiC substrate and do
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FIG. 3. Lattice relaxation process for AIN on 4H-SiC (1-100) determined
from variations of [11-20] and [0001] RHEED streak spacings with
AIN growth time. 4H-SiC reference values (950 °C) taken as a
=0.3085 nm, ¢=1.0094 nm.

not show any downward trend. This suggests that within ex-
perimental resolution, the c-lattice constant of AIN remains
equal to that of the SiC substrate for a layer thickness up to
at least 14 ML.

Atomic force micrographs for a representative 250 nm
epilayer are shown in Fig. 4. The root-mean squared (rms)
roughness is ~0.9 nm and the AIN morphology is character-
ized by stripe features parallel to (11-20), similar to (1-100)
GaN grown by molecular-beam epitaxy.4 The stripe-feature
density of the present (1-100) epilayers is ~10° cm™, while
that of (11-20) 4H-AIN was ~10° cm™'.> An order of mag-
nitude lower basal plane stacking fault density in the (1-100)
AIN layers is therefore implied if the stripe features are as-
sumed to be directly related to such faults.’

The AIN structural quality has been assessed by high-
resolution x-ray diffraction (XRD). Both the symmetrical
and asymmetrical reflections of the epilayers exhibit narrow
w-scan peaks, as shown in Fig. 5. Full width at half maxi-
mum (FWHM) values as small as those shown in Fig. 5 have
been successfully reproduced over several AIN growth runs.
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FIG. 4. A 5X5 pm? atomic force microscopy scan for 250 nm AIN on
4H-SiC (1-100). Z range 0-10 nm.

Downloaded 22 Dec 2006 to 130.54.130.68. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



011908-3 Armitage, Suda, and Kimoto

1.2 4] ——(1-100), = 0°, FWHM 50 scc
- s (10-12), %= 28° toward ¢, FWHM 47 sec
'§ 1.04] = = = (11-20), %= 30° toward a, FWHM 62 scc
E
s 0.8 +
2 06
Z
2
£ 044

0.2 4

Ve
,.--- - »
0.0 = I T T s f
-300 -200 -100 0 100 200 300

Aw (arcsec)

FIG. 5. X-ray (1-100), (10-12), and (11-20) o scans for 250 nm AIN on
4H-SiC(1-100).

The symmetric w-scan FWHM values for optimized AIN ep-
ilayers do not change when measurements are made for dif-
ferent orientations of the incident x-ray beam with respect to
the sample ¢ axis.

Significant residual strain exists in the AIN layers after
growth. Although layers less than about 300 nm thick are
crack free, cracks running along {0001} planes are observed
by optical microscopy for thicker layers. Cracking can be
attributed to the combination of tensile residual misfit stress
and differences in thermal expansion (Aa=-0.6X107%/K,
Ref. 12) along the ¢ axis. From XRD 20 — w scans the lattice
parameters of a 250 nm crack-free layer were calculated as
a;=0.3097 (parallel to the epilayer surface), a,=0.3111
(inclined 30 ° with respect to the surface normal), and
¢/2=0.4998 nm. Compared to bulk AIN (a=0.3112, ¢
=0.4980 nm) these values indicate the presence of residual

Appl. Phys. Lett. 88, 011908 (2006)

strains too large to attribute to differences in thermal expan-
sion alone. The misfit strain was not completely relaxed.

In summary, AIN has been found to assume a metastable
4H structure when grown on 4H-SiC (1-100) under opti-
mized conditions. With two-dimensional AIN initial nucle-
ation, XRD w-scan FWHM values smaller than 70 arcsec for
both symmetric and asymmetric reflections, as well as a rms
surface roughness <1 nm over a 5 ,um2 area, were obtained.
While other issues must be considered, e.g., the presence of
stacking faults and the nontransparency of the SiC substrate,
these results suggest that 4H-AIN (1-100) may be a useful
template for fabrication of deep-ultraviolet light-emitting de-
vices free from the effects of internal polarization fields.
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