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FilmyyySubstrate Orientation Relationship in the AlNyyy6H-SiC Epitaxial System
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AlN has been grown on the (0001) basal ands1100d prism faces of 6H-SiC. High resolution
transmission electron microscopy studies show that, despite the very different symmetries of these
two substrate planes and their polar and nonpolar natures, the filmysubstrate orientation relationship
is identical for both systems. It is shown that this result is consistent with a geometrical method
recently proposed for determining the orientation relationship between two crystals in a bicrystal.
[S0031-9007(96)00923-4]
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With the recent advent of optoelectronic devices in
wide and direct band-gap semiconductors in blue and u
violet regions of the spectrum, GaN, AlN, and other III n
trides have become a major focus of interest. Single cry
films of both AlN and GaN are currently grown on diffe
ent substrates such as sapphiresa-Al 2O3d, SiC, and Si by
metalorganic vapor phase epitaxy (MOVPE) and mole
lar beam epitaxy (MBE). In early research, Yoshi
et al. [1] and Moritaet al. [2] deposited single crystal AlN
on sapphire by gas-source MBE and metalorganic che
cal vapor deposition (MOCVD), respectively. More r
cently, Rowlandet al. [3], Sitar et al. [4], and Tanaka
et al. [5] investigated the growth of AlN on 6H-SiC by
plasma-assisted, gas-source molecular beam epitaxy.
epitaxial growth of GaN on sapphire and 6H-SiC, it has
been found that an initial deposition of AlN acts as
buffer layer and improves the quality of the GaN film [6,7
This is partly because AlN has the same crystal struc
(wurtzite or 2H) as GaN; partly due to the fact that th
AlNysapphire or AlNySiC lattice and thermal mismatche
are smaller than either GaNysapphire or GaNySiC; and,
perhaps more importantly, because AlN acts as a wet
agent and thus promotes better lateral growth [8]. Beca
of the relatively small lattice and thermal mismatches
AlN and SiC, the latter material is potentially a better su
strate than sapphire for growth of GaN, and the sys
GaNyAlNySiC has been recently characterized by a nu
ber of workers [9–13]. All of these systems, as well
AlN [3–5], were grown on commerically available 6H-
SiC wafers which were parallel to the (0001) basal pla
Recently theh1100j prism plane of 6H-SiC has also been
considered as a possible substrate material [14]. In this
search, we have used high resolution transmission elec
microscopy (HRTEM) to study and compare the growth
AlN on orthogonal faces of single crystal 6H-SiC, namely,
the (0001) basal plane and theh1100j prism plane. These
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two faces have very different symmetries, however, the
entation relationship (OR) between AlN and 6H-SiC was
found to be identical implying that, for this particular sy
tem, the orientation that the film chooses during nucleat
and growth is independent of the substrate surface. S
sequently we show that this result can be predicted fro
geometrical method recently developed for predicting
orientation relationship between two identical or differe
crystals in contact [15].

Both the 6H-SiC substrate and the AlN film have
P63mc space group. The basal (0001) planes of a 6H-
SiC crystal are related by a63-fold screw axis along the
c direction normal to the basal planes, andh1100j is a
c-glide symmetry plane of the crystal. These differe
symmetries can be seen in the very different atom
configurations of the (0001) andh1100j faces of 6H-
SiC, shown in the schematic projections of Figs. 1(a) a
1(b). In addition to their different symmetries, anoth
important difference between the (0001) andh1100j faces
of a 6H (as well as the wurtzite) structure is th
the former is polar whereas the latter is nonpolar.
is well known that in epitaxial growth of compoun
semiconductors the substrate polarity often has a la
influence on the film properties [16,17].

The AlN films were grown on the (0001) Si-terminate
face of 6H-SiC by MOVPE at 1100±C, and on the
h1100j face of 6H-SiC by MBE at 1050±C; for details
of growth, see Refs. [3] and [12]. The crystals we
subsequently investigated by HRTEM. For this purpo
cross-sectional TEM specimens were prepared from
two crystals with the foil surfaces parallel to ah1120j
plane of the 6H-SiC substrate. The microscopy wa
performed on a JEOL 4000EX microscope operating
400 kV with the incident electron beam along thek1120l
zone axis of the substrate; this viewing direction is t
most suitable for HRTEM of hexagonal semiconductor
© 1996 The American Physical Society 1797



VOLUME 77, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 26 AUGUST 1996

s
m

the
m
rn

ly
es
:

at
ith
era
tal
d
of
n-
ow
th
e
h

on
r-
yin
om
a

ctu
tl
m
n

ax

n

at-
g
dex

is
x-

he

at-
c-

s to

ips

the
of
FIG. 1. Schematic projection of 6H-SiC on the (a) (0001)
basal plane; (b)s1100d prism plane. The large open circle
and small solid circles represent silicon and carbon ato
respectively.

Figures 2(a) and 2(b) show HRTEM micrographs of
two composite crystals. From the inspection of these
crographs, and also the corresponding diffraction patte
along thek1120l zone axis (not shown), it is immediate
clear that the filmysubstrate OR is identical in both cas
and is in fact a parallel epitaxial orientation relationship

s0001dAlNyys0001dSiC ,

k1120lAlNyyk1120lSiC .

The studies of Akasakiet al. [8] indicate that, during
deposition of AlN on the (0001) face of sapphire
,600 ±C, AlN nucleates as fine crystallites together w
an amorphous layer which crystallizes at higher temp
tures s,1000 ±Cd to form a homogeneous single-crys
film of AlN. For the much smaller lattice-mismatche
system AlNySiC and the higher growth temperature
,1000 ±C, the growth is presumably more two dime
sional and takes place by the layer-by-layer mode. H
ever, even in the this case there are indications
deposition of AlN proceeds by nucelation and subsequ
growth and coalescence of (nearly 2D) island nuclei. T
fact that the filmysubstrate OR is the same for depositi
of AlN on (0001) andh1100j SiC surfaces is a rather su
prising result because one would expect that the underl
substrate atoms influence the aggregation of the film at
on the substrate and the way that the 3D or 2D islands
oriented.

The OR shown by the above equation can be a
ally predicted from a geometrical model that was recen
proposed and applied to a number of epitaxial syste
[15]. This method originated from electron diffractio
and HRTEM studies of a number of different heteroepit
1798
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FIG. 2. Cross-sectional HRTEM micrograph of AlN film
deposited on the (a) (0001) basal plane of 6H-SiC; (b) s1100d
prism plane of 6H-SiC. In both figures, the incident electro
beam is along thef1120gAlNyyf1120gSiC zone axes.

ial systems. Inspection of the composite diffraction p
terns of a bicrystal (e.g., a filmysubstrate system) alon
different zone axes revealed each time that the low in
diffraction vectors in the two patterns werenearlyaligned
and ofnearly equal length. Since a diffraction pattern
simply a section of the reciprocal lattice of a crystal, the e
periments suggested that there is athree-dimensionalnear
coincidence of diffraction spots of the two crystals in t
reciprocal space.

In order to formulate the problem, each reciprocal l
tice pointhkl, corresponding to the reciprocal lattice ve
tor g, is represented by asphere, g,of radiusrp around the
point. Such a reciprocal lattice sphere then correspond
various sets of nearly parallel planes to the (hkl) set, and
with nearly equal interplanar spacings1ysjg 6 Dgjd. It
is then hypothesized that those orientation relationsh
between crystal 1 (with reciprocal lattice spheresg) and
crystal 2 (with reciprocal lattice spheresG) are favored
in which the sum volume of all intersections,g > G, is
maximized. In order to apply this method and predict
OR between two crystals, the reciprocal lattice points
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the two crystals are calculated from their primitive u
cells, and each point is replaced by a sphere of radiusrp.
Assuming that the origin of the reciprocal lattices of t
two crystals are coincident in the 3D (reciprocal) spa
one of the crystals (say, crystal 2) is rotated about two
thogonal axes of the other crystal (crystal 1). Each or
tation of crystal 2 with respect to crystal 1 (i.e., each
between crystal 1 and crystal 2) is specified by a se
rotation angles (u, f). At each value of (u, f), a number
of reciprocal lattice spheres of the two crystals inters
corresponding to those sets of planes in the two crys
which are near parallel and near equispaced. The vol
ngG at the intersection of reciprocal lattice spheresg and
G of the two crystals is calculated for all the spheres
the reciprocal space and the sumV su, fd 

P
ngG at this

OR is computed. SubsequentlyV su, fd is plotted ver-
susu and f. In all the cases that have been examin
peaks are obtained at those (u, f) sets that are consiste
with the expected or experimentally observed ORs [1
Thus in the case when two identical cubic crystals ar
contact (thus forming a grain boundary), all the coin
dence site lattice (CSL) orientation relationships [18]
recovered; in the case of heteroepitaxial systems that
experimentally examined, such as VyMgO, VyAl 2O3 (or
NbyAl 2O3), and bccyfcc metals, the computed ORs are
agreement with experimental observations [15]. It sho
be mentioned that, in addition to the major peaks, o
peaks (of smaller amplitude) are also obtained that h
not been observed in our experiments. This method
t
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be compared with thenear-coincidence lattice sitemodel
that has been discussed by a few authors [19–21] ex
that the whole treatment is in the reciprocal space, i
Fourier transform of the real crystal space.

In a review of the various geometric criteria th
have been proposed for low-energy interfaces, a
their comparison with experimental results, Sutton a
Balluffi [22] concluded that none of the criteria can b
regarded as wholly reliable. The method described
the present paper discusses the OR between two c
tals and not the interface between them; the latter
presumably determined according to energetic reas
i.e., those interfaces are favored which have the low
energy. In the application of this method, the interfa
between two crystals does not enter in the determi
tion of the OR between them. Rather, the preferen
OR is one in which (1) a maximum number of sets
lattice planes in the two crystals are as parallel to ea
other as possible, and (2) these near-parallel sets of
tice planes have as close an interplanar spacing as poss

In order to apply the above-described model
AlNySiC, we have computed and plottedV su, fd versus
u and f for this system. We shall first present som
results showing the effect on the plots of varying t
parametersrp (radius of the sphere surrounding ea
reciprocal lattice point) andRp (the extent in the recip-
rocal space within which the summation calculations a
carried out). A few representative examples of the
calculations are shown as three-dimensional plots
60
FIG. 3. (a),(c),(e)V su, fd as a function ofu and f for (a) rp  0.5ap, Rp  2.0ap, i.e., Rpyrp  4; (c) rp  0.2ap, Rp 
2.0ap, i.e., Rpyrp  10; (e) rp  0.1ap, Rp  2.0ap, i.e., Rpyrp  20; the initial orientationu  f  0 of (conventional) unit
cells of the two crystals is inset in (b). (b),(d),(f) Theu  0 section of the 3D plots of (a), (c), and (e), respectively. Note the±

periodicity of V sfd along thef axis.
1799
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V su, fd in Fig. 3 with the value ofRp kept constant at
2.0ap andrp varied between0.5ap and0.1ap, whereap is
the basal edge of the reciprocal lattice unit cell of 6H-SiC
[i.e., ap  jsb ^ cdysa ^ b ? cdj, wherea 5 b andc are
the unit cell parameters of the real lattice]. The initial o
entation of the two unit cellssat u  f  0d is shown in
the inset in Fig. 3(b) whererp  0.5ap; this corresponds
to a ratio Rpyrp  4. In Fig. 3(c), rp  0.2ap corre-
sponding toRpyrp  10, and in Fig. 3(e),rp  0.1ap

corresponding toRpyrp  20. All figures are very
similar and basically exhibit two predominant peaks
V su, fd corresponding tou  0—at which the basa
planes of the two crystals are parallel—andf  0 or
f  60±—at which thek1120lAlN directions of the two
crystals are parallel. These are shown more clearly
Figs. 3(b), 3(d), and 3(f), which show two-dimension
V sfd plots corresponding to sections of Figs. 3(a), 3(
and 3(e) atu  0. These computed results are precise
in accord with the experimental observations shown
Fig. 2. The peak is periodic inf with a periodicity
of 60±, which is as it should be for a 6-fold symmetr
crystal. The results of our calculations, and the f
examples shown in Fig. 3, also indicate that an incre
in the value of Rp, or a decrease in the value ofrp,
results in an enhancement in the peak resolution. T
as Rpyrp increases from 4 in Fig. 3(b) to 10 in Fig. 3(d
to 20 in Fig. 3(f), the relative amplitude of the majo
peaks sat f  0, 60, . . .d increases and they becom
sharper. In addition, secondary peaks atf  21.8±

and f  38.2± start to appear at larger values ofRpyrp

which correspond to two new ORs; in both these cas
the basal planes of the two crystals are still paral
i.e., s0001dAlNyys0001dSiC, but similar directions in
these planes are no longer parallel, e.g., thek1120lSiC
is not parallel tok1120lAlN but, instead, is parallel to a
high-indexkuyw0lAlN direction of AlN.

In conclusion, we have compared the orientation re
tionship between AlN films grown on two different face
of a 6H-SiC substrate, one parallel to its basal plane a
the other parallel to its prism plane. HRTEM inves
gations of the two filmysubstrate systems show the su
prising results that, despite the very different symmetr
of these two surfaces and their polar and nonpolar
tures, the AlNySiC OR is identical in the two cases. Th
implies that in the AlNySiC system the substrate surfa
does not influence the orientation of the film. This is sim
lar to the NbyAl 2O3 [23] and VyAl 2O3 [24,25] systems,
where the metal grows with a unique orientation with
spect to sapphire irrespective of the substrate surface
which growth is carried out. The results are consist
with a geometrical model for bicrystal orientation rel
tionships developed in Ref. [15].
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