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The cracking mechanism in AlN(112̄0)/α-Al2O3(11̄02) heteroepitaxial film grown by MOCVD
is discussed. The crystal structure and microstructure of an AlN/Al2O3 film and an
AlN/GaN/Al2O3 film are compared using high-resolution X-ray diffractometry, optical
microscopy, scanning electron microscopy, and transmission electron microscopy. In the
AlN/Al2O3 film, cracks parallel to the [11̄00]AlN direction and perpendicular to the interface
of the film and the substrate are observed. The cracks do not propagate to the AlN film
surface. The tips of the cracks are widest in the AlN film, and the cracks narrow as they
penetrate deeply into the substrate. On the other hand, in the AlN/GaN/Al2O3 film, no cracks
are observed. A concave curvature is observed in the AlN film with cracks on the Al2O3

substrate along the [0001]AlN direction, whereas a convex curvature is observed in the AlN
film without cracks. On the basis of these results, the cracks, formed in the AlN film due to
the tensile stress along the [0001]AlN direction during the epitaxial growth, propagate to the
AlN film surface and into the Al2O3 substrate. On the other hand, in the AlN/GaN/Al2O3 film,
it seems that the GaN buffer layer suppresses the tensile stress; as a consequence, no
cracks occur. C© 2001 Kluwer Academic Publishers

1. Introduction
AlN(112̄0)/α-Al2O3(11̄02) heteroepitaxial film has
been proposed as a piezoelectric material for giga-
hertz (GHz) surface acoustic wave (SAW) devices for
applications in wireless communication systems be-
cause of its high SAW velocity (5910 m/s), moder-
ate electromechanical coupling coefficient (∼1.0%),
and zero temperature coefficient of delay (TCD) [1].
AlN epitaxial films on α-Al2O3 substrates have been
grown by chemical vapor deposition (CVD) [1–14],
by sputtering [15, 16] and by molecular beam epi-
taxy [17, 18]. The CVD method has been used more
extensively than other methods, because high-quality
crystals of AlN can be grown, the chemical compo-
sition can be controlled easily, and the growth rate is
high. In addition, metalorganic chemical vapor depo-
sition (MOCVD) has the advantage of being free of
halide and requires only one high-temperature zone
for deposition. AlN films thicker than 2 µm are re-
quired in order to obtain good physical properties
for SAW devices. However, cracks which deterio-
rate the physical properties propagate in AlN(112̄0)/α-
Al2O3(11̄02) heteroepitaxial films, when the films
become thicker than about 1 µm. Although there
have been some reports regarding the cracking and/or
strain mechanisms in GaN(0001)/α-Al2O3(0001) het-
eroepitaxial films [19–25], the cracking mechanism

in AlN(112̄0)/α-Al2O3(11̄02) heteroepitaxial films has
not yet been reported.

In this study, the crystal structure and the crys-
tallinity of the AlN(112̄0)/α-Al2O3(11̄02) heteroepi-
taxial films grown by MOCVD are evaluated using
high-resolution X-ray diffractometry (HR-XRD). The
surface and cross-sectional images are observed us-
ing an optical microscope (OM), a scanning electron
microscope (SEM) and a transmission electron micro-
scope (TEM). On the basis of these results, the cracking
mechanism in the AlN/α-Al2O3 heteroepitaxial films is
discussed.

2. Experimental procedure
2.1. Film growth
Two types of AlN (112̄0) heteroepitaxial films were
grown on 3-inch-diameter α-Al2O3(11̄02) substrates of
430 µm thickness by MOCVD. One is an AlN/Al2O3
epitaxial film and the other is an AlN/GaN/Al2O3 epi-
taxial film with a GaN buffer layer (∼0.2 µm thick)
between the AlN film and the Al2O3 substrate. +4◦
off-cut α-Al2O3 wafers were used as substrates in order
to suppress the growth of twin AlN which cancels the
piezoelectric property [26]. The +4◦ off-cut α-Al2O3
wafer is described as follows. In the case of the conven-
tional wafer (Just-cut), the interfacial angle between
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the surface, which is the (11̄02) plane, and the (0001)
planes is 57.6◦. In the case of the +4◦ off-cut wafer, the
surface is slanted from the (11̄02) plane slightly, and
the interfacial angle between the surface and the (0001)
plane is 61.6◦ (=57.6 + 4). Trimethylaluminum (TMA,
(CH3)3Al) and ammonia (NH3) were used as source
gases for the AlN film, and trimethylgallium (TMG,
(CH3)3Ga) and NH3 were used for the GaN layer. The
growth conditions were as follows. The substrate was
first annealed in H2 ambient, and then the initial nitrid-
ing layer was formed by heating the substrate at 1100◦C
in a mixed flow of NH3 and H2 in a horizontal reactor.
Subsequently, TMA was introduced into the reactor to
grow AlN epitaxial film at 15–20 Torr. The flow rates of

Figure 1 Surface photograph of the AlN(112̄0) heteroepitaxial film on
the 3-inch α-Al2O3(11̄02) substrate. Cracks parallel to the [11̄00]AlN

direction are observed in the AlN/Al2O3 film.

Figure 2 Schematic figures of the curvature in the AlN/Al2O3 epitaxial film with cracks and the AlN/GaN/Al2O3 epitaxial film without cracks.

TABLE I Lattice mismatches and differences in thermal expansion
rates for AlN and GaN on α-Al2O3 (1100◦C–20◦C)

Lattice �α: α(film) −
Film system Direction mismatch (%) α(Al2O3) (%)

AlN/Al2O3 [11̄00]AlN + 13.29 − 0.24
[0001]AlN − 2.85 − 0.44

GaN/Al2O3 [11̄00]GaN + 16.09 − 0.21
[0001]GaN + 1.11 − 0.05

TMA, NH3 and H2 were 50 sccm, 2000 sccm and 6600
sccm, respectively. In the case of the AlN/GaN/Al2O3
film, TMG was introduced into the reactor after the
first annealing to grow the GaN buffer layer at 15 Torr
for 10 min. The flow rate of TMG was the same as
that of TMA. Table I lists the lattice mismatches and
the differences in the thermal expansion rates between
AlN, GaN and α-Al2O3 [10, 27, 28]. The lattice mis-
match along the [11̄00]AlN,GaN direction is extremely
large compared with that along the [0001]AlN,GaN di-
rection. The d-spacing of AlN along the [11̄00]AlN di-
rection is larger than that of Al2O3, whereas that of
AlN along the [0001]AlN direction is smaller. On the
other hand, the d-spacings of GaN along both direc-
tions are larger than those of Al2O3. The thermal ex-
pansion rates of AlN and GaN are smaller than that
of Al2O3.

The curvature of the wafers along both the [11̄00]AlN
and [0001]AlN directions was measured using FORM
TALYSURF (Taylor Hobson, SERIES S5).

2.2. Crystal structure analysis
The crystallinity and crystal structure of the AlN het-
eroepitaxial films were characterized using HR-XRD
(Philips, MRD) with a two-crystal, four-reflection Bar-
tels monochromator [29] as an incident optics and with
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a one-crystal, two-reflection analyzer as a diffracted
optics. The monochromator and analyzer crystals were
made from perfect Ge crystals, and were set to reflect
from the (220) planes using Cu Kα1 radiation. The rock-
ing curves and the diffraction space maps close to the
112̄0 reflection of the AlN films were measured using
the monochromator by aligning the [0001]AlN direction
horizontal to the incident X-ray beam. The diffraction
space maps were measured using both the monochro-
mator and the analyzer. The absolute lattice constants
of AlN films and α-Al2O3 substrates were measured
by Fewster’s method [30]. Additionally, X-ray pow-
der diffraction profiles of ground specimens were mea-
sured to obtain the stress-free lattice parameters of AlN
and Al2O3. The lattice parameters were calculated us-
ing the whole powder pattern decomposition (WPPD)
method [31].

2.3. Microstructure observation
The cross-sectional AlN (11̄00) images of the
AlN/Al2O3 and AlN/GaN/Al2O3 heteroepitaxial films
were obtained using a TEM operating at 200 kV (JEOL,
JEM-2010). Electron diffraction patterns of the AlN
films and the Al2O3 substrates were also taken. The
ultra thin samples (about 40 nm thick) for TEM obser-
vations were prepared using a focused ion beam (FIB)
at 30 kV (FEI, FIB200). In addition, the surface mor-
phology of the AlN films was observed using an OM
and a SEM at 20 kV (JEOL, JEM-6300).

Figure 3 X-ray rocking curves and diffraction space maps of the AlN films with cracks (AlN/Al2O3 film) and without cracks (AlN/GaN/Al2O3 film)
close to the 112̄0 reflection. They were measured by aligning the [0001]AlN direction horizontal to the incident X-ray beam.

3. Results and discussion
3.1. Cracks and curvature of the wafers
Cracks parallel to the [11̄00]AlN direction are ob-
served in the 2-µm-thick AlN/Al2O3 film, as shown
in Fig. 1. However, no cracks are observed in the
AlN/GaN/Al2O3 film, in spite of the film thickness be-
ing about 3 µm.

After cooling to room temperature, the wafers curve
as shown in Fig. 2. The wafer with cracks (AlN/Al2O3
film) curve concavely along the [0001]AlN direction but
convexly along the [11̄00]AlN direction, indicating that
tensile stress is induced along the [0001]AlN direction in
the AlN film, whereas the compressive stress is induced
along the [11̄00]AlN direction. The radii of curvature
along the [11̄00]AlN and [0001]AlN directions are 100 m
and 50 m, respectively. On the other hand, the wafer
without cracks (AlN/GaN/Al2O3 film) curves in such
a way that the film is convex along both the [0001]AlN
and [11̄00]AlN directions, indicating that compressive
stress is induced along both directions in the AlN film,
as Duffy et al. [4] have reported. The radii of curva-
ture along the [11̄00]AlN and [0001]AlN directions are
100 m and 200 m, respectively. Since the thermal expan-
sion coefficients of AlN along both the [11̄00]AlN and
[0001]AlN directions are smaller than those of Al2O3
(Table I), compressive stress should be induced along
both directions in the AlN film after cooling to room
temperature. Therefore, the curvature of the wafer with-
out cracks (AlN/GaN/Al2O3 film) can be interpreted by
the thermal stress. On the other hand, in the AlN/Al2O3
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film with cracks, the curvature along the [11̄00]AlN di-
rection can be interpreted by the thermal stress, but that
along the [0001]AlN direction cannot.

3.2. Crystal structures
3.2.1. Crystallinity
Fig. 3 shows the X-ray rocking curves and the diffrac-
tion space maps of the AlN films. The coordinates of the
diffraction space maps are normalized by the diameter
of the Ewald sphere (2/λ, λ = 0.15405 nm). The shape
of the reciprocal lattice points indicates that the rock-

Figure 4 Surface morphological OM and SEM images of the AlN/Al2O3 epitaxial film with cracks and the AlN/GaN/Al2O3 epitaxial film without
cracks.

ing curves of AlN films are dominated by the mosaic
structure rather than the fluctuation in the lattice con-
stant [32]. Therefore, the full-width at half maximum
(FWHM) corresponds to the degree of the mosaic struc-
ture formation. The FWHM due to the mosaic structure
in the AlN film with cracks is only half of that for the
AlN film without cracks.

3.2.2. Lattice parameters
Table II shows the absolute lattice parameters of the
AlN films and the Al2O3 substrates. The values taken
from Joint Committee on Powder Diffraction Standards
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(JCPDS) cards (No.25-1133, 42-1468) are also shown.
The stress-free lattice parameters of both the AlN films
and the Al2O3 substrates obtained from the X-ray pow-
der diffraction profiles of ground specimens agree with
the data on the JCPDS cards. The c-parameter of the
AlN film with cracks is larger than that of the stress-free
specimen, whereas that of the AlN film without cracks
is smaller, which supports the results for the curvature of
the wafers, i.e., the change in the c-parameters indicates
that the tensile stress is induced along the [0001]AlN
direction in the AlN film with cracks, whereas the
compressive stress is induced in the AlN film without
cracks.

Figure 5 AlN(112̄0) surface morphological SEM image and AlN(11̄00) cross-sectional TEM image of the AlN/Al2O3 epitaxial film with cracks.

3.3. Microstructures
3.3.1. Surface morphology
Fig. 4 shows the surface morphological OM and SEM
images of the AlN films. Several lines parallel to
the [11̄00]AlN direction, which are indicated by ar-
rows, and exfoliation of the AlN film are observed on
the surface of the AlN/Al2O3 film in the OM micro-
graph. The SEM micrographs reveal that the lines are
identical to the AlN (0001) facets which align along
the [11̄00]AlN direction. On the other hand, no lines
are observed, and the AlN (0001) facets are random
on the surface of the AlN/GaN/Al2O3 film without
cracks.
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T ABL E I I Lattice parameters of AlN and Al2O3 for AlN/Al2O3 and AlN/GaN/Al2O3 films, stress-free lattice parameters obtained from ground
specimens, and data on JCPDS cards

Lattice parameters (nm)

AlN/GaN/Al2O3 film
AlN/Al2O3 film with cracks without cracks

JCPDS
Material Axis Wafer Stress-free Wafer Stress-free card

AlN film a-axis 0.3114 0.3111 0.3115 0.3111 0.31114
c-axis 0.4984 0.4978 0.4977 0.4978 0.49792

Al2O3 substrate a-axis 0.4759 0.4759 0.4759 0.4759 0.47588
c-axis 1.299 1.299 1.299 1.299 1.2992

3.3.2. Cross-sectional TEM images
Fig. 5 shows the AlN (112̄0) surface morphological
SEM image and the AlN (11̄00) cross-sectional TEM
image of the AlN/Al2O3 film. Cracks perpendicular to
the interface between the film and the substrate are ob-
served just below the film surface on which the AlN
(0001) facets align along the [11̄00]AlN direction. The

(a)

(b)

Figure 6 AlN (11̄00) cross-sectional bright-field TEM images of the AlN/Al2O3 heteroepitaxial film with cracks. (a) low-magnification image, and
(b) high-magnification image at the interface region. Symbols (�) indicate the planar imperfections induced in the (0001)AlN plane. The defects
disappear at a film thickness of about 0.8 µm.

cracks extend about 1.7 µm from the interface to the
AlN film and more than 2 µm into the Al2O3 substrate,
but do not propagate to the AlN film surface. The tip
of the cracks is the widest in the AlN film, and the
cracks narrow as they penetrate deeply into the sub-
strate, which indicates that the cracks are formed in the
AlN film, and then propagate into the Al2O3 substrate.
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Figure 7 Electron diffraction patterns of the AlN/Al2O3 heteroepitaxial
film with cracks. The electron diffraction patterns were taken at regions
A, B and C indicated in Fig. 6b, respectively. Symbols (� and�) indicate
electron diffraction spots other than those due to the AlN epitaxial film,
indicating that another crystal phase grows close to the interface.

Figure 8 AlN(112̄0) surface morphological SEM image and AlN(11̄00)
cross-sectional TEM image of an AlN/GaN/Al2O3 epitaxial film without
cracks.

Fig. 6 shows the AlN (11̄00) cross-sectional bright-
field TEM images. Defects along the (0001)AlN plane,
which propagate from the interface to the AlN film,
are observed. It appears that the lattice mismatch along
the [0001]AlN direction is relaxed by the planar imper-
fections induced in the (0001)AlN plane. However, the
defects disappear at a film thickness of about 0.8 µm.
Fig. 7 shows the electron diffraction patterns obtained
at regions A (AlN film), B (AlN film close to inter-
face) and C (Al2O3 substrate) shown in Fig. 6b, respec-
tively. The electron diffraction patterns A and C show
that the (112̄0)-oriented AlN single crystals have grown
epitaxially on the (11̄02) α-Al2O3 substrate. However,
many electron diffraction spots other than those of the
AlN epitaxial film are observed close to the interface
(electron diffraction pattern B). The additional spots
are situated at about 10◦ clockwise from the [0001]AlN
direction, and multiple diffraction spots are also ob-
served. The interplanar spacings (d-spacings) calcu-
lated from the additional spots do not agree with those
of the AlN crystal. Therefore, the electron diffraction
pattern suggests that another crystal phase grows close
to the interface and that the lattice constants and crys-
tallographic directions are different from those of the
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AlN epitaxial phase, although we could not interpret the
phase fully. However, the other phase is not observed
when the thickness exceeds about 0.2 µm.

Fig. 8 shows the AlN (112̄0) surface morphological
SEM image and the AlN (11̄00) cross-sectional TEM
image of the AlN/GaN/Al2O3 film. The GaN buffer
layer, which is shaped like an island, is observed at the
interface between the AlN film and the Al2O3 substrate.
Fig. 9 shows the AlN (11̄00) cross-sectional bright-field
TEM images. The defects along the (0001)AlN plane,
which occur at the interface between the GaN buffer
layer and the Al2O3 substrate, propagate into the AlN
film. The defects are longer than those in the AlN/Al2O3
film with cracks, and several defects propagate to the
AlN film surface. The TEM images correspond to the
results of HR-XRD which indicate that the crystallinity
of the AlN/GaN/Al2O3 film is worse than that of the
AlN/Al2O3 film. Fig. 10 shows the electron diffraction
patterns obtained at regions D (AlN film), E (interface
of AlN and GaN) and F (Al2O3 substrate) shown in
Fig. 9b, respectively. The electron diffraction patterns
show that the (112̄0)-oriented AlN and GaN single crys-
tals grow epitaxially on the (11̄02) α-Al2O3 substrate.
No additional electron diffraction spots are observed in
both the AlN film and the GaN buffer layer.

3.4. Mechanism of cracking
Table III shows the summarized experimental results
obtained in this study. The discussion will focus on (1)
the process of cracking, and (2) the role of the GaN
buffer layer.

3.4.1. Process of cracking
Considering the curvature of the wafer and the
c-parameter of the AlN film, it may be stated that the
tensile stress is induced along the [0001]AlN direction
in the AlN film with cracks. The average stress σ0 in
the film can be calculated from the radius of curvature
R using

σ0 = Es

1 − νs
· t2

s

6Rtf
, (1)

T ABL E I I I Summarized experimental results of the crystal structure and microstructure of AlN/Al2O3 and AlN/GaN/Al2O3 films obtained in this
study

Summarized experimental results

Item investigated in this study AlN/Al2O3 epitaxial film AlN/GaN/Al2O3 epitaxial film

Cracks • Parallel to [11̄00] direction and None
perpendicular to interface

• They do not propagate to surface
• They are the widest in AlN film

Curvature of wafer [11̄00] direction Convex Convex
[0001] direction Concave Convex

Crystallinity of AlN Better Worse
Lattice parameter of AlN (c-axis) >Stress-free value <Stress-free value
Surface morphology (0001) facets align along [11̄00] Random facets

direction just above cracks
Orientation Another crystal phase Epitaxial

close to interface
Defect induced in (0001)AlN plane Annihilation at 0.8 µm Propagation to surface

where Es, νs, tf and ts are the Young’s modulus (380
GPa), the Poisson’s ratio (0.25) of the Al2O3 substrate,
the film thickness (2–3 µm) and the substrate thickness
(430 µm), respectively. The stress hardly varies in the
film before cracking [21], since the film is far thinner
than the substrate. However, the stress changes to the
opposite sign abruptly at the interface of the film and
the substrate. Here, we estimate the stress σG in the
film during the growth. The thermal stress σT can be
calculated as

σT = Ef

1 − νf
· �α · �T, (2)

where �α is the difference between the thermal expan-
sion coefficients of the film and the substrate, and �T
is the difference between the growth temperature and
room temperature. The stress σG in the film just before
the end of growth can be estimated:

σG = σ0 − σT. (3)

Using these equations, in the AlN/Al2O3 film, the ten-
sile stress σG of 850 MPa and 2010 MPa is obtained
along the [11̄00]AlN and [0001]AlN directions, respec-
tively. Thus, it is found that the tensile stress is induced
along both directions during the growth, and that the
value of the tensile stress along the [0001]AlN direction
is more than twice that along the [11̄00]AlN direction.
In brittle materials such as AlN, cracks may occur eas-
ily under tensile stress which exceeds a critical value.
The TEM observation in which the tip of the cracks
is widest in the AlN film suggests that the cracks are
formed in the AlN film. Therefore, it can be concluded
that the cracks are induced by the tensile stress along
the [0001]AlN direction.

The origin of the tensile stress which induces the
cracks is described briefly. The origin of the stress in a
thin film involves the annihilation of lattice defects [33].
Volume shrinkage is associated with the annihilation
of lattice defects during film growth, and it leads to
tensile stress in the film when the film is attached to
a substrate. From the TEM images, it is evident that
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(a)

(b)

Figure 9 AlN (11̄00) cross-sectional bright-field TEM images of the AlN/GaN/Al2O3 heteroepitaxial film without cracks. (a) low-magnification
image, and (b) high-magnification image at the interface region. Symbols (�) indicate the planar imperfections induced in the (0001)AlN plane.
Several defects propagate to the surface.

the lattice mismatch of the AlN film and the Al2O3
substrate along the [0001]AlN direction is relaxed by
the defects along the (0001)AlN plane and/or another
crystal phase. However, the defects and another crystal
phase in the AlN/Al2O3 film disappear as the AlN film
grows. The tensile stress is induced by the annihilation
of the defects along the (0001)AlN plane and/or another
crystal phase.

It should be mentioned that the cracks do not propa-
gate to the surface of the AlN film under the homoge-
neous tensile stress, although the cracks propagate into
the Al2O3 substrate under the compressive stress. These
observations suggest that the cracks are formed during
the epitaxial growth. The cracks are closed since the
source gas continues to be supplied even after crack-
ing. While the cracks are closed, they function as a
crystal boundary; as a consequence, the AlN (0001)
facets align along the [11̄00]AlN direction just above
the cracks.

On the basis of these results and discussion, the pro-
cess of cracking may be concluded to be as follows.

The cracks are formed in the AlN film due to the tensile
stress along the [0001]AlN direction during the epitaxial
growth, and simultaneously propagate to the AlN film
surface and into the Al2O3 substrate. The tensile stress
is induced by the annihilation of the defects along the
(0001)AlN plane and/or another crystal phase.

3.4.2. Role of GaN buffer layer
Contrary to the AlN/Al2O3 film with cracks, in the
AlN/GaN/Al2O3 film without cracks, it appears that
the compressive stress along the [0001]AlN direction is
induced in the AlN film at room temperature, i.e., the
wafer is under thermal stress. Since the growth condi-
tions of the AlN/GaN/Al2O3 film, except for the GaN
buffer layer, were the same as those of the AlN/Al2O3
film, the suppression of the tensile stress along the
[0001]AlN direction is attributable to the GaN layer.

The important TEM observations for discussing the
role of the GaN buffer layer are that: (1) the defects
along the (0001)AlN plane in the AlN/GaN/Al2O3 film
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Figure 10 Electron diffraction patterns of the AlN/GaN/Al2O3 het-
eroepitaxial film without cracks. The electron diffraction patterns were
taken at regions D, E and F indicated in Fig. 9b, respectively. Both the
AlN film and the GaN buffer layer are grown epitaxially on the Al2O3

substrate.

without cracks are longer than those in the AlN/Al2O3
film with cracks, and that (2) both AlN and GaN crys-
tals are grown epitaxially in the AlN/GaN/Al2O3 film,
whereas another crystal phase grows close to the in-
terface in the AlN/Al2O3 film. In the AlN/GaN/Al2O3
film, the observations indicate that the defects continue
to propagate with the growth of the AlN film, and that
the generation of another crystal phase is suppressed.
As a consequence of the role of the GaN buffer layer,
it appears that the tensile stress is suppressed and no
cracks occur in the AlN/GaN/Al2O3 film. We believe
that it will be worthwhile to analyze the role of the GaN
buffer layer more closely.

4. Summary
The cracking mechanism in AlN(112̄0)/α-Al2O3
(11̄02) heteroepitaxial film grown by MOCVD was
discussed on the basis of the results of HR-XRD and
OM, SEM and TEM observations. In the AlN/Al2O3
film, cracks are formed in the AlN film due to tensile
stress along the [0001]AlN direction during the epitax-
ial growth, and simultaneously propagate to the AlN
film surface and into the Al2O3 substrate. The tensile
stress is induced by the annihilation of the defects along
the (0001)AlN plane and/or another crystal phase. On
the other hand, in the AlN/GaN/Al2O3 film, the de-
fects continue to propagate with the growth of the AlN
film, and the generation of another crystal phase is sup-
pressed; as a consequence of the existence of the GaN
buffer layer, it appears that the tensile stress is sup-
pressed and no cracks occur.
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