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The crystal structures and microstructures of AIN(1120)/GaN(1120) epitaxial films on
just-cut and +4° off-cut Al,03(1102) substrates grown by metal organic chemical vapor
deposition (MOCVD) are investigated using high-resolution X-ray diffractometry and
transmission electron microscopy, and are compared with those of AIN(1120) film on

+4° off-cut Al;03(1102) substrate. In the AIN/Al;O3(+4° off-cut) film and the AIN/GaN/Al;O3
(just-cut, —4° off-cut) films, cracks parallel to the [1100]an direction and perpendicular to
the interfaces of the films and the substrates are observed. The AIN/Al,O3; and AIN/GaN
interfaces exhibit low crystallinity in which moiré fringes are observed. On the other hand,
in the AIN/GaN/Al,Oz(+4° off-cut) film, no cracks form. The GaN layer buffers the lattice
mismatch between the AIN film and the Al,0O3; substrate, and moiré fringes are not
observed in the GaN/Al,03; and AIN/GaN interfaces. On the basis of these results, the
effects of the interface structures on cracking are discussed.

© 2002 Kluwer Academic Publishers

1. Introduction

AIN(1120)/a-Al,03(1102) heteroepitaxial films, which
have the [OOOI]A]N//[I IOl]A1203 and [1 TOO]AlN//
[1120]a203 orientation relationship between AIN films
and Al,O3; substrates, have been proposed as a
piezoelectric material for GHz surface acoustic wave
(SAW) devices for applications in wireless commu-
nication systems, because of its high SAW velocity
(5910 m/s), moderate electromechanical coupling co-
efficient (~1.0%), and zero temperature coefficient of
delay (TCD) [1-6]. AIN films thicker than 2 y#m are re-
quired in order to obtain the physical properties required
for use in SAW devices. However, cracks propagate in
AIN/Al, O3 films when the films become thicker than
about 1 um. Several studies on the cracking mechanism
in nitride epitaxial films were carried out [2—4, 7-12].
Duffy et al. reported that strain in the AIN(1120)/a-
Al,05(1102) film was anisotropic, because of differ-
ences in the elastic and thermal expansion properties
of both film and substrate with respect to their differ-
ent crystallographic directions [2]. Yim et al. reported
that cracks in the AIN/Al,Oj3 epitaxial films were ex-
plained by thermal stress, based on the fact that crack-
ing could be eliminated by slowly cooling the specimen
[3]. In GaN(0001)/Al,03(0001) heteroepitaxial films,
Matsumoto et al. [7], Itoh et al. [8] and Hiramatsu et al.
[9] measured curvature after cooling, observed cross-
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sectional microstructures, and discussed dependencies
of lattice constants on film thickness. As the results,
they concluded that the cracks were formed by thermal
stress due to difference in thermal expansion coeffi-
cients between GaN and Al,Oj3. On the other hand,
Amano et al. [10] and Dobrynin [11] found that ten-
sile stress was induced in the GaN(0001)/Al,O3(0001)
and AIN(1120)/A1,03(1102) heteroepitaxial films dur-
ing the growth by in situ curvature measurements.
Dobrynin concluded that the cracks were formed
by tensile stress during the epitaxial growth. De-
spite of these studies, the cracking mechanism in
the AIN(1120)/Al,053(1102) heteroepitaxial films has
not yet been understood fully. The lack of the fun-
damental understanding hinders the development of
the films. Recently, we reported that cracks in the
AIN(1120)/A1,05(1102) films were formed in the film
due to tensile stress along the [0001]a;n direction dur-
ing epitaxial growth, based on the analyses of the
crystal structures and the cross-sectional microstruc-
tures [12]. On the other hand, no cracks formed in
the AIN/GaN/Al,O03(44° off-cut) film with the GaN
layer, but the role of the GaN layer could not be
clarified.

In this study, we further investigated the crys-
tal structures and microstructures of the AIN(1120)
film on a +4° off-cut Al,O3(1102) substrate and
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the AIN(1120)/GaN(1120) heteroepitaxial films on
just-cut and £4° off-cut Al,03(1102) substrates using
high-resolution X-ray diffractometry (HR-XRD), and a
transmission electron microscope (TEM). On the basis
of the results, the effects of the interface structures on
cracking are discussed.

2. Experimental procedure

2.1. Film growth

AIN and AIN/GaN epitaxial films were grown on
3-inch-diameter «-Al,03(1102) substrates 430 um
thick by metal organic chemical vapor deposition
(MOCVD). Just-cut and £4° off-cut «-Al,O3 wafers
were used as the substrates. In the case of the con-
ventional wafer (just-cut), the interfacial angle be-
tween the surface, which is the (1102) plane, and
the (0001) planes is 57.6°. In the case of the off-cut
wafers, the surfaces are tilted slightly from the (1102)
planes, and the interfacial angle of the +4° off-cut
wafer between the surface and the (0001) plane is
61.6° (=57.6 +4), whereas the interface angle of the
—4° off-cut wafer is 53.6° (=57.6 — 4). In this study,
AIN/AL,O3 (44° off-cut) film and AIN/GaN/Al,O;

(b)

(just-cut, £4° off-cut) films were grown. Since the de-
tails of sample preparation were reported in previous
papers [6, 12], only a brief outline is described below.
The substrate was first annealed in H, ambient, and
then the initial nitriding layer was formed by heating
the substrate at 1100°C in a flow of mixed NH3 and
H; in a horizontal reactor. Subsequently, trimethylalu-
minum (TMA, (CHj3)3Al) was introduced into the reac-
tor to grow AIN epitaxial film at 15-20 Torr. In the case
of the AIN/GaN/Al,Os; film, trimethylgallium (TMG,
(CH3)3Ga) was introduced into the reactor after the first
annealing process to grow the GaN layer (~0.2 um) at
15 Torr for 10 min.

2.2. Crystal structure analysis

The crystallinity and crystal structures of the AIN films
and GaN layers were characterized using HR-XRD
(Philips, MRD) with a two-crystal, four-reflection Bar-
tels monochromator [13] as incident optics and a one-
crystal, two-reflection analyzer as diffracted optics.
The monochromator and analyzer crystals were made
from perfect Ge crystals, and were set to reflect from
the (220) planes using Cu K, radiation. The w-scan
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Figure 1 AIN (1100) cross-sectional bright-field TEM images of (a) the AIN/Al,O3(+4° off-cut) film, (b) the AIN/GaN/Al,O3(+4° off-cut) film,
(c) the AIN/GaN/Al,O3(just-cut) film, and (d) the AIN/GaN/Al,O3(—4° off-cut) film. Symbols (V) indicate the planar imperfections induced along

the (0001)aN plane. (Continued.)
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Figure 2 AIN (1100) cross-sectional TEM images of the AIN/Al,O3(+4° off-cut) film. Selected-area electron diffraction pattern at the top right of
micrograph was obtained in the vicinity of the AIN/Al,Os3 interface. Symbols (A, ¥ and O) indicate extra electron diffraction spots other than those
of the AIN epitaxial film and the Al,O3 substrate.
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rocking curves close to the 1120 reflection of the AIN
films and GaN layers were measured by aligning the
[0001]aiN directions horizontal to the incident X-ray
beam. The absolute lattice constants of AIN films and
a-Al,O3 substrates were measured by the Fewster-
Andrew method [14]. Additionally, the lattice con-
stants of GaN layers were estimated from the peak mis-
matches of w/20-scan rocking curves between the AIN
films and GaN layers.

2.3. Microstructure observation

The cross-sectional AIN(1100) images were obtained
using a TEM operated at 200 kV (JEOL, JEM-2010).
Ultra thin samples for TEM observations were prepared
by either Ga ion beam sputtering at a voltage of 30 kV
(FEI, FIB200) or Ar ion beam sputtering at a voltage
of 4 kV (GATAN, Dual Ion Mill M-600).

3. Results and discussion

3.1. Crystal structures

3.1.1. Crystallinity

Table I shows the full-width at half maximum (FWHM)
of the w-scan X-ray rocking curves close to the 1120
reflection of the AIN and the GaN. The FWHM cor-
responds to the degree of mosaic structure formation
rather than the fluctuation in the lattice constant [12].

TABLE I Full-width at half maximum (FWHM) of the w-scan X-ray
rocking curves close to the 112 0 reflection of AIN and GaN

AIN/GaN/Al, 03
Film system AIN/AL, O3
substrate +4° off-cut  +4° off-cut  just-cut  —4° off-cut
AIN (minutes)  15.2 31.3 25.9 24.2
GaN (minutes) 55.8 56.7 68.7

(W)

(©)

Figure 3 (a) AIN (1100) cross-sectional high-resolution TEM images of the AIN/Al,O3(+4° off-cut) film. Enlarged images at the (b) left-hand and
(c) right-hand sides of the micrograph (a). Misfit dislocations are labeled L or T.
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TABLE II Interplanar spacings (d-spacings) of the AIN films, the GaN layers and the Al O3 substrates along the [0001]N direction

. AIN/GaN/Al, O3
Film system AIN/AL,O3
substrate +4° off-cut +4° off-cut just-cut —4° off-cut JCPDS
(0002) AN (nm) 0.2492 0.2489 0.2489 0.2490 0.24896
(0002)Gan (nm) 0.2556 0.2578 0.2575 0.2589
(1104)3 )03 (nm) 0.2564 0.2564 0.2564 0.2564 0.25644

aThe d-spacing of (1104)a103 Was converted into that parallel to the [0001]an direction.

The value of FWHM for the AIN in the AIN/Al,O3(+4°
off-cut) film is half of those in the AIN/GaN/Al,O;
films. In the AIN/GaN/Al,O3 films, the values of
FWHM for GaN are far larger than those for AIN. As
the off-cut angle of the substrate increases, the val-
ues of FWHM for AIN increase, whereas those for
GaN decrease. Thus, AIN in the AIN/GaN/Al,O3(+4°
off-cut) film exhibits the lowest crystallinity, and that in
the AIN/Al,O3(+4° off-cut) film exhibits the highest,
among the four samples.

3.1.2. Lattice mismatch

Table II shows the interplanar spacings (d-spacings)
along the [0001]ain,gan direction measured by HR-
XRD. The data on the JCPDS cards (No.25-1133,
2-1078, 42-1468) are also shown. The d-spacing
of (1104)a1003 is converted into that parallel to the
[0001] 1N direction. In the AIN/Al,O3(+4° off-cut) and
the AIN/GaN/Al,Os(just-cut, —4° off-cut) films, the
d-spacings of (0002)4y and (0002)g,n almost agree
with the data on the JCPDS cards. The lattice mis-
match of the AIN/AL,Oj3 interface in the AIN/Al,O3
(4+4° off-cut) film is estimated to be —2.8%. The
d-spacings of (0002)g,ny are larger than those of
(0002)ain and (1104)a1203, and the lattice mismatches
of the AIN/GaN and GaN/Al,O3 interfaces are esti-
mated to be —3.4% and +-0.5%, respectively. On the
other hand, in the AIN/GaN/Al,O3(+4° off-cut) film,
the d-spacing of (0002)g,N is slightly smaller than that
of (1104)a103, and is larger than that of (0002)ax,
i.e., the GaN layer buffers the lattice mismatch between
the AIN film and the Al,O3 substrate. The lattice mis-
matches of the AIN/GaN and the GaN/Al, O3 interfaces
are estimated to be —2.6% and —0.3%, respectively.

3.2. Microstructures

3.2.1. Cross-sectional structures

Fig. 1 shows the AIN(1100) cross-sectional bright-
field TEM images. In the AIN/Al,O3(44° off-cut) film
and the AIN/GaN/Al,Oj3 (just-cut, —4° off-cut) films,
cracks perpendicular to the interface between the films
and the substrates are observed, as shown in Fig. 1a,
¢ and d. The cracks do not propagate to the AIN film
surface. The tips of the cracks are the widest in the AIN
films, and the cracks narrow as they penetrate deeply
into the substrates. The defects along the (0001)n
plane do not propagate to the AIN film surfaces. On
the other hand, in the AIN/GaN/Al,O3 (+4° off-cut)
film, no cracks are observed and the defects along the
(0001)a1n plane sometimes propagate to the AIN film
surface, as shown in Fig. 1b. These TEM images indi-

Figure 4 AIN (1100) cross-sectional high-resolution TEM image of
the AIN/Al,O3(44° off-cut) interface. Misfit dislocations are labeled
LorT.

cate that the crystallinity in the AIN films depends on
the planar imperfections, i.e., the low crystallinity in
the AIN/GaN/Al,O3 (+4° off-cut) film is attributable
to the propagated planar imperfections.

On the basis of these results, the cracking process in
the AIN/GaN/Al,Os3 (just-cut, —4° off-cut) films may
be concluded to be the same as that in the AIN/Al,O3
(+4° off-cut) film, as we have reported in the previous
study [12], i.e., the cracks are formed in the AIN film
due to the tensile stress along the [0001]sn direction
during the epitaxial growth and simultaneously prop-
agate to the AIN film surface and into the Al,O3 sub-
strate. The tensile stress is induced by the annihilation
of the defects along the (0001)n plane.

3.2.2. Interface structures
3.2.2.1. AIN/AL, O3 (+4° off-cut) film. Fig. 2 shows the
cross-sectional TEM images of the AIN/AlL,O3 (+4°
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off-cut) film and the selected-area electron diffraction
pattern in the vicinity of the interface. In the range from
the interface to a film thickness of about 200 nm, the
AIN/AL, O3 film exhibits a high density of lattice de-
fects, and considerable moiré fringes with the spacing
of about 3 nm and the extra electron diffraction spots
other than those of the AIN epitaxial film and the Al,O3
substrate are observed. The spacing of the extra spot in-
dicated by circles agrees with the moiré fringe spacing
of 3 nm. A moiré fringe is formed from the overlap of
two sets of planes with spacings d; and d»; the moiré

fringe spacing D is given as follows [15].
did, cos ¢
d—dp

These overlapping planes meet at an angle of ¢ with
each other. The d-spacing of (0002)ax is 0.249 nm,
and ¢ is 4° from the diffraction pattern. Therefore,
the d,-spacing of 0.271 nm is obtained by substituting
0.249 nm for d;, 4° for ¢ and 3 nm for D.

Fig. 3 shows the cross-sectional high-resolution
TEM images of the AIN/AI,O3; interface in the

p-|

(b)

Figure 5 AIN (1100) cross-sectional TEM images of (a) the AIN/GaN/Al,O3(+4° off-cut) film and (b) the AIN/GaN/Al,O3(—4° off-cut) film.
Selected-area electron diffraction patterns at the bottom left of the micrographs were obtained in the vicinity of the AIN/GaN/Al,O3 interfaces.
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AIN/Al,O3 film. The misfit dislocations labeled both
1 and T are observed every 27-29 (0002)5n planes
on the left-hand side and right-hand side of Fig. 3a,
respectively. Both distances between two misfit dislo-
cations are about 7 nm, and the same numbers of misfit
dislocations labeled L and T are observed in an inter-
val of at least 47 nm (corresponding to 182 (0002)a1n
planes). According to the lattice constant measurements
using HR-XRD, the lattice mismatch of the AIN/Al,O3
interface is estimated to be —2.8%. If it is assumed that
the lattice mismatch is relaxed by edge dislocations, the
edge dislocations labeled L should be observed every
37 (0002) 1N planes at the interface. However, the high-
resolution TEM images do not agree with the result of
the lattice constant measurements. Although the mech-
anism of the occurrence of the dislocations labeled both
L and T is not clarified, the d-spacings of (0002)a1n
in Fig. 3b and in c are estimated to be 0.247 nm and
0.265 nm, respectively. The d-spacing of 0.265 nm al-
most agrees with the d-spacing of 0.271 nm estimated
using the above equation, so that it is suggested that the
moiré fringe is caused by the overlap of these two sets.
According to the high-resolution TEM image shown in

(d)

Figure 6 Cross-sectional high-resolution TEM images in the
GaN/Al,O3 interfaces of (a) the AIN/GaN/Al,O3(+4° off-cut) film
and (b) the AIN/GaN/Al,O3(—4° off-cut) film. Misfit dislocations
are labeled L or T. Incident electron beam is parallel to [1100]gan//
[1120]A1203-

Fig. 4, there is an edge dislocation labeled L just above
that labeled T. In addition, several edge dislocations
labeled L are observed in the AIN film away from the
interface. These TEM images indicate that the lattice
mismatch between AIN and Al,Oj3 is relaxed in the AIN
film. It can be stated that the generation of the edge dis-
location labeled L in the AIN film results in the change
of the interplanar spacing from d, to d;. Therefore, the
moiré fringes disappear with increasing film thickness.

3.2.2.2. AIN/GaN/Al,O3 (£4° off-cut) film. Fig. 5
shows the cross-sectional TEM images of the
AIN/GaN/Al,O3(£4° off-cut) films and selected-area
electron diffraction patterns in the vicinity of the in-
terfaces. The selected-area electron diffraction pat-
terns show that (1120)-oriented AIN and GaN single
crystals grow epitaxially on the (1102) Al,Oz sub-
strates. The density of lattice defects in the vicinity
of the GaN/Al, O3 interfaces is low compared with the
AIN/Al, O3 interface. The density of the lattice defects
along the (0001)g,n plane in the GaN layer on the
~+4° off-cut substrate is lower than that on the —4° off-
cut substrate, which supports the results of HR-XRD.
The AIN/GaN/Al,O3 (4+4° off-cut) film exhibits that

(b)

Figure 7 Cross-sectional high-resolution TEM images in the AIN/GaN
interfaces of (a) the AIN/GaN/Al,O3(+4° off-cut) film and (b) the
AIN/GaN/Al,O3(—4° off-cut) film. Misfit dislocations are labeled L.
Incident electron beam is parallel to [1100]ain// [1100]GaN.
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Figure 8 Schematic diagrams illustrating the relationship between the cross-sectional microstructures, the interface structures, the lattice mismatches

and the cracking.

the lattice defects originating at the GaN/Al,Os in-
terface propagate into the AIN film, although strain
contrasts are sometimes observed at the GaN side
of the AIN/GaN interface. On the other hand, the
AIN/GaN/Al, O3 (—4° off-cut) film sometimes exhibits
moiré fringes about 20 nm thick at the AIN side of
the AIN/GaN interface. The lattice defects along the
(0001)Gan plane stop propagating at the interface where
the moiré fringes are observed.

Fig. 6 shows the cross-sectional high-resolution
TEM images of the GaN/Al,O3 interfaces in the
AIN/GaN/Al, O3 (£4° off-cut) films. The interfaces are
sharp, and the lattice mismatches are relaxed by the
edge dislocations. In the GaN/Al,O3 (44° off-cut) in-
terface, the misfit dislocations labeled _L are observed,
and the lattice mismatch and the distance between two
dislocations are estimated to be —0.4% and 60 nm, re-
spectively. In the GaN/Al,O3 (—4° off-cut) interface,
the misfit dislocations labeled T are observed, and the
lattice mismatch and the distance between two dis-
locations are estimated to be +1.6% and 17 nm, re-
spectively. Thus, these TEM images indicate that the
d-spacing of (0002)g.n in the AIN/GaN/Al,O3 (+4°
off-cut) film is smaller than that of (1104) o203, whereas
that in the AIN/GaN/Al, O3 (—4° off-cut) film is larger,
which agree with the results of HR-XRD.

Fig. 7 shows the cross-sectional high-resolution
TEM images of the AIN/GaN interfaces in the
AIN/GaN/Al,O3(%4° off-cut) films. The misfit disloca-
tions labeled L are observed, although the dislocations
can not be observed exactly because of the indistinct
AIN/GaN interfaces. In the AIN/GaN/Al,O3 (44° off-
cut) and the AIN/GaN/Al,O3 (—4° off-cut) films, the
lattice mismatches at the AIN/GaN interfaces are es-
timated to be —2.0% and —2.7%, respectively. Thus,

1162

these TEM images indicate that the lattice mismatch
of the AIN/GaN interface in the AIN/GaN/Al,O3 (+4°
off-cut) film is smaller than that in the AIN/GaN/Al,O3
(—4° off-cut) film, which agree with the results of HR-
XRD.

3.3. Relationship between interface
structures and cracking

Fig. 8 illustrates the relationship between the cross-
sectional microstructures, the interface structures, the
lattice mismatches and cracking. The AIN/Al,O3; and
AIN/GaN interfaces in the AIN films with cracks (i.e.
the AIN/Al,O3 (44° off-cut) and the AIN/GaN/Al,O3
(just-cut, —4° off-cut) films) have low crystallinity and
exhibit moiré fringes. The absolute lattice mismatches
along the [0001] N direction of the interfaces are more
than 2.8%. On the other hand, there are no moiré fringes
in the vicinity of both the GaN/Al,O3 and the AIN/GaN
interfaces in the AIN/GaN/Al,O3; (4+4° off-cut) film
without cracks. The absolute lattice mismatches are less
than 2.6%, and the d-spacing along the [0001] direc-
tion decreases stepwise from the substrate to the AIN
film via the GaN layer, i.e., the GaN layer buffers the
lattice mismatch between the AIN film and the Al, O3
substrate. Therefore, it is concluded that the cracking in
the AIN epitaxial films depends on the interface struc-
tures as follows. In the AIN/Al,O53 (+4° off-cut) film
and the AIN/GaN/Al,Oj3 (just-cut, —4° off-cut) films,
since the large lattice mismatches of the AIN/Al,O3
and AIN/GaN interfaces lead to the low crystallinity
in the vicinity of the interface, the propagation of the
lattice defects along the (0001)41n plane is suppressed.
As a consequence, the lattice defects are annihilated
during the epitaxial growth, followed by the induction



of tensile stress along the [0001]4n direction and the
formation of the cracks. On the other hand, in the
AIN/GaN/Al,O3; (+4° off-cut) film, since the buffer-
ing of the lattice mismatch between the AIN film and
the Al,O3 substrate due to the GaN layer leads to the
high crystallinity in the vicinity of the AIN/GaN inter-
face, the lattice defects along the (0001)n plane can
propagate to the AIN film surface. As a consequence,
the tensile stress is suppressed and no cracks form.

4. Summary

The crystal structures and microstructures of the
AIN/GaN/Al,O3 (just-cut, £4° off-cut) films and
AIN/ALL O3 (+4° off-cut) film grown by MOCVD were
investigated.

(1) The AIN/ALLO3 (4+4° off-cut) film and the
AIN/GaN/Al,Oj3 (just-cut, —4° off-cut) films exhibited
cracks parallel to the [1100]4y direction and perpen-
dicular to the interfaces of the films and the substrates,
whereas the AIN/GaN/Al, O3 (44° off-cut) film did not
exhibit any cracks.

(2) In the AIN/AL,O3 (44° off-cut) film and the
AIN/GaN/Al,O3 (just-cut, —4° off-cut) films, the de-
fects along the (0001) v plane did not propagate to the
AIN film surfaces. In the AIN/GaN/Al,O3 (+4° off-
cut) film, the defects sometimes propagated to the AIN
film surface.

(3) The AIN/Al,O3 (4+4° off-cut) film and the
AIN/GaN/Al,O3 (just-cut, —4° off-cut) films exhib-
ited moiré fringes in the vicinity of the AIN/Al,O3 and
AIN/GaN interfaces. The absolute lattice mismatches
of the interfaces along the [0001]a;y direction were
2.8% and 3.4%, respectively. The AIN/GaN/Al,O3
(+4° off-cut) film did not exhibit moiré fringes in the
vicinity of both the GaN/Al,O3; and AIN/GaN inter-
faces, and the absolute lattice mismatches were 0.3%
and 2.6%, respectively, The GaN layer buffered the lat-
tice mismatch between the AIN film and Al,O3 sub-
Strate.

On the basis of these results, the effects of the in-
terface structures on the cracking were discussed. The
large lattice mismatches of the AIN/Al,Osz and the
AIN/GaN interfaces in the AIN/Al,O3 (+4° off-cut)
film and the AIN/GaN/Al,O3 (just-cut, —4° off-cut)
films led to the low crystallinity interfaces and the

annihilation of the lattice defects along the (0001)aN
plane. As a consequence, tensile stress was induced and
cracks were formed in the AIN films during the epitaxial
growth. On the other hand, in the AIN/GaN/Al,O3 (+4°
off-cut) film, the lattice mismatch buffering due to the
GaN layer led to the high crystallinity interfaces and the
propagation of the lattice defects along the (0001)an
plane. Therefore, tensile stress was suppressed and no
cracks formed.
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