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The atomic structure of AIN/AI,O3 interface fabricated by pulsed laser deposition is
characterized by high-resolution transmission electron microscopy (HRTEM) combined with
systematic multi-slice HRTEM image simulations. It is found that the AIN film deposited on a
(0001) Al,O3 substrate grows epitaxially with the orientation relationship of (0001)AIN//(0001)
Al,03 and [1100]AIN//[1120]Al, 03, with an atomically sharp interface. The observed interface
showed best correspondence with the rigid structural model that AIN is terminated by Al at the
interface, while the Al,O3 substrate is terminated by O. Detailed structural analysis indicates
that Al sites at the interface are coordinated by both oxygen and nitrogen in this model, with
similar coordination environment in AIN. This favored coordination state at the interface may
stabilize the AIN/AI,O3 interface. © 2006 Springer Science + Business Media, Inc.

1. Introduction

The growth of defect-free or low-defect films has been a
key issue for the thin-film optoelectronic/microelectronic
technology. GaN film is one of the most widely applied
film systems because of its wide and tunable energy band
gaps suitable for optoelectronic device applications [1-3].
Since residual defects in the film are known to degrade
its properties, extensive studies to reduce the internal de-
fects have been performed [4, 5]. The misfit between GaN
and the Al,O3 substrate has been noticed as the source of
many types of defects in the film [6, 7]. It is demonstrated
that an AIN buffer layer can effectively reduce the misfit,
and assist the growth of high-quality GaN films [4]. This
indicates that the effective relaxation of lattice mismatch
at the interface is critical for the film quality. However,
residual defects in the AIN layer also inevitably promote
the formation of defects in GaN films. Thus, the relax-
ation and defect formation mechanism at the AIN/Al,O3
interface must be clarified in order to control the film qual-
ity, and hence device property of the GaN film on an AIN
buffer layer. Although there are a few reports regarding the
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AIN/Al,O3 interface [8, 9], its detailed atomic structure
has not been clarified. Here, we characterize the atomic
structure of the AIN/Al,Oj3 interface fabricated by pulsed-
laser deposition (PLD), using high-resolution transmis-
sion electron microscopy (HRTEM) in conjunction with
systematic multi-slice image simulations. Favored crys-
tal orientation and interface structure were characterized,
and the formation mechanism of the AIN/Al,O3 interface
at an atomistic scale is discussed.

2. Experimental procedure
AIN thin films were grown on (0001) «-Al,O3 sub-
strates by PLD. A KrF excimer laser beam (wavelength,
248 nm; repetition frequency, 10 Hz) was focused onto
an AIN ceramic target to produce an energy density of
0.5 J/cm?-pulse. The deposition was made of a substrate
temperature of 750°C and a backpressure of 7 x 107> Pa.
Cross-sectional TEM thin foils were prepared by
conventional methods including mechanical polishing
and argon-ion-beam thinning to obtain an electron
transparency. Conventional and high-resolution TEM
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Figure 1 Cross-sectional TEM bright-field image of the AIN film deposited
on the Al,O3 substrate. An arrow shows the position of the interface. No
secondary phase was observed at the interface. Weak contrast observed on
the upper side of the AIN surface is an amorphous layer, which is formed
during argon-ion-beam thinning. Linear contrast vertical to the interface
indicates residual strain and/or defects inside the film.

000 OAI203
‘ L

-

, 0002AN _
?100Am
g

ﬁ.

1120Auou

Figure 2 Selected-area diffraction pattern taken from the interface region.
AIN clearly shows a single-crystal pattern, although the spots seem to be a
little bit elongated, which also indicates the strain and/or defects inside the
film. The predominant orientation relationships of (0001)AIN//(0001)Al, O3
and [1100]AIN//[1120]Al, 03 is found in the pattern.

observations were made using JEM-2010HC and JEM-
4010 microscopes (JEOL Co. Ltd), operated at 200 kv
and 400 kV, respectively.

To investigate the atomic structure of the AIN/Al, O3 in-
terface, HRTEM image simulations with the Tempas pro-
gram code [10] based on the multi-slice method [11] were
conducted. HRTEM images were systematically simu-
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Figure 3 (a) HRTEM image of the interface. The incident beam direction
is parallel to [1120] and [1100] in AIN and Al O3, respectively. (b) Fourier
filtered image obtained from the above experimental image. Frequency
components of (1100) in AIN and (1120) and in Al,O3 are respectively
enhanced to visualize lattice misfits at the interface. Obvious lattice misfits
are observed at the interface.

lated as a function of defocus and sample thickness to
yield an appropriate match to experimental images.

3. Results and discussion

Fig. 1 shows a cross-sectional TEM image of the AIN
film deposited on the Al,O3 substrate. The thickness of
the AIN film is measured to be about 50 nm. Vertical
contrast seen in the AIN film indicates residual strain
and/or defects. No secondary phase is observed at the
film/substrate interface. A diffraction pattern from the in-
terface region is shown in Fig. 2. It is clearly seen that
deposited AIN shows a single-crystal pattern, having a
preferential orientation relationship with the Al,O3 sub-
strate. The predominant orientation relationship between
the AIN film and Al,Os substrate is determined to be
(0001)AIN//(0001)Al, O3 and [1100]AIN//[1120]A1,03
from the pattern. The present orientation relationship is
consistent with the previously reported AIN/Al,Oj3 inter-
face fabricated by a different deposition technique (molec-
ular beam epitaxy (MBE)) [8]. According to the geometri-
cal coherency estimated by the coincidence of reciprocal
lattice points (CRLP) method [12], the present orienta-
tion is one of the highly coherent ones between AIN and
«-Al, O3 crystal structures [13].



Fig. 3a shows a HRTEM image of the AIN/Al,O3 inter-
face. The image was taken along the [1100] direction of
the Al,O3 substrate. The arrow indicates the position of
the interface, which is seen to be atomically sharp without
any intermediate secondary phases even on an atomistic
scale. Fig. 3(b) shows a filtered image of Fig. 3a, en-
hancing the frequency components perpendicular to the
interface. As shown by the black arrows, lattice misfit was
periodically introduced in every 8 atomic planes of AIN
(9 atomic planes of Al,O3). This is also consistent with
the previous report by Kehagias et al. by MBE [8].

The misfit parameter §, between AIN and Al,O3 can be
estimated by the following formula by taking AIN as the
reference crystal,

dii100aN — d(1130)A1,05

S AIN[T1001/ALO5[1130] oo

_ V3aAIN — @alLO;

AN
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where d and a correspond to the interplanar spacing
and lattice parameter of each crystal (a,y = 0.308 nm,
aa,o, = 0.4763 nm), respectively [14 , 15]. The misfit
parameter obtained is about 11%, which is categorized
as a large lattice-mismatched system [16]. The periodic
misfits as shown in Fig. 3(b) must be geometrically intro-
duced to accommodate the large lattice misfits between
AIN and AL, Os.

In order to determine the atomic structure of the in-
terface, possible structural models were constructed by
using rigid AIN and Al,Os crystal structures. On con-
structing the structural models, the direction of the lattice
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polarity of AIN layers, in addition to the termination of
the Al,O3 substrate, was taken into account separately.
Here, we neglected the oxygen-nitrogen bonded interface
models, which showed completely different interface im-
ages by our preliminary image simulations. Four possi-
ble structural models can be constructed for the present
interface. Fig. 4 shows the four possible structural mod-
els (top) and the corresponding simulated HRTEM im-
ages (bottom). We define models in Fig. 4a—d as mod-
els (A-D), respectively. In terms of the lattice polar-
ity of the AIN film, the four structural models are di-
vided into two groups. In models A and B, the film has
the N-polarity, while models C and D have Al-polarity.
The termination of the Al,Oj3 substrate is different in
each group; models A and C are terminated by oxygen
planes, while models B and D are terminated by alu-
minum planes. Since the ionic radii of anions in AIN
and Al,O; are rather larger than that of cations ([17]),
we built structural models based on the anion sublat-
tice [18]. Therefore, interlayer distances were determined
to maintain N—O bond distances as about 0.285 nm,
which is intermediate value between N-N (0.307 nm)
in AIN and O-O in Al,O3 (0.263 nm). Image simula-
tions were performed over a range of thicknesses and
defocus values, systematically. The simulated HRTEM
images shown in Fig. 4e—h were obtained for a crystal
thickness of 5 nm and a defocus value of —38 nm which
is close to Scherzer defocus of the present microscope
(about —41 nm).

Through systematic comparison between the experi-
mental and simulated HRTEM images in the interface
region, models A and D can be chosen as candidates for
the interface structure, even though the strain effect is
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Figure 4 (a—d) Structural models constructed from AIN (upper) and Al,O3 (lower) half-crystals. Al, N, and O atoms are denoted as gray, black, and white
circles, respectively. The orientation relationship of the models is the same as observed, that is, (0001)AIN//(0001)Al,O3 and [1100]AIN//[1120]Al,O3. As

noted in the text, the four models differ in termination layers of both half-crystals and the lattice polarity in AIN. (e-h) Simulated HRTEM images obtained
from the models in (a—d). The simulations were conducted for a specimen thickness of 5 nm and defocus of —38 nm.
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Figure 5 Comparison between (a) experimental and (b) simulated HRTEM images. The simulated image in Fig. 4e, which is based on model A in Fig. 4 a,
is embedded in the experimental one. Respective atomic positions are superimposed in (b).
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Figure 6 Schematic of APt coordination through the interface. The structural model A is again displayed in (a). AI’* coordination in AIN crystal, at the

interface, and in Al O3 crystal is illustrated in (b—d), respectively.

not taken into account in the present models. Comparing
the two images obtained from models A and D, the bright
intensity at the very interface is more continuous and elon-
gated parallel to the interface in model D than A. From this
point, the experimental image can be considered to fit bet-
ter model A. As demonstrated in Fig. 5, the superimposed
simulated image of model A agrees well with the experi-
mental HRTEM image. This suggests that model A is the
most likely model for the present AIN/Al,O3 interface
structure.
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Here, a question arises as to why model A is experi-
mentally preferred over model C with the same crystal
termination but different polarity. This indicates that the
interface structure may affect the growth direction of the
AIN film on an Al,O3 substrate. As we compare models
A and C in detail, the interface Al atomic sites take
completely different coordination environment in the
two models. Fig. 6 shows schematic illustrations of Al
coordination polyhedra across the AIN/Al,O3 interface.
Al takes 4-fold coordination of N in AIN, while it takes



6-fold coordination of O in Al,O3. At the very interface,
Al are coordinated by both O and N, and mostly take
4-fold coordination (3 x N and 1 x O as in Fig. 6¢) along
the interface. According to Pauling’s empirical law of the
relative stability of crystal structures in ionic crystals [19],
cations prefer higher coordination environment by anions
as possible. In model A, Al ions can preserve high coor-
dination number of anions even at the very interface, and
coordination number changes from 4 (AIN), 4 (interface)
and 6(Al,O3) across the interface. On the other hand, Al
sites along the interface are ought to take 3-fold coordina-
tion in model C because of the different lattice polarity to
model A. This indicates that the Al at the interface would
be highly miscoordinated, which might cause higher
interfacial energy, and hence become less stable than the
interface structure in model A. Thus, the interface struc-
ture of model A should be energetically favorable even if
the crystal termination of the Al,O3 substrate is identical.

It is suggested that the crystal polarity of the AIN film
on Al,Oj3 strongly depends on the deposition condition,
such as Al- or N-rich condition [20]. Although further
work is needed in order to confirm the predicted crystal
polarity of the present film, the result suggests that the
crystal polarity is related to the interface atomic structure.
A difference in deposition condition may enhance the
formation of different interface structures, and as a result,
the crystal polarity of growing film varies.

4. Summary

The atomic structure of the AIN/Al,O3 interface fab-
ricated by PLD is investigated by HRTEM combined
with systematic multi-slice HRTEM image simulations.
It is found that the AIN film deposited on a (0001)
Al,O3; substrate has the orientation relationship of
(0001)AIN//(0001)Al, O3 and [1100]AIN//[1120]AlL,03,
with an atomically sharp interface. The observed interface
showed best correspondence with the structure model in
which AIN is terminated by an Al layer at the interface,
while the Al, O3 substrate is terminated by an O layer. The
model structure suggests that the Al sites at the interface
are coordinated by both O and N. This favored coordina-
tion at the interface may be the reason why the present
interface structure is stable.
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