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Controlling the polarity of polar semiconductors on nonpolar substrates offers a wealth of device
concepts in the form of heteropolar junctions. A key to realize such structures is an appropriate buffer-layer
design that, in the past, has been developed by empiricism. GaN or ZnO on sapphire are prominent
examples for that. Understanding the basic processes that mediate polarity, however, is still an unsolved
problem. In this work, we study the structure of buffer layers for group-III nitrides on sapphire by
transmission electron microscopy as an example. We show that it is the conversion of the sapphire surface
into a rhombohedral aluminum-oxynitride layer that converts the initial N-polar surface to Al polarity. With
the various Al,O,N_ phases of the pseudobinary Al,O3-AIN system and their tolerance against intrinsic
defects, typical for oxides, a smooth transition between the octahedrally coordinated Al in the sapphire
and the tetrahedrally coordinated Al in AIN becomes feasible. Based on these results, we discuss the
consequences for achieving either polarity and shed light on widely applied concepts in the field of
group-1II nitrides like nitridation and low-temperature buffer layers.
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I. INTRODUCTION

The most important compound semiconductors for
applications in optoelectronics crystallize in the sphalerite
or wurtzite structure, which contain polar axes. Polarity
severely influences their physical properties with a strong
impact on electronic or optoelectronic devices through the
presence of pyroelectric and piezoelectric fields in strained
epitaxial layers [1,2]. If domains with defined sizes and
different polarities can be grown in parallel on a nonpolar
substrate, fascinating perspectives for device concepts
based on polarity engineering are opened. Phase-matching
structures for nonlinear optical devices [3.,4] or the reali-
zation of two-dimensional electron gases at heteropolar
interfaces for electronic applications are examples [5,6].
Another field is compound semiconductor nanowires that
grow stably along the polar axes. Nanowires show high
crystalline perfection and are free of extended defects even
on foreign substrates, but polarity control is still a chal-
lenging issue that essentially influences impurity concen-
trations and the incorporation of constituents of alloys [7].

Though the polarity is of crucial importance, existing
concepts of polarity control are based on empiricism, and a
basic understanding of the elementary mechanisms behind
it is still missing. A common concept is the deposition of a
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buffer layer between the polar layer and the nonpolar
substrate [8,9,10,11]. For the growth of group-III nitrides
on sapphire, the development of an appropriate AIN buffer
layer by Amano and Akasaki and later of GaN bufter layers
by Nakamura is among the important breakthroughs that
paved the way to device-grade materials [8,9]. In group-III
nitrides, such buffer layers are formed in three steps: First,
the surface of the sapphire is exposed to ammonia,
commonly known as nitridation. Then a thin layer of
AIN [8] or GaN [9] is deposited onto the nitridated surface
at relatively low growth temperatures, which is sub-
sequently annealed at high temperatures. The importance
of the nitridation step for improving structural and optical
properties has first been pointed out by Kawakami et al.
[12] and later related to polarity control by Rouviere et al.
[13]. X-ray photoelectron spectroscopy (XPS) shows that
nitridation converts the sapphire (Al,O3) surface stepwise
to AIN (e.g., in Refs. [14-16]) by a continuous substitution
of oxygen atoms in the sapphire substrate by nitrogen. A
variety of aluminum-oxynitride (Al,O,N.) phases, in
particular, those with spinel-type structure, containing both
octahedrally and tetrahedrally coordinated Al [17], allow a
smooth transition between sapphire with octahedrally
coordinated Al and AIN with tetrahedrally coordinated
Al [14,15,16,18]. Accordingly, a coupled diffusion process
of H, O, and N drives the exchange process, with the
oxygen out-diffusion being the rate-limiting step [15,19].
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While the chemical processes of the nitridation step are
studied in detail, very little and contradictory work is
presented on structural aspects that mediate polarity. This
concerns the crystalline structure of the nitridation layer
and the interface between the nitridation layer and the
sapphire substrate. Structural models of the interface
between the buffer layer and the sapphire substrate are
presented in the form of rigid ball-and-stick models
[20,21,15]. Di Felice and Northrup were among the first
to use the density-functional theory (DFT) to get more
insight into the problem [22]. They show that in the growth
of AIN on sapphire Al-rich growth conditions lead to an Al
polar layer, while N polarity is expected for N-rich growth
conditions.

In this work, we present a detailed study on the structure
of different buffer layers with respect to the polarity control
by aberration-corrected high-resolution transmission
electron microscopy (HRTEM) as well as scanning trans-
mission electron microscopy (STEM). We show that
nitridation of the sapphire substrate results in a rhombohe-
dral Al,OyN_ layer that converts the initially N-polar
nucleated AIN to Al polarity. The Al,O,N, layer, however,
dissolves under high-temperature growth conditions typical
for group-IIl nitrides, and the initially N-polar AIN is
reestablished and acts as a N-polar template. It is the role of
the low-temperature group-III-nitride buffer, itself stable at
a high temperature in the growth environment for group-III
nitrides, to preserve the metal polarity established by the
unstable Al,O,N, layer.

II. EXPERIMENTAL METHODS

A. Samples

The investigated layers are metal-polar AIN and GaN
templates and a N-polar AIN template grown by metal-
organic chemical vapor deposition (MOCVD). Metal-polar
layers are obtained by the deposition of a thin GaN or AIN
buffer layer at low temperatures on nitrided sapphire
surfaces, while no buffer layer is used for N-polar tem-
plates. Epi-ready c-plane sapphire substrates, which are
first annealed in vacuum, then etched in hydrogen at
1050°C, and subsequently nitrided in NHj3, are used for
all layers.

The AIN templates are grown at low pressure with the
growth reactor operated at approximately 27 mbar. The
nitridation of the substrate takes place in NH; ambient with
N, as the carrier gas for 4 min at 950°C and 10 min at
1090°C for the metal-polar and the N-polar template,
respectively. The low-temperature AIN buffer layer, used
only for the metal-polar template, is deposited at 650 °C
with NH; and trimethylaluminum as a precursor and a
VI ratio of 13000. The buffer is then subsequently
annealed in NH; + N, ambient for 15 min at 1050 °C. The
thickness of the annealed buffer layer is around 20 nm. In
both cases, 150-200 nm of AIN are grown at temperatures

around 1100°C and a V:1I ratio of 2000 to finalize the
templates.

The GaN template is grown at atmospheric pressure with
a total reactor pressure of 800 mbar. The sapphire surface is
nitridated for 7 min at 1080 °C with H, as the carrier gas.
The low-temperature GaN buffer-layer deposition takes
place at 580°C with trimethylgallium as the metal pre-
cursor with a V:III ratio of 16 000. Annealing takes place
in NH; + H, ambient during the temperature rise to the
final epitaxial temperature of 1080 °C. The thickness of the
template is around 30 nm.

For TEM investigations, cross-sectional samples of these
layers are prepared along (11-20) and (1-100) lattice
directions. The samples are prepared by tripod or wedge
polishing with diamond lapping foils and finally thinned to
electron transparency by Ar ion milling with a Gatan
Precision Ion Polishing System (PIPS) using acceleration
voltages between 4.0 and 0.2 kV.

B. Transmission electron microscopy

For our investigations, a FEI Titan 80-300 TEM,
operated at 300 kV equipped with corrector for spherical
aberrations (C,) of the objective lens, is utilized. For
optimal contrast during the HRTEM measurements, imag-
ing conditions with a small negative C, value and positive
defocus are chosen, i.e., C; = —8 um and +5 nm defocus.
With these imaging conditions and sufficient thin samples
(usually below 8 nm), atomic resolution in the (11-20)
projection of the AIN layer is achieved even for light
elements, such as N and O, and atoms appear bright [23].
We are able to distinguish between N and Al atomic
columns, the latter appearing at a higher intensity. This
allows a distinct analysis of the film polarity. A showcase
for this purpose can be found in Fig. 1, where the measured
N-polar AIN and a corresponding phase-contrast simula-
tion are shown, respectively. Besides HRTEM measure-
ments, results obtained by STEM high-angle annular
dark-field (HAADF) are presented, where the contrast is

(a)
exp.

(b)

sim.
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FIG. 1. Comparison between experimental and simulated
HRTEM images of N-polar AIN. (a) Experimental image
obtained by using a slightly negative spherical aberration (Cy)
and a small positive defocus and (b) simulated contrast by the
multislice approach for C; = —8 ym, +5 nm defocus, and a
sample thickness of 4.97 nm. Al appears at a higher intensity, N at
a lower intensity.
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mainly given by the atomic number (Z contrast) of the
columns. Lower intensity represents a lower atomic number
or, alternatively, can be a hint to a reduced number of atoms
due to vacancies in the atomic column. For STEM-HAADF
imaging, we use a semiconvergence angle of the incident
electron probe of 9 mrad, resulting in a spatial resolution of
about 0.13 nm, and a semiacceptance angle of the annular
dark-field detector (model 3000, Fishione) of 35 mrad.

The HRTEM images presented in this work are com-
posed of several (commonly around 20) HRTEM images,
which are recorded continuously with identical imaging
conditions. After a correction of drift, which might occur
during the image acquisition, the intensities of the single
images are summed up and the intensity of the resulting
image is normalized. Images obtained by STEM-HAADF
are usually adjusted to have maximum contrast. In some
cases, the STEM-HAADF patterns are compositions of
periodically occurring patches with similar features from a
single image, which are superimposed.

Images recorded by TEM cannot be interpreted directly
but have to be compared with simulated contrast patterns
based on known structural models. HRTEM patterns are
simulated with the multislice [24] approach using the EMS
software package [25]. The simulation parameters corre-
sponding to the experimental conditions are 300 kV for
the electron beam acceleration voltage, a semiconvergence
angle a = 0.3 mrad, a defocus spread Af =2.9 nm, a
spherical aberration C;, = —8 um, and a slight overfocus of
5 nm. The contrast patterns shown in this work are for
sample thicknesses between 4.5 and 5 nm, which gives us
the best match between simulation and experiment. STEM
image simulations are performed by using a parallelized
multislice approach [26] with the frozen-phonon approxi-
mation and a total number of 30 different frozen-phonon
configurations. The structure used for the STEM simula-
tions in Fig. 5(b) extends over 18 monolayers along the ¢
direction [four monolayers of the Al,O,N_ IDB and seven
monolayers of AIN on each side] and 24a lattice param-
eters (approximately 7.5 nm) in the direction of the electron
beam. Cation sites in the four inversion domain boundary
(IDB) layers are statistically occupied within the depth of
the supercell with either Al atoms or vacancies according to
the average occupancy of the columns. Imaging parameters
of the simulation (semiconvergence angle, detector accep-
tance angle, etc.) are used according to experimental
conditions.

C. DFT calculations

For the identification of the atomic configuration at
the interface between the sapphire and AIN, we use
structural models obtained by periodic-supercell plane-
wave DFT calculations with the QUANTUM-ESPRESSO
software [27], using a 25-Ry kinetic energy cutoff and
the Perdew, Burke, and Ernzerhof (PBE) exchange-corre-
lation functional [28]. The electron-ion interaction is

described with non-norm-conserving pseudopotentials
[29]. With this computational approach and converged
Monkhorst-Pack grids for Brillouin zone (BZ) summations,
the lattice constants of bulk Al,O5 (wurtzite AIN) are a =
0479 nm and ¢/a=2.76 (a =0.312 nm, ¢/a = 1.61,
and u = 0.3808), which agree with the experimental data
(slight overestimate of 0.5% for a and 1%—-2% for c, typical
of PBE). BZ summations in interface calculations are
approximated with six inequivalent k points (4 x4 x 1
Monkhorst-Pack grid). The lattice constant of the 1 x 1
sapphire lattice (approximately 13% interface strain) is
imposed, and symmetric supercells along the ¢ axis are
used, with a vacuum thickness of about 2 nm perpendicular
to the ¢ plane, to avoid spurious interactions between
neighboring replicas. The substrate consists of a bulk
Al,O5 unit (six O layers, separated by Al double layers
with 2/3 occupation [Figs. 4(a) and 4(c)]): We check that
doubling the sapphire thickness along the ¢ axis does not
change the interface structure and energetics. The films
contains 1-2 AIN layers, but only those with two film
layers are used for multislice simulations. The surface
termination is one Al plane, for optimizing surface
energetics: The surface termination, visible in Figs. 4(a)
and 4(c), does not interfere with the analysis of film
polarity. [22]. The structures are fully relaxed by vanishing
the Hellmann-Feynman DFT forces within a precision of
0.2 eV/nm. Note that at such strained interfaces it costs
1.1 (1.3) eV /pair to add the second AIN layer in the film;
the overall energetics between N- and Al-polar films is
consistent with the earlier analysis with thinner films and
less-precise DFT details.

III. RESULTS AND DISCUSSION

Figures 2(a) and 3 show cross-sectional images of the
interface between the epitaxial AIN film and the sapphire
substrate in the two major projection directions, i.e.,
AIN(_100) [[ALO3(1120) [Fig. 2(a)] and  AINj; o0l
AlyOs3(1_100y (Fig. 3). Within the range shown in Fig. 3,
the film consists of the nitridation layer and the annealed
low-temperature AIN buffer layer. The in-plane rotation of
the layer by 30° with respect to the sapphire substrate is due
to the lower lattice mismatch in this orientation relationship
and is widely described in the literature (see, e.g., Ref. [30]
and references therein). The interface is atomically abrupt,
as reported by other authors [31,21,15,32].

A. Interface structure

Before analyzing the polarity of the layer in more detail,
we focus on the interface structure. We differentiate
between “Al-polar” [Fig. 4(a)] and “N-polar” [Fig. 4(c)]
interface models as introduced by Di Felice and Northrup
[22]. The atomic arrangement at the interface defines the
polarity of the nucleating AIN. The DFT calculations are
performed for AIN layers coherently strained to sapphire,
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FIG. 2. (a) HRTEM image of the interface structure of AIN on
sapphire (Al,03) along AIN;_jqp. The interface is atomically
abrupt and shows a regular arrangement of misfit dislocations.
(b) Bragg-filtered image of (a) showing the misfit dislocation
network.
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FIG. 3. HRTEM image of the AlN/sapphire interface along
AIN(11_50). The polarity of the film changes approximately 2 nm
above the interface from N- to Al-polar (as labeled). The stacking
of the lattice is marked by af for the N-polar and «’#’ for the Al-
polar material. The layer, which mediates the change of polarity,
violates the stacking sequence.

while our group-IlI-nitride layers are completely relaxed by
misfit dislocations at the interface as shown in Fig. 2(b). We
therefore compare experimental and simulated images at
sites between two misfit dislocations, where both the
substrate and the layer are in coincidence. At these
coincidence sites, the in-plane atomic displacements that
occur due to the strain field of adjacent misfit dislocations,
annihilate. A comparison of the experimental interface
[Fig. 4(b)] and simulated interface models [Figs. 4(a)
and 4(c)] reveals two important experimental findings:
(1) In the AIN;;_5p projection [Fig. 4(b), (bottom
row)], the first AIN layers appear N-polar; (ii) in the
AIN(j_j90) projection [Fig. 4(b), (top row)], we find a
characteristic line-shaped pattern [marked in Fig. 4(b)],
which matches the phase contrast of a linear arrange-
ment of O-Al-N atoms in the N-polar interface simu-
lation [marked likewise in Fig. 4(c)]. In the Al-polar
interface, atoms of the first two monolayers of AIN are
displaced. In the AIN_jqp projection, an aluminum
position is strongly buckled towards the interface and
appears together with the underlying nitrogen in the

(a) Al-polarinterface (b) HRTEM

(c) N-polarinterface

Al203(11-20) |AIN (1-100)

Al03(1-100) |AIN(11-20)

FIG. 4. Analysis of the interface structure of AIN on sapphire.
Theoretically calculated atomic configurations of the Al-polar
[column (a)] and the N-polar [column (c)] interface are repre-
sented by ball-and-stick models with corresponding contrast
simulations along the two major projection directions (top
row, AIN(_jgp); bottom row, AIN;_5p) The interface is
indicated by the small gray lines. Column (b) shows the interface
measured by HRTEM. In the AIN(_op) projection (top row),
characteristic arrangements are marked: The yellow arrow in (b)
and (c) points to the linear stacking of O-Al-N atoms. In column
(a) adjacent Al and N columns are visible as a characteristic
bright blob, and in the second monolayer distinct Al and N
positions are encircled.
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phase-contrast image as a bright blob. Above this
arrangement, in the second layer, the N is shifted
and appears with the corresponding Al as a dumbbell
in the phase-contrast image. Both features, encircled in
Fig. 4(a)), are not seen in the experiment. Thus, our
analysis clearly reveals a N-polar interface, as expected
from ab initio studies, where nitridation is described as
the N-rich limit of growth, with sapphire as the source
of Al [22].

B. Inversion domain boundary

Let us now follow the polarity of the film upon further
growth as shown in Fig. 3: The first eight AIN layers appear
to be N-polar, while the two following monolayers do not
permit any assignment of polarity. After these intermediate
layers, the polarity changes suddenly to Al polarity. This
abrupt transition of the polarity comes along with a
discontinuity in the stacking sequence: In the N-polar
layer, the stacking sequence follows an af (i.e.,
AaBb...) stacking as expected for the wurtzite lattice and
ends with an a-stacked layer. The first Al-polar layer starts
also with an «'-stacked layer. In consequence, the two
layers, that mediate the polarity change, introduce an error
in the stacking sequence. A conventional stacking fault,
i.e., an inclusion of layers with cubic stacking, would cause
an in-plane translation, which is not observed here and can

(b) STEM

(a) HRTEM
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FIG. 5. Comparison of HRTEM (a) and STEM (b) images of
the AIN layer above the sapphire interface including the planar
inversion domain boundary. Experimental images are confronted
to image simulations, which are based on a model of an AleyNz
IDB in an AIN matrix. A ball-and-stick representation of this
model is shown next to the STEM simulation. A detailed
description of the model is presented in Fig. 6.

be therefore excluded. Since the film polarity is switched
around these layers, we denote them as the planar IDB.

To gain additional information on these structures, we
present STEM-HAADF images [see Fig. 5(b)] of identical
samples. We cannot directly resolve Al and N atomic
columns by STEM-HAADF Z contrast. Therefore, we
analyze the polarity from the tunnel position as proposed
by Rouviere et al. [33]. The most important findings from
these investigations are (i) a change of the lattice polarity
caused by a planar IDB confirming independently our
HRTEM investigations and (ii) a reduced intensity at the
planar IDB.

C. Al,OyN; model

In the following, we develop a model for the planar IDB
based on these experimental findings. Since evidence for
the formation of Al,O,N, during the early stages of the
nitridation process has been found by XPS [14,15,16,19],
we consider the various Al,O,N_ phases of the pseudobi-
nary Al,O5-AlIN system as an obvious choice. Phases range
from the rhombohedral corundum structure and defective
spinel-type structures in the Al,O;-rich domain to rhom-
bohedral and hexagonal phases in the AIN-rich part of the
system. The phase diagram and detailed information about
the phases can be found in the work of McCauley et al. [18]
and references therein. The most natural choice for our
purpose is the thombohedral R21 and R27 phases in the
AlN-rich part. These phases have been recently synthesized
in crystalline form and analyzed with the Rietveld method
by Asaka et al. [34,35]. The 27R (or AlyO3N-) phase, for
instance, has an enormous c-lattice parameter of 7.2 nm
and a layered superstructure based on AIN with different
polarity and planar IDBs. We may focus our attention on a
subsection of the lattice that changes the polarity from
“N/O” to “Al” It ranges over four monolayers and
essentially consists of two interpenetrating “N/O-polar”
and “Al-polar” wurtzite-type lattices that share a common
anion sublattice. Along (0001), the N/O-polar cations fade
out with stepwise reduced occupancy, while accordingly
the occupancy of the Al-polar cations likewise increases
(for a detailed model, see Refs. [34,35]). Based on a model
with this IDB inside a matrix of AIN (Fig. 6), we perform
contrast simulations for phase-contrast imaging as well as
for Z-contrast STEM imaging. We confront the results of
these simulations with corresponding experimental images
in Fig. 5. In the HRTEM experimental images [Fig. 5(a)],
the first and the last layer of the IDB are hard to distinguish
from pure AIN dumbbells. This similarity is due to the fact
that the N-polar cations at the lower interface and the Al-
polar cations at the upper interface have a dominating
occupation (approximately 83%). In the two central layers,
both cationic positions have nearly equal occupancy (like
approximately 60% to approximately 40%), and thus the
polarity cannot be determined in the images. Comparing
the experimental and simulation data in Fig. 5(a), we find
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FIG. 6. Ball-and-stick model of the 27R-AlyO3;N; IDB, respon-
sible for the switch of N/O- to Al-polar lattice, embedded in an
AIN matrix. The anions within the IDB consist of 70% N and
30% O. The cation positions in the IDB, displayed as big circles
with different filling ratios, are occupied by Al and Al vacancies
(Va1), where the Al content of the column equals the filled
fraction of the circle. The IDB affects the distances of the lattice
planes along (0001). The weighted positions of the cations,
marked by the dashed lines, are evaluated as out-of-plane
displacement Ac,py as schematically shown.

nearly perfect agreement. Turning to the STEM-HAADF
images shown in Fig. 5(b), the reduced intensity of the IDB,
caused by the presence of vacancies, agrees even on a
quantitative scale with that of the experimental images.
Finally, we evaluate the displacement of atomic planes
with respect to a perfect AIN lattice (see the schematic
illustration in Fig. 6). We make use of the fact that, in the
proposed structure, the cationic positions of the Al-polar
lattice are shifted against the N/O-polar lattice by approx-
imately cn/4 along (0001). We evaluate the shift
obtained from the intensity maxima [36] in the experi-
mental STEM-HAADF images and compare them to the
shifts measured in the respective simulation. Since Al, O,
and N positions cannot be resolved, the STEM-HAADF
contrast pattern reveals a weighted-average position of
these atomic columns, including the Al vacancies. Figure 7
shows the theoretical displacement of the cationic positions
with respect to the wurtzite-type reference lattice of the N-
polar part of the layer and the displacement of the contrast
maxima in the simulated and the experimental STEM
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FIG. 7. Comparison of the out-of-plane displacement (Acan

along (0001)) of the weighted cation positions of the Al,O,N,
IDB with respect to the surrounding AIN lattice and of intensity
maxima in experimental and simulated STEM images of the low-
temperature AIN buffer layer. Simulations are based on the model
shown in Fig. 6.

images. Again, the values obtained from simulated and
experimental images agree well with and correspond to the
theoretical displacement, which predicts a shift of approx-
imately 17% between the two polar lattices.

D. Role of the low-temperature buffer layer

To prove that the Al polarity is established during the
nitridation and to shed light on the role of the low-
temperature buffer, whose importance is pointed out by
Amano et al. [8] and Nakamura [9], we study two addi-
tional samples by HRTEM and STEM. In one sample, a
GaN buffer is deposited at 580°C on top of nitridated
sapphire [Fig. 8(a)], and, in the other sample, an AIN
epilayer is grown at 1100 °C on nitridated sapphire without
any additional buffer [Fig. 8(b)]. In the case of the low-
temperature GaN buffer, we can easily distinguish between
the layer that forms during nitridation and the GaN buffer
by Z-contrast imaging. Combining information from
STEM and HRTEM images reveals that the nitridation
layer, embedded between the sapphire and the low-
temperature GaN buffer, consists of wurtzite N-polar
AIN, located right above the sapphire interface, and
AL, OyN_, layered between the N-polar AIN and the GaN
buffer. The Al,O,N. appears in Z-contrast STEM by
reduced intensity compared to the underlying AIN and
shows in HRTEM the characteristic triangular-shaped
intermediate monolayers around a planar IDB. Both layers,
the N-polar AIN and the Al,O\N_, which trace back to the
nitridation process, are very similar to those shown above in
the sample with the low-temperature AIN buffer. As seen in
the HRTEM images, the GaN buffer grows metal-polar
from the beginning and shows a high density of stacking
faults [e.g., in Fig. 8(a), the uppermost two monolayers]
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STEM Monolayer along (0001)

HRTEM and STEM images of (a) a low-temperature GaN buffer layer and (b) an AIN layer grown at high temperature onto

nitrided sapphire. In (a), the GaN layer shows up at high intensity in the STEM image, while the IDB is revealed by lower intensity. In
(b), the layer starts to grow N-polar at the interface between AIN and sapphire. (c) Comparison of the displacements of the intensity
maxima with respect to AIN obtained from the evaluation of the STEM images for low-temperature GaN and AIN buffer layers and a
high-temperature AIN layer grown on nitrided sapphire. The displacement characteristic for the Al,O,N_ layer is revealed in layers
grown at low temperatures but is not observed in the layer grown at high temperature. The displacement for the low-temperature GaN
layer increases linear due to the higher lattice constant of GaN compared to AIN.

due to the limited surface diffusion at low-temperature
growth. An analysis of the lattice displacement, shown in
Fig. 8(c), confirms these observations. After four mono-
layers of AIN with no displacement, a strong shift of the
atomic planes reveals an Al,O,N, interlayer with the
characteristic displacement of approximately 17%. It is
followed by a linear increase of the displacement, which
matches the larger lattice constant of GaN as indicated by
the theoretical curve for GaN on AIN. These observations
clearly indicate that N-polar AIN and Al,O,N,, which
converts the polarity, form during the nitridation of the
sapphire surface. Metal-polarity is therefore mediated
during nitridation, regardless of whether a low-temperature
GaN or AIN buffer is deposited.

Let us now turn to the other sample, where a high-
temperature AIN epilayer is grown directly on nitrided
sapphire [Fig. 8(b)]. With this growth process, we obtain a
N-polar AIN template. We see neither in the STEM-
HAADF images a layer with reduced intensity character-
istic for the planar IDB nor the change of polarity in
HRTEM or STEM-HAADF images. Accordingly, this
layer shows no notable displacement as displayed in
Fig. 8(c). Since the nitridation step of this sample is similar
to that with a low-temperature buffer, we conclude that the
Al,O\N, layer formed during nitridation has disappeared in
the growth ambient typical for epitaxial growth of AIN, i.e.,
the elevated temperatures and the increased use of a metal
precursor. From the facts that metal polarity is established
through Al,O,N, formation during nitridation and that no
Al OyN, layer is observed after high-temperature growth of

the N-polar film, we conclude that it is the role of the low-
temperature buffer layer to preserve the metal-polarity,
established by the Al,O/N_ layer, and protect it against
dissolution in high-temperature epitaxial environments.
This means that the growth temperature of the first epitaxial
deposited group-III nitride is a crucial parameter to estab-
lish either N or metal-polarity in group-III nitrides.

The annealing procedure of the low-temperature buffer is
found to be another crucial parameter, which affects the
structural perfection of the layer [37]. Our observations
suggest that annealing of the flat low-temperature buffer
leads to a three-dimensional surface that causes dislocation
bending and thereby reduces the dislocation density.
Excessive annealing of the low-temperature buffer, on
the other hand, may lead to incomplete coverage of the
Al OyN; and therefore to the formation of mixed polarity.
Taking the crucial role of Al,O,N. in controlling polarity
into account, it is highly interesting to consider work that
has been performed in the early period of group-IlI-nitride
research. Kawakami, for instance, emphasizes the impor-
tance of residual oxygen in the nitridation layer for
achieving high-quality material [12].

IV. CONCLUSIONS

Our findings suggest that oxide substrates and oxide-
containing layers are very helpful in controlling the polarity
on nonpolar substrates. The reason for this lies in the fact
that oxides exhibit various phases with structures, which
are tolerant against a high concentration of intrinsic atomic
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defects and in many cases contain tetrahedrally and
octahedrally coordinated atoms in the same structure. An
example from the case of oxides is the growth of ZnO on
sapphire with a MgO buffer layer [10]. Chen et al. suggest
that a phase change of the MgO buffer layer from a
wurtzitelike phase at the sapphire interface to the equilib-
rium rocksalt structure would lead to trigger metal-polarity
in the growth of ZnO on the nonpolar sapphire substrate.
However, there is no direct evidence by TEM that these two
layers are present, but MgAl,Oy is a prototype of the spinel
structure [38], and we speculate that it possibly may form
as an intermediate layer in this case.
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