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Well-defined cubic AlN ultrathin layers formed by nitridation of Al2O3 �0001� substrate at various
temperatures were observed by high-resolution transmission electron microscopy. The polarity of
the AlN layers strongly depends on the substrate pretreatment and nitridation temperature. The
structure of the AlN layers plays a key role in polarity selection of subsequent ZnO films, and both
Zn-polar and O-polar ZnO films could be steadily obtained by control of the cubic AlN layers.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2001138�

ZnO is a promising material for many important appli-
cations in short-wavelength optoelectronic devices. For these
applications, high-quality ZnO films with single polarity are
essential since the polarity has strong influences on their
electronic properties and p-type doping efficiency.1–4 Polar-
ity control of ZnO films remains a great challenge in spite of
many efforts. In previous reports, sapphire substrate nitrida-
tion is usually used to obtain high-quality GaN or ZnO films
and control their polarity.5–11 However, the understanding of
sapphire nitridation mechanism is still very limited, and little
attention has been paid to the microstructure of nitridation
layers and its effects on polarity of subsequent GaN or ZnO
epitaxial films since it is very difficult to obtain a nitridation
layer with well-defined structure. Mikroulis et al.10 reported
a 1.5 nm thick nitridation layer formed at 750 °C, and an
undetectable layer at 200 °C. The different nitridation tem-
peratures led to distinct Ga-polar and N-polar GaN films,
respectively. Based on this result, they concluded that the
AlN layer is essential for the growth of the Ga-polar GaN
films. Wang et al.11 showed that a N-polar AlN film was
formed after the nitridation at 400 °C, and the Zn polarity of
their ZnO films was attributed to an amorphous ZnO wetting
layer which inverts the polarity. As far as we know, no suf-
ficiently nitrided layer with an ordered structure, however,
has been achieved when nitridation temperature is below
400 °C. Recently, we investigated the influence of nitridation
conditions on the formation of AlN/sapphire interfacial lay-
ers systematically, and obtained well-defined cubic AlN lay-
ers even at temperatures as low as 180 °C.

The objective of this work is to study in detail the mi-
crostructure of AlN and how it affects the polarity of ZnO
epitaxial films. We found that nitridation at 180 °C on sap-
phire �0001� pretreated by oxygen plasma led to a N-polar
cubic AlN, which resulted in an O-polar ZnO film. On the
other hand, nitridation performed at 400 °C or higher on
high-temperature-annealed sapphire surface resulted in an
Al-polar AlN and subsequently a Zn-polar ZnO. As for nitri-
dation at 350 °C, a mixed-polar AlN was observed, which
led to the subsequent ZnO film with inversion domains. The

polar orientation of the cubic AlN determines the polarity of
the AlN and subsequent ZnO films.

Nitridation of the sapphire substrate and ZnO growth
were performed in a radio-frequency �rf� plasma-assisted
molecular beam epitaxy system �OmniVac�. For Sample A, a
Zn-polar sample, the substrate was thermally cleaned at
800 °C for 1 h, followed by nitridation at 400 °C for 1 h with
an rf power of 480 W and a nitrogen flux of 3.0 sccm. For
Sample B �O polar�, the substrate was exposed to oxygen
radicals for 30 min with an rf power of 350 W and an oxygen
flux of 2.5 sccm right after the substrate temperature in-
creased to 180 °C. Nitridation was performed at 180 °C for 1
h with an rf power of 480 W and a nitrogen flux of 3.0 sccm.
For comparison, ZnO film �Sample C� was prepared using
high-temperature �HT� thermal annealing and low-
temperature �LT� nitridation at 350 °C. Inversion domains
were observed in this sample. After nitridation, a conven-
tional two-step growth of ZnO was adopted for all samples.
The high-resolution transmission electron microscopy �HR-
TEM� and electron holography �EH� experiments were per-
formed on a Philips CM200 TEM at 200 kV.

The film polarity was determined by using the EH
method proposed by Xu et al.12 Figure 1 shows the results:
Figs. 1�a�–1�c� for Sample A, and Figs. 1�d�–1�f� for Sample
B. The electron hologram of Sample A �Fig. 1�a�� was ac-
quired when the sample is away from the zone axis. Figure
1�b� is the phase image reconstructed from Fig. 1�a� together
with the reference hologram. In order to clearly see the phase
shift in the vacuum region, one-dimensional profile was ex-
tracted by line scans perpendicular to the ZnO film and is
shown in Fig. 1�c�. From Fig. 1�c�, one can clearly see that
phase change in the vacuum region decreases with increasing
distance from the edge of the sample. Based on the method
by Xu et al.,12 Sample A has a Zn polarity. The same proce-
dures were used to determine the polarity of Sample B,
which turns out to be O polar.12 The results are confirmed by
convergent beam electron diffraction method �not shown
here�, and are also consistent with our in situ observations of
reflection high energy electron diffraction: the 4�4 and 3
�3 surface reconstructions13,14 were observed from Samples
A and B, respectively.
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Well-defined cubic phase in the nitrided layers was re-
vealed in all samples �Samples A, B, and C�, as shown in
Fig. 2. The HRTEM images of ZnO/AlN/sapphire�Sap. �
were taken along �10-10�sapphire. The insets of Figs. 2�a� and
2�b� are the digital diffraction patterns �DDP� of the inter-
layers obtained by fast Fourier transform of the HRTEM
images.1 In order to reduce the noise and minimize blurring,
the Fourier-filtered images �Figs. 2�c� and 2�d�� of Figs. 2�a�
and 2�b� were processed by DigitalMicrograph software.15

There is a clear nitridation interlayer �indicated by the white
arrows� in both samples. The interlayer consists of �7–8
atomic layers and is verified to be AlN with zinc blende
structure by the HRTEM image and the indexed DDP. How-
ever, for the two samples, the interlayers are different in that
they have different atomic stacking order along the growth
direction which leads to the different polarity of the two
samples. From Fig. 2, associated with the results of the po-
larity by EH, the orientation relationships between ZnO,
AlN, and �-Al2O3 are verified to be ZnO�11-20� / /AlN�10
-1� / /Sapphire�10-10� and ZnO�0001� / /AlN�111� / /
Sapphire�0001� for Sample A, and ZnO�11-20� / /AlN�10
-1� / /Sapphire�10-10� and ZnO�000-1� / /AlN�1
-11� / /Sapphire�0001� for Sample B, respectively. Therefore,
the polar orientations for Samples A and B are �111� and
�1-11�, respectively. For the zinc blende structure, the �111�
and �1-11� orientations correspond to III polar and V polar,
respectively.16 Thus, we can conclude that the �111� and
�1-11� orientations correspond to the Al-polar and N-polar
AlN, which eventually lead to the subsequent Zn-polar and

O-polar ZnO films, respectively. Figures 2�a�–2�d� also illus-
trate that the nitridation layers formed at temperatures of
400 °C or lower are unrelaxed. In Figs. 2�c� and 2�d�, the
�020� and �0-20� planes �with 61° to �111� or �1-11� of AlN
are shown by three white lines, and the sapphire
�−12-13� and �1-213� planes �with 61° to �0001�� are also
indicated by three white lines below. It is reasonable to think
that the AlN �020� planes extend from the sapphire �−12-
13� in Sample A and the AlN �0-20� planes from sapphire
�1-213� in Sample B. Therefore, the AlN interlayer is not
relaxed, which is also confirmed by the configuration of mis-
fit dislocations in ZnO/AlN interface.14

Figure 2�e� is the HRTEM image of Sample C also taken
along �10-10�sapphire. The inversion domains were observed,
and the left and right domains of AlN are similar to that of
Samples A and B which have an Al and N polarity, respec-
tively. The �020� and �0-20� planes of the two AlN domains
are indicated with white lines, and the interfaces of
ZnO/AlN/Sap.. are arrowed in the figure. Disordered AlN
was observed near this inversion domain boundary �indicated
by the small arrow�. Figure 3 shows the schematic of the
atomic arrangements of ZnO on �0001� sapphire with two
kinds of AlN interlayers illustrated in Samples A and B, re-
spectively.

Our results show that both LT and HT nitridations under
optimized nitrogen plasma conditions lead to the formation
of a well-defined cubic phase of AlN. It has been well estab-
lished that the nitridation process begins with the bond for-
mation between the nitrogen atoms and the first Al layer on
sapphire surface. The nitridation goes on with the diffusion
of nitrogen atoms into sapphire and substitution for oxygen
atoms, resulting in the formation of AlN thin layer.17,18 After
sufficient exposure to oxygen radicals at LT, oxygen-
terminated surface of sapphire �0001� is expected. The un-

FIG. 1. The polarity results by EH, �a�–�c� for Sample A and �d�–�f� for
Sample B: the hologram of ZnO films ��a� and �d��, the reconstructed phase
image ��b� and �e��, the averaged one-dimensional phase change profile ��c�
and �f�� obtained from the boxed area in ��b� and �e��.

FIG. 2. The HRTEM micrographs of Sample A �a�, Sample B �b�, and

Sample C �e� taken along �101̄0�sapphire. �c� and �d� are the Fourier-filter
images of �a� and �b�, respectively. The insets in �a� and �b� are diffraction
patterns from the interface layers.
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derlying Al atoms are six coordinated, i.e., binding to three
oxygen atoms in topmost layer and another three in the sec-
ond oxygen layer beneath, as in the bulk.19 When nitridation
is performed on this kind of surface at LT, first, nitrogen
atoms will replace the topmost oxygen atoms forming AlNO
complex which is unstable in term of energy and will change
into AlN when nitrogen substitution continues. In this case, a
N–Al bilayer is formed with the N layer upward �i.e., the
formation of N-polar AlN film�. The thickness of AlN layer
increases with the nitrogen substitution going on in sapphire
substrate and the structure of the N-polar AlN is extended,
such is the case of Sample B.

On the other hand, Al-terminated surface is expected af-
ter HT thermal annealing under ultrahigh-vacuum condi-
tions. For these topmost Al atoms, the coordination will be
different from that in bulk. A tetrahedral environment, i.e.,
binding to three oxygen atoms in the layer below and leaving
one dangling bond on the top, will be adopted rather than the
octahedral one.19 When nitridation begins on this kind of
surface at HT, the substitution of N atoms for the four coor-
dinated underlying oxygen atoms will lead to the formation
of an Al–N bilayer with Al layer upward. Therefore, Al-polar
AlN film will be formed as the diffusion of nitrogen atoms
continues, which is confirmed by Sample A.

Therefore, to ensure the uniform O-polar or Zn-polar
ZnO films, the combination of sapphire surface pretreatment
and nitridation temperature should be selected carefully so as
to obtain a uniform coordination of the Al atoms in the first
Al layer. Otherwise, the formation of inversion domains will
be unavoidable in AlN layer when two kinds of coordination
of Al atoms are formed at the initial stage of nitridation, as
illustrated in Fig. 2�e�. When the nitridation is carried out on
the Al-terminated surface at LT, part of topmost of Al atom
will directly bind with three nitrogen atoms before the diffu-
sion of N atoms into sapphire substrate due to the stronger
adsorption of nitrogen atoms in contrast to HT nitridation.
Thus, both Al-polar and N-polar domains are formed in the
AlN layer, leading to the inversion domain formation in the
AlN layer �Fig. 2�e��.

In our experiments, we found distinct growth behaviors
for the Zn-polar �Sample A� and O-polar �Sample B� ZnO
films due to the different bonding configurations on the Zn-
and O-polar surfaces. A textured morphology was usually
formed for the Zn-polar film under stoichiometric or the Zn-

rich conditions. No growth steps were observed, although a
relatively smooth surface was obtained under oxygen-rich
conditions. On the other hand, the atomic force microscopy
image �not shown here� taken on the O-polar sample grown
under stoichiometric flux condition showed very smooth sur-
face with steps. A hexagonal morphology with pyramids or
pits was formed under the O-rich or Zn-rich condition, re-
spectively. Therefore, quite different optimized growth con-
ditions were obtained for the Zn-polar and O-polar samples,
respectively, while the O-polar sample shows a better crystal
quality. The full widths at half maximum of X-ray rocking
curves of ZnO �0002� and �10-12� �-scans are 105 and 390
arcs, respectively �cf., 180 and 535 arcs for the Zn-polar
sample�.

In conclusion, the microstructures of AlN interlayers and
their effects on the polarity selection of ZnO epitaxial films
were investigated by HRTEM and EH. Cubic AlN layers
formed on sapphire substrates were observed in all nitrided
samples examined here. It was revealed that different kinds
of coordination of Al atoms, near the surface region at the
initial stage of nitridation, are attributed to the formation of
different polar orientations of the AlN layer. By the careful
combination of the sapphire substrate pretreatment and nitri-
dation temperature, the polar orientation of the AlN layer can
be steadily controlled. Therefore, uniform O-polar and Zn-
polar films are obtained. We expect that they should be also
useful for III-V nitrides epitaxy.
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