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Abstract

The rotation domain structures in ZnO films grown on sapphire substrates
under different pre-treatment conditions have been investigated by in situ
reflection high-energy electron diffraction and ex situ x-ray diffraction
(XRD). It was found that by appropriate nitridation treatment, forming a thin
AIN film on the substrate, the rotation domains in ZnO films could be
completely suppressed, and a full width at half maximum of only 180 arcsec
was observed in the (000 2) reflection of XRD rocking curves. The
mechanisms for the elimination of rotation domains in the ZnO films are

discussed.

1. Introduction

Recently, much attention has been devoted to wurtzite ZnO,
especially with regard to its wide band gap (3.37eV) and
large room temperature exciton binding energy (60 meV),
which make it a promising material for applications in short
wavelength optoelectronic devices [1]. Similar to the case of
GaN epitaxy, due to its low cost and high crystallinity, sapphire
(x-Al,03) has been extensively adopted as the substrate for
ZnO epitaxy. However, the crystal quality of ZnO films
directly grown on sapphire (0 0 0 1) surfaces is usually poor due
to the formation of rotation domains [2]. Thus, it is essential
to understand the origins of the rotation domains and develop
some techniques to eliminate them.

The atomic structure of the sapphire (000 1) surface,
which has been studied extensively both theoretically and
experimentally [3-6], plays a key role in the determination of
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the microstructures in subsequent ZnO epilayers. Depending
on the surface pre-treatment methods, the sapphire (000 1)
surface exhibits three different termination layers, namely an
Al monolayer, an Al bilayer and an O monolayer [3]. The
atomic arrangements of the ideal sapphire (000 1) surfaces
with different termination layers are shown schematically in
figure 1. Since it is difficult to obtain an ideal sapphire surface
with well-defined termination, various rotation domains, such
as the well-known 30° rotation domains and recently reported
21.8° rotation domains [7], may coexist in the ZnO epilayers.
Previous study shows that by using Ga pre-deposition to
modify the sapphire (000 1) surface, rotation domains could
be completely eliminated [8]. In this case, the Ga coverage
should be strictly controlled to form a Ga bilayer.

Searching for an alternative method to suppress the
rotation domains in ZnO films, in this work, surface nitridation
was adopted to modify the sapphire (000 1) surface structure
and improve the film quality. Although nitridation has
been widely employed in the growth of GaN epilayers on
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Figure 1. Atomic arrangements of the sapphire (000 1) surface:
(a) top view of sapphire (000 1) with five layers of Al and O
sublattices; () side view of five layers of sapphire (000 1) with
single Al termination; (c) O termination surface; (d) Al bilayer
termination.

sapphire [9, 10], this has rarely been attempted for ZnO [11].
Furthermore, so far a clear picture of the connection between
sapphire surface nitridation and rotation domain elimination
is still lacking. By proper nitridation of the sapphire surface
to control the interface structure, we are able to grow single-
domain high-quality ZnO epilayers, as observed by in situ
reflection high-energy electron diffraction (RHEED) and
confirmed by ex situ x-ray diffraction (XRD) measurements.
For comparison, other pre-treatment processes, including
thermal cleaning (TC), radio-frequency (rf )-plasma excited
radical oxygen (O*) irradiations and nitridation, were used to
form different surface structures and to investigate the origins
of rotation domains in ZnO. A cross-sectional high-resolution
transmission electron microscopy (TEM) study was carried
out and important information on the structure of the thin
intervening AIN layer, which is necessary to suppress rotation
domain formation, was obtained.

2. Experiment

A rf plasma assisted molecular beam epitaxy (MBE) system
(OmniVac) was used to grow ZnO films on the (0001)
sapphire substrates. The Zn flux was supplied by evaporating
elemental Zn (6N) from a commercial Knudsen cell. Two
rf-plasma systems (SVTA) were used to produce the active
oxygen and nitrogen radicals. The gas flow rate was controlled
by a mass flow controller (ROD-4, Aera).

After degreasing in trichloroethylene and methanol, the
sapphire substrates were chemically etched in a hot solution of
H,SO, :H3PO,4 = 3:1 at 110°C for 30 min to remove surface
contamination and the damage to surface layers caused by
mechanical polishing. Three samples with different sapphire
pre-treatment processes were studied. Sample A was grown
directly on sapphire without any intentional pre-treatment.
For sample B, the substrate was thermally cleaned at 800°C
for 30 min followed by 30min O* irradiation to obtain an
O-terminated surface. The O* irradiation was carried out
at an rf power of 450 W and an oxygen gas flow rate of

2.5scem. In the case of sample C, after O* irradiation, the
substrate was nitridated to modify its surface structure. The
nitridation was performed at a substrate temperature of 180°C
for 90 min. During nitridation, the rf power was 480 W, and the
nitrogen gas flow rate was 3.0 sccm. The surface morphology
and structure during the substrate treatment and ZnO growth
were in situ monitored by RHEED. The crystal quality and
in-plane orientation of the ZnO epilayers were characterized
by a high-resolution x-ray diffractometer (HRXRD, Philips,
X’pert MRD). Meanwhile, A Philips CM200 field emission
gun TEM equipped with a Gatan image filtering (GIF) system
was used to carry out the cross-sectional transmission electron
microscopy (XTEM) experiments.

3. Results and discussion

The in situ RHEED observations illustrate that there are 30°
rotation domains in samples A and B. Figures 2(a)—(c) show
the RHEED patterns during the growth of sample A, taken
along the [1 120]5.‘“,@re azimuth. Once the ZnO buffer layer
deposition begins, the streaky RHEED pattern of sapphire
disappears, and a spotty pattern appears. Two sets of
RHEED patterns overlap together as shown in figures 2(b)
and (c), which suggests that two kinds of domains coexist
in the ZnO film. The complex atomic arrangement of
«a-Al,O;3 in figure 1(a) shows that there is a 30° rotation
along the [0001] sapphire axis between the oxygen sublattice
and «-Al,O3 lattice (Al sublattice). After the acid etching,
an atomically flat and monolayer-stepped surface could be
obtained [12], indicating the coexistence of the O-terminated
and Al-terminated terraces. The latter will become dominant
without any intentional pre-treatment, because a single
Al-terminated layer is most stable for the c-plane of o-Al, O3,
which has been proved by low energy electron diffraction and
x-ray scattering studies [4, 13]. When ZnO deposition begins
on such a surface, two kinds of domains will be formed. The
oxygen atoms of the first ZnO layer will form bonds with
the aluminium atoms of sapphire, resulting in the formation of
the main domains that follow the «-Al, O3 lattice (labelled with
arrows in figure 2(b)). Meanwhile, the zinc atoms of the first
ZnO layer will form bonds with the oxygen atoms, resulting in
the formation of the minor domains that follow the O sublattice
of the sapphire substrate (labelled with triangles in figure 2(b)).
These two kinds of domains correspond to the Zn-polar and
O-polar ZnO films, respectively. Between these two kinds of
domains, there is a 30° rotation along the [0001]sapphire axis.
The existence of the domain boundaries greatly depresses the
crystal quality and is especially not favourable for the two-
dimensional growth of the ZnO epilayer, as observed by the
spotty RHEED pattern in figures 2(b)—(c).

The rotation domains are completely eliminated in
sample C. The sharp streaky pattern of the sapphire substrate
(figure 2(d)) becomes a little weak after nitridation starts.
Meanwhile, the AIN RHEED pattern can be detected together
with the pattern from sapphire when the nitridation time is
less than 30 min. It becomes dominant if the nitridation time
is more than 50 min. Figure 2(e) shows the RHEED pattern
after nitridation for 90 min. The orientation of AIN has a 30°
in-plane rotation with respect to sapphire (000 1). A high-
resolution TEM study shows that the structure of the thin AIN
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Figure 2. In situ RHEED pattern evolutions during the growth of
sample A (without any substrate pre-treatment (a)—(c)), and

sample C (with sapphire nitridation (d)—(f)). The e-beam incidence
direction is along Al,03[1120]. (a) Al,O; (000 1) surface before
ZnO buffer layer growth; (b) as-grown ZnO buffer layer; (c) ZnO
epilayer; (d) Al,O5 (000 1) surface before nitridation; (e) after

90 min nitridation; (f) ZnO epilayer on the nitridated ZnO surface.
The 30° rotation domains in ZnO film are observed in sample A,
while no rotation domains are detected in the ZnO film with
sapphire nitridation.

layer is zincblende. Detailed information about the structure
of the thin intervening AIN layer will be given later. From the
RHEED evolution, it is clear that the orientation relationship
between AIN and sapphire should be [111]AIN//[0001]Al,O3
and [112]AIN//[1120]ALLO5. When the ZnO buffer layer is
grown on this surface, a spotty pattern of ZnO immediately
appears overlapping the AIN pattern, indicating that the ZnO
film has the same orientation as that of the AIN layer, i.e.
[0001]ZnO//[111]AIN and [1010]1ZnO//[112]AIN. After a 3h
growth, the surface of sample C becomes very flat, as indicated
by the streaky RHEED patterns and the intense specular spot
in figure 2(f). Another feature that can be clearly seen is
the 3 x 3 reconstruction pattern, an intrinsic character of the
O-polar ZnO films [14, 15], suggesting that the 30° rotation
domains are completely eliminated and a single-domain ZnO
epilayer with O-polarity was formed.

The structure of the thin AIN layer is still controversial.
Depending on the sapphire nitridation conditions, both
wurtzite and zincblende AIN intermediate layers have been
obtained [16-18]. From cross-sectional high-resolution
TEM study, we find that a thin zincblende AIN layer (7-8
atom planes) with stacking faults parallel to the AIN/AL,O3
interface has been obtained by sapphire nitridation in our
experiments, as shown in figures 3(a) and (b). The epitaxial
relationships are also verified to be [111]JAIN//[0001]Al,O3
and [112]AIN//[1120]A1,03 by TEM study.
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Figure 3. Cross-sectional HRTEM image (a) and its Fourier-filtered
image (b) near the interfaces of ZnO/AIN/sapphire of sample C
along [1010]supphire-

The origins of rotation domains and the effect of
nitridation on the elimination of these domains have also
been proved by XRD ¢-scans. Figure 4(a) shows the XRD
¢-scan of ZnO (1012) for sample A. Six narrow peaks and
six broad peaks are observed, indicating that two kinds of
domains coexist in the ZnO epilayer. In comparison with
the six ¢-scan peaks of Al,O3 (1123) (figure 4(d)), the six
intense broad peaks in ZnO (1012) ¢-scan, which correspond
to the domains labelled with arrows in figure 2(), indicate
an epitaxial relationship of [0001]ZnO//[0001]AI,O3 and
[1120]ZnO//[1120]Al,05. The other domains labeled with
triangles in figure 2(b) give rise to the six weak peaks, which
have an epitaxial relationship of [0001]ZnO//[0001]Al,O3 and
[1010]Zn0O//[1120]AL,O5. From the peak intensities it is easy
to understand that more ZnO domains formed on the a-Al,O5
lattice than on the O sublattice because a single Al-terminated
layer is most stable, as we mentioned above, which leads to
more area of the sapphire (000 1) surface being covered by
the Al-terminated terraces in sample A.

Figure 4(b) shows the ¢-scan peaks of sample B. The 30°
rotation domain structure can also be seen clearly. Compared
to sample A, the intensity of the broad peaks becomes weaker
than that of the narrow peaks that originate from the domains
following the O sublattice of sapphire. Although the sapphire
substrate is expected to be O-terminated after O* irradiation,
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Figure 4. The XRD ¢-scans of (a) ZnO (1012) of sample A
(without any substrate pre-treatment); (b) ZnO (1012) of sample B
(with O* irradiation); (c) ZnO (1012) of sample C (with sapphire
nitridation) and (d) @-Al,O; (1123). Note that the intensities of the
broad peaks in ZnO films are reversed in samples A and B.

it is still possible that the Al-terminated surface is formed in
some regions due to oxygen desorption. As a result, broad
peaks with low intensity are observed in addition to the main
peaks, as shown in figure 4(b).

However, for sample C, only six sharp peaks are
observed (figure 4(c)), suggesting that the rotation domains
are completely removed. The epitaxial orientation relationship
between the ZnO epilayer and substrate is consistent with the
RHEED observations, that is, [0001]Zn0O//[0001]Al,O3 and
[1010]ZnO//[1120]AL,O5.

The complete elimination of rotation domains in sample C
is attributed to the formation of a single-domain AIN layer
by nitridation. In contrast to the ZnO films grown directly
on sapphire, no rotation domains were observed in this thin
AIN layer formed by nitridation on various preconditioned
sapphire surfaces. This demonstrates that the in-plane
orientation relationship between AIN and sapphire is kept the
same no matter what kind of termination layer was formed
before nitridation, though the termination layer does influence
the polarity of the AIN film. Theoretically, two kinds of
in-plane orientation relationships between AIN and sapphire
could be formed: one is [112]AIN//[1120]Al,O5 and the other
is [011]JAIN//[1120]AL, 05, which lead to lattice mismatches
of 12.6% and 35%, respectively. The probability of forming
the latter orientation relationship, however, is very small due
to the much larger lattice mismatch, which was confirmed by
our experiments under various sapphire pre-treatments, such
as O* irradiation, TC or atomic hydrogen pre-treatment, to
form different termination layers. This thin AIN layer not only
efficiently eliminates the rotation domains in the ZnO epilayer,
but also acts as a template to compensate the large lattice
mismatch between ZnO and sapphire and partially release the
strain caused by the lattice mismatch.

To understand the in-plane orientation relationship
between the ZnO film and the substrate, the schematic atomic
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Figure 5. Schematics of the atomic arrangements for (a) Al,O3
lattice and the O sublattice for c-plane sapphire, (») ZnO lattice on
the Al sublattice (Al,Os lattice), (¢) ZnO lattice on the O sublattice
and (d) ZnO on nitridated Al,0O5 (000 1).

arrangements for the [0001]ZnO//[0001]Al,Os epitaxial
system are given in figure 5. Figure 5(a) shows the Al,O3
lattice and the O sublattice for c-plane sapphire. When the
ZnO lattice forms on top of the Al sublattice, the orientation
relationship between the ZnO epilayer and the sapphire
substrate would be [1120]1Zn0O//[1120]A1,0;, with a lattice
mismatch of 32%, as shown in figure 5(b). When the ZnO
lattice is formed on top of the O sublattice, the orientation
would be [1010]1Zn0O//[1120]AL,0;3, with a lattice mismatch
of 18% (figure 5(c)). For samples A and B, the coexistence of
the Al- and O-terminated regions results in the formation of
two kinds of domains with the schematic atomic arrangements
corresponding to figures 5(b) and (c), respectively. For
sample C, however, the AIN layer by substrate nitridation
will form only on top of the O sublattice, and the subsequent
ZnO epilayer will grow according to the AIN lattice. The
epitaxial relationship between ZnO, AIN and sapphire will
be [1010]Zn0O//[112]AIN //[1120]AL, O3 (see figure 5(d)). We
find that proper sapphire nitridation is crucial for the growth of
a high-quality ZnO epilayer. Figure 6 shows the XRD rocking
curves of ZnO (0 0 0 2) for samples A (solid balls), B (triangles)
and C (solid line), respectively. The FWHMs for the three
samples are 0.51°, 0.20° and 0.05° (180 arcsec), respectively.
This further confirms that nitridation could greatly improve the
crystal quality, compared to other methods.
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Figure 6. The XRD w-scans of sample A (without any substrate
pre-treatment), B (with O* irradiation) and C (with sapphire
nitridation).

4. Summary

Different rotation domain structures were observed in ZnO
films prepared under various sapphire substrate pre-treatment
processes. The crystal quality and in-plane orientation of
the ZnO epilayers were investigated by using in situ RHEED
observations and ex situ XRD measurements. It is found
that by an appropriate nitridation treatment of the substrates,
the rotation domains in the ZnO film can be completely
suppressed. This is attributed to the formation of a thin
single-domain AIN layer.
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