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Two-Step Growth of MgO Films on Sapphire (0001) Substrates by Radio
Frequency Plasma-Assisted Molecular Beam Epitaxy *
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We report on the growth of rock salt MgO films on sapphire (0001) substrates by rf plasma-assisted molecular

beam epitaxy. A two-step method, i.e. high temperature epilayer growth after low-temperature buffer layer

growth, was adopted to obtain the single crystal MgO film. The epitaxial orientation between the MgO epilayer

and the sapphire (0001) substrate was studied by using in situ reflection high energy electron diffraction and

ex situ x-ray diffraction, and it is found that the MgO film grows with [111] orientation. The role of the low

temperature buffer layer in the improvement of crystal quality of the MgO epilayer is discussed based on the

cross-sectional scanning electron microscopy.

PACS: 81.15.Hi, 68.55. —a

Rock salt MgO plays an important role in band gap
engineering due to its huge band gap of 7.8eV.[12! In
terms of band structure tailoring, it can be alloyed
with ZnO, another I-VI wide-band-gap (3.37eV)
semiconductor, for many applications in optical and
electronic devices, such as solar cells, transparent con-
ductors for displays, light emitters, sensors, varistors,
modulators, and UV detectors.[®! MgZnO was found
to be of the wurtzite structure when the Mg content
is less than 30%,4 whereas cubic MgZnO was formed
with the Zn content less than 25%.15! In the former
case, a portion of Zn atoms in the wurtzite ZnO lat-
tice is replaced by Mg atoms, while in the latter case,
some Mg atoms in the rock salt MgO lattices are sub-
stituted by Zn atoms. It is of great importance to
develop an epitaxy technique for MgO in order to ob-
tain high quality and high Zn content MgZnO with a
cubic structure.

The low-temperature (LT) buffer technique has
been known as a successful solution for preparing high-
quality epitaxial films in highly mismatched systems,
such as ZnO[®~8 and GaN[¥l on sapphire (0001). It
was demonstrated that an LT buffer layer can effec-
tively relax strain and can reduce the defect density
caused by large lattice mismatch, which facilitates the
following homoepitaxial growth at high temperatures.
In this Letter, based on the same idea we employ a
two-step method to prepare single crystal MgO films
on sapphire (0001) by using rf plasma-assisted molec-
ular beam epitaxy (MBE). A thin MgO buffer layer is
deposited at low temperature prior to growth of the
MgO epilayer at high temperature. The epitaxial ori-
entation between the MgO epilayer and the sapphire
substrate is established using in situ reflection high

energy electron diffraction (RHEED) observation and
ex situ x-ray diffraction (XRD) measurement. Based
on the cross-sectional scanning electron microscopy
(SEM) observations, we also study the role of the low-
temperature buffer layer in the improvement of crystal
quality of the MgO epilayer.

The MgO samples were grown on the sapphire
(0001) using an rf plasma-assisted MBE system which
was modified from a conventional MBE system (MBE-
IV, ShenYang KeYi). The base pressure in the growth
chamber was ~ 9 x 1071° Torr. Magnesium was sup-
plied by evaporating 99.95% elemental Mg from a
commercial Knudsen cell. Active oxygen radicals were
produced by the rf-plasma system (HD25R, Oxford
Applied Research). The flow rate of oxygen gas was
controlled by a mass flow controller. High energy ions
were removed by using a dc bias on two plates in front
of the discharge tube.

After being degreased in trichloroethylene and
methanol, the sapphire substrates
cally etched for 30min in a hot solution of
H,SO4:H3PO4=3:1 at 110°C to remove the surface
contamination and the damaged surface layers by me-
chanical polishing. The substrates were exposed to
the oxygen radicals for 30 min at 450°C after ther-
mal cleaning at 800°C for 30 min. Then, the two-
step growth process of the MgO film was performed,
i.e. the LT buffer layer growth at 450°C and the high-
temperature (HT) epilayer growth at 650°C. The evo-
lution of the surface morphology and crystallinity was
monitored by RHEED. The crystal quality and in-
plane orientation of the MgO films were character-
ized using an x-ray diffractometer (Bede D1, Bede
Scientific Instruments Ltd., UK). In addition, a field

were chemi-
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emission (FE) scanning electron microscope (XL 30
S-FEG, FEI Co., Holland) was used to examine the
cross-section morphology of the MgO samples.
Typical Stranski-Krastanov mode was observed
during the growth of the MgO buffer layer. Figure 1
shows the RHEED patterns at different stages of the
MgO buffer layer deposition. A sharp streaky pattern
of the Al;O3 substrate was observed after oxygen rad-
ical exposure [Fig.1(a)]. This pattern changes into a
diffuse streaky one [Fig.1(b)] when the deposition of
the MgO buffer layer begins at 450°C. The streaky
patterns suggest an initial 2D nucleation, which cor-
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responds most likely to the wetting by MgO of the
oxygen-terminated sapphire (0001) surface after the
oxygen radical exposure. Further growth of MgO
leads to diffuse spotty patterns, indicating the forma-
tion of 3D islands on the wetting layer due to the se-
rious lattice mismatch (7.8%) between MgO and sap-
phire substrate. Figure 1(c) shows an RHEED pat-
tern of the as-grown MgO buffer layer. The RHEED
patterns [Fig. 1(d)] become streaky again after buffer
layer annealing at 750°C for 10min, which is at-
tributed to the re-crystallization and coalescence of
the 3D MgO islands. The sixfold symmetry and the
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Fig. 1. RHEED patterns during the growth of MgO buffer on sapphire substrate: (a) AlaO3 (0001) surface after the oxygen
radical exposure, (b) initial growth stage of MgO buffer, (c) as-grown MgO buffer, (d) MgO buffer layer after annealing.
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rod spacing of the pattern of Fig.1(d) indicate that
rock salt MgO grows with the [111] orientation. The
epitaxial orientation between Al,O3 (0001) and MgO
is MgO [101]//Al;03 [1010] and MgO [112]//Al503
[1120]. This relationship is further confirmed by the
XRD measurement, which will be discussed in the fol-
lowing. The MgO epilayer growth begins when the
substrate temperature ramps to 650°C. The RHEED
pattern remains almost unchanged during the growth
of MgO epilayer (not shown).
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Fig. 2. XRD scan of the MgO film grown on sapphire
substrate. Three peaks at 20 = 36.9°, 41.7° and 78.5°
are originated from MgO(111), sapphire substrate (0006),
and MgO(222).
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Fig.3. XRD ¢-scans of (a) MgO (220) and (b) sap-

phire substrate (1123). The epitaxial orientation is MgO
[101]//Al203 [1010] and MgO [112]//Al;03 [1120].

Figure 2 shows the XRD 6 — —260 scan curve of the
MgO film. Three peaks are observed at 20 = 36.9°,
41.7° and 78.5°, which correspond to the diffractions
from MgO (111), sapphire substrate (0006), and MgO
(222), respectively. The FWHM of the MgO (111)
diffraction peak is 0.26°. The above results indicate a
high quality single crystal MgO film and the remark-
able effect of this thin MgO buffer layer on improving
the crystal quality. Figure 3 shows the XRD ¢-scans
of the MgO (220) and sapphire substrate (1123). We
obtained six peaks for both the MgO film and the sap-

phire substrate, respectively. The relative peak posi-
tion between MgO (220) and sapphire (1123) agrees
with the epitaxial orientation as observed in RHEED.

In order to investigate the role of the MgO buffer,
we carried out a cross-sectional SEM observation. Fig-
ure 4(a) shows the cross-sectional SEM image of the
MgO sample grown with the two-step growth process.
The evolution of the sub-grain structure in the MgO
film is illustrated with the cleaving stripes.

Fig. 4. Cross-sectional SEM images of the MgO sample
(a) and the ZnO sample (b) grown on the sapphire sub-
strates, illustrating distinct sub-grain structures.

In contrast to the well-known mosaic structure
[Fig.4(b)] of the wurtzite ZnO film on the sapphire
(0001) substrate, quite different sub-grain structure is
observed in the MgO film as shown in Fig. 4(a). Many
parallel cleave stripes are observed in the MgO film.
These cleave stripes originate from the grain bound-
aries which lie in the (100) plane. They tilt 35° with
respect to the [111] direction of MgO, which is well
consistent with the 55° angle between {100} planes
and the (111) surface.l'®'! Tt is well-known that two
of the lowest index {100} and {110} surfaces of oxides
with rock-salt structure are neutral, whereas the (111)
type surfaces are polar. The polar (111) surface has
diverging surface energy which can be lowered to the
smallest finite value if the polar surfaces facet into neu-
tral {100} faces or form reconstructions.'>=4 Thus,
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it is a significant issue to understand the stabiliza-
tion process of MgO (111) surface during the epitax-
ial growth. In our case, no surface reconstruction was
observed on the MgO(111) plane by RHEED during
the growth. In order to reduce the surface energy, the
MgO film tends to form a sub-grain structure along
the [100] direction, even though the MgO film grows
along the [111] direction.

Figure 4(a) also illustrates that the grain size in the
MgO epilayer is much larger than that in the buffer
layer. In the as-grown buffer layer, the small 3D is-
lands are a few tens of nanometres in size, and will
coalesce into larger ones during annealing. As the
annealed buffer layer serves as a template for MgO
epilayer growth at HT, the grains of a few hundreds
of nanometres observed in the MgO epilayer must be
closely related to the island coalescence.

In summary, single crystal MgO film was deposited
on the sapphire (0001) substrate by rf plasma-assisted
MBE using a two-step method. The MgO film is
[111] oriented, and the epitaxial orientation is de-
termined to be MgO [101]//Al;O03 [1010] and MgO
[112]//A1,03 [1120]. Typical Stranski-Krastanov
mode is observed during growth of the MgO buffer
layer. The small islands in the as-grown buffer be-
come much larger and their crystal quality is greatly
improved after annealing, which are confirmed by in
situ RHEED observation and ex situ XRD and SEM
measurements.
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