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The authors report on the growth of GaN by nitrogen plasma-assisted molecular beam epitaxy
�MBE� on a 2 in. Si �111� substrates with a nanothick ��4.8 nm thick� �-Al2O3 as a template/buffer.
A thin layer of MBE-AlN �40 nm thick was inserted prior to the growth of GaN. High-resolution
transmission electron microscopy �HR-TEM� and high-resolution x-ray diffraction studies
indicated that both of the nanothick �-Al2O3 and AlN are a single crystal. Reflection high-energy
electron diffraction, high-resolution x-ray scattering using synchrotron radiation, and
cross-sectional HR-TEM measurements indicated an orientation relationship of
GaN�0002� �AlN�0002� ��-Al2O3�111� �Si�111� and GaN�10−10� �AlN�10−10� ��-Al2O3�2−1
−1� �Si�2−1−1�. A dislocation density of 5� �108–109� /cm2 in the GaN �0.5 �m thick was
determined using cross-sectional TEM images under weak-beam dark-field conditions.

© 2008 American Vacuum Society. �DOI: 10.1116/1.2905241�
I. INTRODUCTION

III-nitride compound semiconductors, besides being es-
sential for producing blue lasers and light emitting diodes,
are suitable for applications in high-temperature and high-
power electronics because of their wide band gaps and high
breakdown fields. The epitaxial growth of GaN on silicon
offers several advantages over that on sapphire or SiC, in-
cluding substrates with high crystal quality, cost advantages,
and integration of high-power electronics and/or optoelec-
tronics with the most advanced Si-based integrated circuits.
Direct growth of GaN on Si, however, is extremely difficult
due to a large lattice mismatch of �17% �aGaN�0001�
=3.189 Å and aSi�111�=3.840 Å� and difference in thermal
expansion coefficients of �33% between GaN and Si. Single
crystal GaN has been successfully grown on nanothick ox-
ides such as single crystal Gd2O3,1 which has also been de-
posited on Si �111� with good crystalline quality.2,3 In addi-
tion, numerous intermediate layers, including AlN,4,5 HfN,6

SiN,7 and Al2O3,8 have been employed to effectively facili-
tate epitaxial growth of GaN on Si. Recently, nanothick cu-
bic �-Al2O3 single crystal films epitaxially grown on Si
�111� with high crystal quality have been obtained using
electron beam evaporation under ultrahigh vacuum.9 Cubic
�-Al2O3 has a defective Spinel structure which is different
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from the more common corundum structure of �-Al2O3 �sap-
phire�. Nevertheless, the in-plane symmetry of the �-Al2O3

films is similar to that of sapphire �0001� ��-Al2O3�, which
has been commonly used for GaN growth.

In this work, we have succeeded in achieving epitaxial
growth of GaN using nitrogen plasma-assisted molecular
beam epitaxy �MBE� on the �-Al2O3 /Si �111�. In situ reflec-
tion high-energy electron diffraction �RHEED� has exhibited
the initial growth of GaN �AlN�, showing streaky patterns
with a bright intensity, indicating an epitaxial growth right at
the beginning. The epitaxial interfacial characteristics among
GaN /AlN /�-Al2O3 /Si and the crystal defects including dis-
locations in GaN have been studied using high-resolution
transmission electron microscopy �HR-TEM� and high-
resolution x-ray diffraction using synchrotron radiation
source. The chemical information on the heterostructure, par-
ticularly at the interface, performed using energy-filtering
transmission electron microscope �EF-TEM�, has indicated
that no Si diffusion through the �-Al2O3 into GaN �AlN�.

II. EXPERIMENT

The cleaning and hydrogen passivation of Si �111� wafers
were performed with an RCA method and a HF dip prior to
being placed into an oxide chamber in a multichamber MBE
system.10 The Si surface was further cleaned with heating the
wafers to temperatures above �700 °C, resulting in a sharp,
streaky �7�7� reconstructed RHEED pattern with Kikuchi
arcs, indicative of the attainment of a clean surface of Si
�111� substrate.11 The thin �-Al2O3 films were then deposited

on the reconstructed Si surface with electron beam evapora-
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tion from a high-purity sapphire target. During the oxide
deposition, the vacuum in the chamber was maintained in the
low 10−8 torr �even with the evaporation of sapphire� and
substrate temperatures were maintained at about
720–780 °C. Streaky oxide RHEED patterns along the in-
plane axes of �1−10� and �11−2� of Si were observed after
growth of oxide 1 nm thick. This indicates that a smooth
crystalline �-Al2O3 film formed on the Si �111�, with an
in-plane alignment between the oxide film and Si substrate.

The samples of �-Al2O3 /Si were then transferred ex situ
to another MBE system for the GaN epilayer growth. The
samples were outgassed in the preparation chamber before
loading to the growth chamber. The substrates were exposed
to nitrogen plasma to nitridate the surface. Group III ele-
ments �Ga, Al� and Si �n-type dopant� were evaporated using
standard effusion cells. The substrate temperatures for grow-
ing GaN were at �580 °C in the beginning and at 720 °C
for the rest of the growth. The detailed GaN growth was
previously published.12 The GaN had a streaky �2�2�
RHEED pattern at the end of growth.

HR-TEM specimens were prepared with mechanical pol-
ishing, dimpling, and ion milling using a Gatan PIPS system
operated at 4 keV. HR-TEM was performed on a field-
emission microscopy �Tecnai G2� operated at 200 kV.

The x-ray scattering experiments were performed at wig-
gler beamline BL17B1 at the National Synchrotron Radia-
tion Research Center �NSRRC�, Hsinchu, Taiwan. The inci-
dent x-rays were vertically focused with a mirror and
monochromatisized to 10 keV energy by a Si �111� double
crystal monochromator. The sagital bending of the second
crystal focused the x-rays in the horizontal direction. The
dimensions of beam size are about 2�0.2 mm2 �H�V� at
the sample position. With two pairs of slits between sample
and detector, typical wave-vector resolution in the vertical
scattering plane was set at �0.01 nm−1. High-resolution
single crystal x-ray scattering measurements were carried out
in the single crystal geometry.

III. RESULTS AND DISCUSSION

An AlN buffer layer was initially nucleated on the thin
�-Al2O3 template, followed by the growth of GaN films.
Judging from the RHEED streak spacing, with the largest for
Al2O3, followed by AlN and GaN, the in-plane lattice con-
stants are aGaN�aAlN�aAl2O3. The benefit of our work is
that the growth of nitrides on �-Al2O3 coated Si �111� has
placed the nitride films in a compressive strain, which helps
prevent cracking from occurring. If nitrides are directly
grown on Si �111�, GaN tends to crack after a certain thick-
ness due to tensile strain.

Figure 1 shows a sequence of real-time RHEED images
taken at different stages of the growth. Figure 1�a� reveals
the high-quality �-Al2O3 film grown on Si �111�.8 The
sample was outgassed in the preparation chamber without
any other cleaning after being transferred ex situ from the
oxide chamber of the multichamber MBE system. Followed
by the growth of AlN and GaN epilayers, as shown from the

RHEED images, a sequence of line scans was taken from the
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RHEED images; cross sections of the streak pattern taken
perpendicular to the RHEED streaks indicate that the AlN
relaxes due to the lattice mismatch. When GaN was depos-
ited on the AlN, initially, it was strained and then relaxed as
the thickness increased. Also, the full width at half maximum
�FWHM� of the streaks decreases as the growth proceeds.
Therefore, the “streakiness” of the GaN pattern improved as
a function of time. At the end of the GaN growth, a �2�2�
reconstruction RHEED pattern was observed, indicating a
Ga polarity surface.

A high-resolution x-ray diffraction scan along
GaN /AlN /�-Al2O3 /Si�111� normal is shown in Fig. 2,
where the abscissa is in the unit of reciprocal lattice �rlu� of
GaN. From the position and intensity of the diffraction
peaks, the wurzite GaN �0002�, AlN �0002�, and �-Al2O3

�222� peaks were clearly defined. An extra peak centered at
2.21 rlu appears in some samples and its origin are still un-
der investigation. The FWHM of the theta-rocking scan is
0.45�0.005° �exhibited in the inset� which was carried out
at the GaN �0002� peak position. This means that the GaN

FIG. 1. Real-time RHEED of different stages. �a� �-Al2O3 at low tempera-
tures ��200 °C�. �b� 10 min of AlN growth ��40 nm�. �c� 5 min of GaN
growth ��11 nm�. �d� 45 min of GaN growth ��100 nm�. �e� 4 h of GaN
growth ��0.5 �m�. The streakiness of the GaN pattern improves as a func-
tion of time.

FIG. 2. Radial scan along surface normal of a GaN /AlN /�-Al2O3 /Si�111�
sample. The theta-rocking curve of GaN �0002� reflection is illustrated in the

inset.
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film grown on top of AlN /�-Al2O3 buffer has good crystal-
line quality, especially for a GaN �0.5 �m thick. This thick-
ness is too thin to develop a well GaN structure, thus, ex-
pecting to contain a lot of defects such as dislocations. The
FWHM of the theta-rocking curve would be smaller if a
thicker GaN film were grown.

From the phi-cone scan, the symmetry and alignment
of the films and substrate were determined. The
orientation relationships between the nitride films,
the oxide buffer, and Si substrate were given:
GaN�0002� �AlN�0002� ��-Al2O3�111� �Si�111� from the
normal-plane theta-two theta scan and the in-plane orienta-
tion of GaN�10−10� �AlN�10−10� ��-Al2O3�2−1−1� �Si�2
−1−1� from the phi-cone scan of the out-of-plane Bragg
peaks.

TEM studies on the heterostructure of
GaN /AlN /�-Al2O3 /Si �111� were performed with a cross-
sectional micrograph shown in Fig. 3, with �a� showing the
low-magnification image and displaying the thickness of
GaN, AlN, and �-Al2O3 film to be �0.5 �m, 41.6 nm, and
4.8 nm, respectively. Owing to the lattice mismatch of GaN,
AlN, and �-Al2O3, a high density of dislocations were obvi-
ously present in the GaN and AlN films. The �-Al2O3

template/buffer epilayer is further illustrated in Fig. 3�c�. A
clear transition was observed from Si to the epitaxial
�-Al2O3 film. Both �-Al2O3 and its interface with Si have
remained intact, as observed from TEM �namely, an atomi-
cally smooth oxide/Si interface�, even they have been sub-
jected to very severe conditions, such as the nitride growth
temperatures of �750 °C and nitrogen plasma bombard-
ments. Furthermore, the AlN /�-Al2O3 interface remained
relatively sharp and smooth, again indicating the robustness
of �-Al2O3 4.8 nm thick.

It is commonly observed that Si diffuses into GaN during
the MBE growth, even for a substrate temperature of
660 °C.13 We, therefore, performed an EF-TEM mapping to
investigate the Si distribution in our sample. EF-TEM is a

FIG. 3. �a� Cross-sectional micrograph of GaN ��0.5 �m� /AlN
�41.6 nm� /�-Al2O3 �4.8 nm� /Si�111� heterostructure, �b� Si L2,3 edge
energy-filtering transmission electron microscope �EF-TEM� mapping, and
�c� high-magnification image of �-Al2O3 �4.8 nm� /Si�111� interface.
powerful tool for the quick composition analysis of materi-

J. Vac. Sci. Technol. B, Vol. 26, No. 3, May/Jun 2008
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als, which is able to two dimensionally map specific ele-
ments. Figure 3�b� shows the EF-TEM image acquired from
silicon L2,3 edge using the standard three-window method
�two pre-edge and postedge�, which displays the spatial dis-
tribution of the element within the analyzed specimen area.
The brighter contrast means a higher Si concentration. It re-
veals that the interdiffusion of Si into GaN �AlN� was
blocked by the �-Al2O3 buffer layer. Hence, the nanothick
single crystal �-Al2O3 template not only has provided as a
nucleation layer for GaN �AlN� but also has prevented inter-
diffusion of Si at the interface. The elimination of Si inter-
diffusion has avoided the high unintentional doping levels in
the GaN films, critical for device performance.

Figure 4 shows a corresponding selected area diffraction
pattern �SADP� of the GaN /AlN /�-Al2O3 /Si�111� hetero-
structures �Fig. 3�a�� along the �11−2� zone of Si substrate.
The indexed diffracted spots of GaN film and Si substrate
indicate the orientation relationship between the grown GaN
film and Si substrate. It appears that the GaN /Si�111� sample
exhibits an orientation relationship of GaN �0001� in parallel
with Si �111�. The GaN �11−20� planes of GaN film were
also observed to be parallel to the �1−10� planes of Si sub-
strate.

In order to identify a dislocation density in GaN film,
cross-sectional TEM images under weak-beam dark-field
conditions were taken, as shown in Fig. 5. According to a
basic theory for characterizing Burgers vectors with TEM
observations, the dislocation is shown out of contrast when
g ·b=0. On the basis of this g ·b=0 criterion, cross-sectional
TEM images under weak-beam dark-field conditions of Fig.
5�a� g �11−20� and Fig. 5�b� g �11−22� were investigated.

FIG. 4. Selected area diffraction pattern �SADP� of the sample discussed in
Figs. 2 and 3. The incident electron beam was directed perpendicular to the
�11−2� plane of Si.
The dislocation density is calculated by counting along a
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plane normal to the growth direction. Several measurements
have been made in this manner at various positions across
the whole film. A dislocation density in the range of 5
� �108–109� /cm2 was then concluded.

IV. CONCLUSION

In summary, we have grown GaN on 2 in. Si �111� sub-
strates by nitrogen plasma-assisted molecular beam epitaxy
with a thin single crystal layer of �-Al2O3 as the buffer layer.
The �-Al2O3 template provides not only a compressive
strained nucleated layer for GaN but also prevents
interdiffusion of Si at the interface. The GaN film with the
thickness about 0.5 �m grown on �-Al2O3 exhibits a
good crystal quality and the dislocation density is
around 5� �108–109� /cm2. An orientation relationship
of GaN�0002� �AlN�0002� ��-Al2O3�111� �Si�111� and
GaN�10−10� �AlN�10−10� ��-Al O �2−1−1� �Si�2−1−1�

FIG. 5. TEM images under weak-beam dark-field conditions of �a� g= �11
−20� and �b� g= �11−22� on the sample discussed in Figs. 2 and 3.
2 3
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was determined by RHEED, high-resolution x-ray diffrac-
tion, and high-resolution transmission electron microscopy.
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