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Inversion domains in GaN layers grown on „111… silicon
by molecular-beam epitaxy
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Transmission electron microscopy is used to investigate GaN layers grown on Si~111! substrates by
plasma-assisted molecular-beam epitaxy. These layers were grown on top of different AlN buffer
layers. Multiple-beam dark-field techniques applied to both cross-sectional and planar-view samples
show the presence of inversion domains. These domains grow directly from the interface with the
Si~111! substrate. Such observations are related, as in the case of growth on sapphire, to the
symmetry difference between wurtzite and diamond. ©2001 American Institute of Physics.
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Due to the increasing importance of nitride-based III–
materials, a large amount of research is being carried ou
optimizing the growth, and to understand the structural
fect effect on their optoelectronic properties. GaN films ha
been fabricated on a number of substrates such as sap
with different crystallographic orientations,1,2 6H–SiC,3

GaAs,4 and Si.5 The most successful devices until now a
based on GaN layer grown over~0001! surface sapphire by
metalorganic chemical vapor deposition~MOCVD!. GaN
layers containing large densities of dislocations and exten
defects, approximately six orders of magnitude higher th
what is acceptable for more conventional semiconduct
are used to fabricate devices.6 Dislocations, stacking faults,7

inversion domains8 ~IDs!, and nanotubes9 have been ob-
served in the active GaN layers.

The epitaxial growth of GaN on Si is of great intere
due to the well known Si technology and the potentia
good opportunity to combine optoelectronics to the high
tegration of circuits. Moreover, the availability of large an
high quality Si substrates, as well as its low cost, make it
attractive alternative for the growth of III-nitride layers. Th
Si~111! substrate presents the required hexagonal symm
However, the growth of GaN directly on Si~111! presents
several difficulties due to the large lattice mismatch, the d
ference of thermal expansion coefficient, as well as surf
chemistry. Nevertheless good GaN layers have been
tained using a buffer layer such as AlN10,11 or SiC.12

Microstructural characterization of GaN heteroepita
on Si~111! has received less attention although several s
ies by transmission electron microscopy have been
formed for films grown by MOCVD and molecular-bea
epitaxy~MBE!.13,14The GaN layers grown over Si~111! pos-
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sess a typical threading dislocation distribution due to
misorientation between adjacent subgrains.13 Planar defects14

and nanotubes13 have also been observed. In previous
ticles, investigations of inversion domains have been car
out in GaN layers grown on sapphire;15–17on SiC, the inver-
sion domains were possibly due to the presence of an am
phous layer on top of the SiC substrate.9

In this work a detailed investigation has been carried
in GaN films grown on Si~111! by MBE using transmission
electron microscopy~TEM!. These layers contain a larg
amount of columnar domains which grow directly from th
Si surface and we identify them as inversion domains.

GaN films have been grown by plasma-assisted MBE
Si~111! on axis substrates. In order to avoid amorpho
Si–N formation and reduce the mismatch between GaN
Si~111! substrate, an AlN buffer layer has been grown. In t
investigated samples, GaN was grown on the top of A
buffer layers. A detailed report of the growth conditions c
be found in Ref. 18.

Cross-sectional~XTEM! and planar-view ~PVTEM!
transmission electron microscopy samples were prepare
the conventional method, thinning down to 100mm by me-
chanical grinding followed by dimpling down to 20mm. Ion
milling at 4.5 kV was used to achieve electron transparen
Conventional TEM studies using XTEM and PVTEM orie
tations were carried out on a Jeol 1200EX transmission e
tron microscope operating at 120 kV. High resolution ele
tron microscopy studies were carried out on a Jeol 2000
transmission electron microscope operating at 200 kV.

A bright field image recorded near the@112̄0# zone axis
is shown in Fig. 1 where several vertical domains are exh
ited. This includes the mosaic structure with a high dens
of small misorientated subgrains as well as the inversion
mains, if any. Therefore, we have carried out a detai
analysis of these samples along different zone axes.
il:
8 © 2001 American Institute of Physics
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Theoretical calculations carried out by Serneelset al.19

predict that under certain conditions, the inversion dom
and the surrounding matrix should be different in contr
~i.e., a complementary contrast for1g and 2g reflections!.
This technique had been previously used to determine in
sion domains in GaN layers grown on sapphire.15,20 A non-
centrosymmetric zone axis is necessary to achieve this c
acterization;^112̄0& zone axis has been used where@0002#
direction of inverted domain is equivalent to the@0002̄# di-
rection in the matrix. Figure 2 shows images recorded un
dark field multibeam conditions withg50002 andg50002̄
reflections with the incident beam along a^112̄0& zone axis.
A complementary contrast is observed in the images indi
ing that these domains are related to the surrounding ma
by an inversion operation.

In planar view, the same domains have been analy
along the noncentrosymmetriĉ112̄3& zone axis. Multiple
dark field imaging were recorded withg511̄01 andg51̄101̄
@Figs. 3~a! and 3~b!#. The asymmetry between these two r
flections has been used by Chernset al.,17 in their study of
inversion domains in GaN layers grown on sapphire.
PVTEM images of Figs. 3~a! and 3~b!, a complementary
contrast is observed with these two reflections, which me
that inversion domains are present~I!. However, the presenc
of nanotubes in the sample may lead to the wrong con
sions due to the similar contrast that both defects m
present under specific reflections.16 Such tubes generally
have a constant cross section, they are usually empty or fi
with amorphous material. Along thec axis they exhibit a
faceted and more or less hexagonal shape.16 Figure 3~c!
shows the same area as in Figs. 3~a! and 3~b! along the
@0001# zone axis, no white contrast due to amorphous
empty nanopipes is present. From the comparison of
three images, it is clear that the investigated samples con
inversion domains.

FIG. 1. Conventional bright field image taken near the^112̄0& zone axis.

FIG. 2. Dark field images with~a! g50002 and~b! g50002̄ in the ^112̄0&
zone axis. The opposite contrast shows inversion domains~arrows!.
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In the ^112̄0& HREM image of Fig. 4 an ID is observe
to initiate on the silicon substrate. There is no amorpho
layer at the interface with~111!Si. The domains present
smaller diameter at the interface with the silicon, they n
take the typical columnar form, along the@0001# direction in
the GaN epilayer. The IDs origin is related to the symme
difference between AlN and Si. AlN and GaN are of wurtz
type hexagonal symmetry and are noncentrosymme

FIG. 3. Dark field images with~a! g511̄01, ~b! g511̄01̄, and~c! bright field
image in ^0001& zone axis showing inversion domains in the GaN lay
some of the domains are marked by whiteI’s.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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whereas the silicon substrate is cubic and centrosymme
This symmetry lowering across the interface explains the
formation inside the GaN layers.

In summary, inversion domains were characterized
GaN films grown over the Si~111! substrate by plasma
assisted MBE. The inversion domains’ existence has b
demonstrated in both cross section and planar view orie
tions using techniques described in previous GaN/sapp
work.17,20The domains were found to originate directly fro
the substrate surface, like in the layers grown on sapphir21

The generation of IDs can probably be explained by the
ference between the symmetries of the materials involv
Both silicon and sapphire are centrosymmetric, whereas G
and AlN are not. On sapphire, it was recently shown that
occurrence of inversion domain boundaries may be relate
surface steps.21 Work is currently going on in order to dete
mine the exact connection of these domains to the Si surf

This work has been supported by CICYT Project N
MAT98-0823-C03-02 and Junta de Andalucia~Group No.
PAI TEP 0120!. One of the authors~P.R.! acknowledges the
support of the EU under Contract No. HPRN-CT-199
00040.

FIG. 4. HREM image taken in thê112̄0& zone axis showing the connectio
of inversion domain to the Si~111! substrate.
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