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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 growi(ldri)Siubstrates by
plasma-assisted molecular-beam epitaxy. These layers were grown on top of different AIN 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. 2@1 American Institute of Physics.
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Due to the increasing importance of nitride-based IlI-Vsess a typical threading dislocation distribution due to the
materials, a large amount of research is being carried out famisorientation between adjacent subgrditBlanar defecté
optimizing the growth, and to understand the structural deand nanotubés have also been observed. In previous ar-
fect effect on their optoelectronic properties. GaN films havdicles, investigations of inversion domains have been carried
been fabricated on a number of substrates such as sapphwat in GaN layers grown on sapphite;}’on SiC, the inver-
with different crystallographic orientatiod$, 6H-SiC>  sion domains were possibly due to the presence of an amor-
GaAs? and Si° The most successful devices until now are phous layer on top of the SiC substréte.
based on GaN layer grown ové#001) surface sapphire by In this work a detailed investigation has been carried out
metalorganic chemical vapor depositigMOCVD). GaN in GaN films grown on Si111) by MBE using transmission
layers containing large densities of dislocations and extendeelectron microscopy(TEM). These layers contain a large
defects, approximately six orders of magnitude higher thammount of columnar domains which grow directly from the
what is acceptable for more conventional semiconductorsSi surface and we identify them as inversion domains.

are used to fabricate devic®Bislocations, stacking faults, GaN films have been grown by plasma-assisted MBE on
inversion domairfs (IDs), and nanotubéshave been ob- Si(111) on axis substrates. In order to avoid amorphous
served in the active GaN layers. Si—N formation and reduce the mismatch between GaN and

The epitaxial growth of GaN on Si is of great interest Si(111) substrate, an AIN buffer layer has been grown. In the
due to the well known Si technology and the potentiallyinvestigated samples, GaN was grown on the top of AIN
good opportunity to combine optoelectronics to the high in-buffer layers. A detailed report of the growth conditions can
tegration of circuits. Moreover, the availability of large and be found in Ref. 18.
high quality Si substrates, as well as its low cost, make it an  Cross-sectional(XTEM) and planar-view (PVTEM)
attractive alternative for the growth of lll-nitride layers. The transmission electron microscopy samples were prepared by
Si(111) substrate presents the required hexagonal symmetryhe conventional method, thinning down to 12 by me-
However, the growth of GaN directly on (&il1) presents chanical grinding followed by dimpling down to 2@m. lon
several difficulties due to the large lattice mismatch, the dif-milling at 4.5 kV was used to achieve electron transparency.
ference of thermal expansion coefficient, as well as surfac€onventional TEM studies using XTEM and PVTEM orien-
chemistry. Nevertheless good GaN layers have been ohations were carried out on a Jeol 1200EX transmission elec-
tained using a buffer layer such as AfN*or Sic*? tron microscope operating at 120 kV. High resolution elec-

Microstructural characterization of GaN heteroepitaxytron microscopy studies were carried out on a Jeol 2000EX
on Si111) has received less attention although several studtransmission electron microscope operating at 200 kV.
ies by transmission electron microscopy have been per- A bright field image recorded near th&120] zone axis
formed for films grown by MOCVD and molecular-beam is shown in Fig. 1 where several vertical domains are exhib-
epitaxy(MBE).****The GaN layers grown over @il1) pos- ited. This includes the mosaic structure with a high density
of small misorientated subgrains as well as the inversion do-

dAuthor to whom all correspondence should be addressed:; electronic maimains’_ if any. Therefore, we haV_e carried out a detailed
ruterana@ismra.fr analysis of these samples along different zone axes.
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FIG. 1. Conventional bright field image taken near m?o) zZone axis.

Theoretical calculations carried out by Sernesisl!®

predict that under certain conditions, the inversion domain
and the surrounding matrix should be different in contrast
(i.e., a complementary contrast ferg and —g reflections.

This technique had been previously used to determine inver-
sion domains in GaN layers grown on sappHité® A non-
centrosymmetric zone axis is necessary to achieve this char-
acterization;(1120) zone axis has been used wh¢e902]
direction of inverted domain is equivalent to tH@002] di-
rection in the matrix. Figure 2 shows images recorded under
dark field multibeam conditions witg=0002 andg=0002
reflections with the incident beam alongHL20) zone axis.

A complementary contrast is observed in the images indicat-
ing that these domains are related to the surrounding matrix
by an inversion operation.

In planar view, the same domains have been analyzed
along the noncentrosymmetrid123) zone axis. Multiple
dark field imaging were recorded with=1101 andg=1101
[Figs. 3a) and 3b)]. The asymmetry between these two re-
flections has been used by Cheetsal,!’ in their study of
inversion domains in GaN layers grown on sapphire. In
PVTEM images of Figs. & and 3b), a complementary
contrast is observed with these two reflections, which means
that inversion domains are presént However, the presence
of nanotubes in the sample may lead to the wrong conclu-
sions due to the similar contrast that both defects may
present under specific reflectiotfsSuch tubes generally
have a constant cross section, they are usually empty or filled
with amorphous material. Along the axis they exhibit a
faceted and more or less hexagonal shdpEigure 3c)
shows the same area as in Fig$a)3and 3b) along the
[000]] zone axis, no white contrast due to amorphous or
empty nanopipes is present. From the comparison of the (c)
three images, it is clear that the investigated samples contain
inversion domains.

GaN

FIG. 3. Dark field images wit
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150nm

¥e) g=1101, (b) g=1101, and(c) bright field

image in(0001) zone axis showing inversion domains in the GaN layer,
some of the domains are marked by wHi

In the (1120) HREM image of Fig. 4 an ID is observed
to initiate on the silicon substrate. There is no amorphous
layer at the interface witl{111)Si. The domains present a
smaller diameter at the interface with the silicon, they next
take the typical columnar form, along th@001] direction in
the GaN epilayer. The IDs origin is related to the symmetry

FIG. 2. Dark field images witlia) g=0002 and(b) g=0002in the (1120)  difference between AIN and Si. AIN and GaN are of wurtzite

zone axis. The opposite contrast shows inversion domaimews. type hexagonal symmetry and are noncentrosymmetric,
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